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Introduction 

This book records the fourth conference dedicated to light-emitting diodes (LEDs), held 
during Photonics West in San Jose, California on 26-27 January 2000. 

The proceedings contain 30 invited and contributed papers arranged according to the 
6 sessions of the conference. The papers cover LEDs emitting in the ultraviolet, visible, 
and infrared regions of the optical spectrum. LEDs are used for lighting, display, 
communication, and other applications. This book provides an overview of the current 
rapid progress in this field. 

We would like to thank the authors, program committee members, session chairs, and 
their affiliations for providing this valued and timely update on LED research, 
manufacturing, and applications. 

H. Walter Yao 
Ian T. Ferguson 

E. Fred Schubert 
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Ill-Nitride Light-Emitting Diodes I 



Invited Paper 

High-brightness AlGalnN light-emitting diodes 

M. R. Krames, G. Christenson, D. Collins, L. W. Cook, M. G. Craford, A. Edwards, R. M. 
Fletcher, N. Gardner, W. Goetz, W. Imler, E. Johnson, R S. Kern, R. Khare, F. A. Kish, C. 

Lowery, M. J. Ludowise, R Mann, M. Maranowski, S. Maranowski, P. S. Martin, J. O'Shea, S. 
Rudaz, D. Steigerwald, J. Thompson, J. J. Wierer, J. Yu 

LumiLeds Lighting, 370 W. Trimble Rd., San Jose, CA 95131 

D. Basile, Y-L Chang, G. Hasnain, M. Hueschen, K. Killeen, C. Kocot, S. Lester, J. Miller, G. 
Mueller, R Mueller-Mach, J. Rosner, R. Schneider, T. Takeuchi, T. S. Tan 

Agilent Laboratories, 3500 Deer Creek Road, Palo Alto, CA 94303 

ABSTRACT 

Currently, commercial LEDs based on AlGalnN emit light efficiently from the ultraviolet-blue to the green portion 
of the visible wavelength spectrum Data are presented on AlGalnN LEDs grown by organometallic vapor phase 
epitaxy (OMVPE). Designs for high-power AlGalnN LEDs are presented along with their performance in terms of 
output power and efficiency. Finally, present and potential applications for high-power AlGalnN LEDs, including 
traffic signals and contour lighting, are discussed. 

Keywords:  LED, light-emitting diode, gallium nitride, high power LED, AlGalnN, InGaN 

1.   INTRODUCTION 

The evolution of LED performance has proceeded at a phenomenal rate and is now at the point that these solid-state 
emitters are competing successfully against conventional lighting solutions in a number of applications. An 
illustration of the evolution of LED performance in commercial industry is shown in Fig. 1.  The development of 
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Fig. 1. The evolution of commercial LED performance and its comparison to 
conventional lighting technologies. 
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compound semiconductor alloys and the demonstration of the first practical LED (red-emitting GaAsP) in 1962 
provided the foundation for the commercial development of the solid-state lamp.1 The discovery of the isoelectronic 
trap, nitrogen, in GaAsP in 1971 extended the useful wavelength spectrum of Mght-emitting diodes (LEDs) to the 
yellow spectral region2 A significant increase in the efficiency of red emitters was achieved through the 
development of AlGaAs/GaAs LEDs employing a fully lattice-matched direct bandgap system and heterostructure 
active regions.3'4 In the 1970s the LED lamp exceeded the performance (luminous efficiency) of a red-filtered 
incandescent bulb. The performance of the AlGaAs LEDs was further improved by the development of transparent- 
substrate (TS) devices (AlGaAs/AlGaAs) which doubled the efficiency of these emitters compared to their 
absorbing-substrate (AS) counterparts.5 The emergence of AlGalnP/GaAs technology in the 1980s extended the 
useful wavelength range of high-brightness emitters into the orange and yellow spectral regions.6 The development 
of TS AlGalnP/GaP devices doubled the efficiency of these devices and demonstrated the commercial viability of 
direct compound semiconductor wafer bonding technology.7 Additional improvements to both the internal and 
external quantum efficiency of TS AlGalnP/GaP devices using multi-well active region structures have resulted in 
devices with efficiencies >70 Im/W at a peak wavelength (Xp) of 615 nm and external quantum efficiencies >30% at 
Xp - 632 nm.8 The utility of these devices as practical lighting sources has further been improved by the 
development of high-power, high-flux (10-20 lm) AlGalnP/GaP LED lamps.9 Most recently, the employment of 
chip shaping to AlGalnP/GaP LED technology has resulted in power LEDs with luminous efficiencies exceeding 
100 lm/W in the orange spectral region (Xp ~610 nm), and external quantum efficiencies exceeding 55% in the deep 
red spectral region (Xp ~650 nm)10. 

Similar dramatic improvements in LED performance have been achieved in the blue and green spectra region 
through the development of the AlGalnN material system. Photoluminescence from porycrystalline GaN was 
observed in 196211, and the first GaN-based LEDs were fabricated by material grown by hydride-phased vapor 
epitaxy (HVPE)12"14. The first GaN LEDs grown by OMVPE employed sapphire substrates and were demonstrated 
in 198415. Considerable improvement was realized after the development of low-temperature buffer layers for high- 
quality GaN films and the realization 
of p-type GaN:Mg using low-energy 
electron-beam ionization (LEEBI)17. 
In 1991, Nakamura and co-workers 
developed an annealing technique18 

that provided similar activation of Mg 
and subsequently demonstrated violet 
LEDs employing an InGaN active 
region19. The brightest AlGalnN 
LEDs are achieved using quantum- 
well active regions wherein the mole 
fraction of InN in the wells determines 
the peak emission wavelength20. 
Today, external quantum efficiencies 
of- 21% in the blue (Xp -470 nm) and 
- 15% in the green (Xp -530 nm) 
spectral regions have been observed. 
In photometric terms, these 
efficiencies correspond to -10 lm/W 
and -55 lm/W, respectively. The 
highest-reported luminous efficiencies 
of LEDs to date are shown in Fig. 2 
and are dominated by the AlGalnN 
and AlGalnP material systems. 
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Fig. 2. Highest-reported LED luminous efficiencies. 

2.   STATUS OF HI-NITRIDE LED TECHNOLOGY 

The AlGalnN material system poses some unique challenges compared to conventional HI-V material systems. 
Presently, the lack of a lattice-mismatched substrate results in very high defect densities, which, although not 
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strongly linked to poor quantum 
efficiency   at   the   low   current 
densities of LEDs, are nevetheless 
linked to reliability problems for 
AlGalnN laser diodes21.   The two 
most common substrates used for 
OMVPE growth of AlGalnN are 
sapphire    and     SiC. Most 
commercial  LED   suppliers  use 
sapphire   substrates   which   are 
significantly less expensive than 
SiC. However, the use of sapphire 
as a growth substrate poses devices 
design challenges.     Sapphire is 
insulating and therefore both p and 
n Ohmic contacts must be formed 
on the top surface of the LED chip. 
This is performed by mesa etching 
the AlGalnN LED structure to 
expose the n-type GaN layers beneath the active region Ohmic n-contact metallization, typically Ti/Al, is applied 
to the n-type GaN. The p-type Ohmic contact is required to spread current from the p bond pad across the junction 
area because of the very low conductivity of GaN:Mg.  This is typically done by depositing a semi-transparent 
Ni/Au Ohmic contact metallization across the GaN:Mg surface.   Current from the n-type contact is required to 
spread through the GaN: Si layers beneath the active region. A typical device structure is shown in Fig. 3.   In 
general, this type of structure results in an increased series resistance compared to LEDs based on other EI-V 
material systems, and provides a challenge in terms of achieving the highest possible power conversion efficiencies. 

Even accounting for the increased series resistance, AlGalnN LEDs presently exhibit higher forward voltages than 
LEDs in other IQ-V material systems. Figure 4 shows a plot of forward voltage (at 20 mA) vs. bandgap energy for 
LEDs based on several different material systems. It is notable that AlGalnN LEDs throughout the blue, green, and 
amber sprectral regions exhibit forward voltages about 0.5-1.0 V higher than their bandgap voltages. A comparison 
of current-voltage characteristics of AlGalnP and AlGalnN LEDs, shown in Fig. 4b, show that this voltage increase 
is apparent at very low current levels. At 1 mA, the AlGalnP LED exhibits a forward voltage of 1.8V, about 300 
mV below the bandedge emission at 593 mn At the same current, the AlGalnN LED exhibits a forward voltage of 
2.4 V, which is only about 80 mV below the bandedge emission for 500 mn. The difference in series resistance 
between the two structures is, worst case, about 20 Q. At 1 mA, the difference in series resistance can only account 
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for 20 mV of the difference in forward voltage. 
Thus, the AlGalnN LED has additional -200 mV 
forward voltage increase at 1mA compared to the 
AlGalhP LED. At 20 mA the same comparison 
yields ~ 400 mV of increased voltage (offset) for 
the AlGalnN LED. Presumably, the increased 
forward voltage for the AlGalnN LEDs are due 
to internal barriers to conduction through the p-n 
junction heterostructure. The heterostructure 
designs are typically comprised of IhGaN 
quantum wells with GaN or InGaN barriers, 
surrounded by GaN confining layers. AnAlGaN 
"electron stopper" layer is usually provided on 
top of the active region to improve electron 
confinement. This type of design, coupled with 
piezoelectric effects and spontaneous polarization 
fields on the band structure, may be responsible 
for the increased forward voltages observed in 
today's AlGalnN LEDs. 
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Fig. 5. External quantum efficiency of single- and multiple- 
quantum-well AlGalnN LEDs as function of current density, 
as compared to AlGalnP. 

AlGalnN LEDs also differ from conventional ni-V LEDs in terms of quantum efficiency as a function of current 
density. Figure 5 compares single- and multiple-quantum-well AlGalnN LED structures with a AlGalnP double- 
heterostructure LED. The AlGalnP LED exhibits increased quantum efficiency with increasing current density, 
until carrier leakage and thermal effects limit the maximum achievable efficiency. For the AlGalnN LEDs, the 
quantum efficiency peaks at low currents and decreases with increasing current density. This is especially apparent 
for the single-quantum-well structure, whose peak efficiency at ~lmA is 1.7x higher than that at 20 mA For the 
muMple-quantum-well structure, the effect is less pronounced. Even so, the reduced quantum efficiency at higher 
current levels (e.g., 50 mA) for AlGalnN poses a challenge for realization of high-flux LEDs with high power- 
conversion efficiency. The details of the recombination physics in InGaN-GaN-AlGaN active regions needs to be 
better understood in order to provide a model for the decreased efficiency at high current levels and to provide hope 
for solving this problem. 

Another issue with AlGalnN LEDs is obtaining a 
stable emission spectrum Especially at long 
wavelengths, the electroluminescence peak shifts 
to shorter wavelengths with increasing current 
density. The effect is illustrated in Fig. 6. Blue 
AlGalnN LEDs at ~ 470 nm exhibit only a ~5 nm 
shift in going from 1 to 100 mA drive current. A 
"green" AlGalnN LED shifts from -520 nm to - 
505 nm over the same current range. Finally, an 
"amber" AlGalnN LED exhibits a very large 
FWHM, and shifts from -595 nm to -550 nm. 
Clearly the "amber" AlGalnN LED is no longer 
"amber" at the higher drive current. Even in going 
from 1 to 10 mA the "amber" AlGalnN LED 
spectrum has shifted to the yellow spectral region. 
This problem makes the realization of long- 
wavelength AlGalnN LEDs difficult, since color 
control and stability provide enormous yield 
problems in high-volume manufacturing. Also, for 
AlGalnN emitters at wavelengths greater than Xp - 
470 run, the quantum efficiency decreases 
significantly with increased In composition in the 
active region. Further development is necessary 
before AlGalnN LEDs can realistically compete 
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Fig. 6. Electroluminescence of blue, green, and "amber" 
AlGalnN LEDs at forward current levels of 1,10 and 100 mA. 
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Another serious issue for AlGalnN LED 
performance is reliability. Initial AlGalnN 
LED reliability was fairly poor, with a 
significant drop in light output observed 
under high-temperature operating lifetime 
tests beyond 500 hrs. Further investigation 
showed that the root cause of the 
degradation was due to the package, and not 
the LED chip22. By replacing the clear die- 
attach epoxy used to mount the LED chip to 
the lead-frame with a Ag-loaded die-attach 
epoxy, AlGalnN LED reliability was 
dramatically improved. Unfortunately, the 
switch to Ag-loaded die-attach epoxy 
resulted in a decrease in light output, presumably because of the poor reflectivity of this epoxy. By inserting a metal 
back-reflector on the sapphire substrate, the light output was recovered to result in a reliable AlGalnN LED with no 
penalty to light output. A summary of reliability characteristics of "first generation" and "improved" AlGalnN 
LEDs is shown in Fig. 7, along with a typical AlGalnP LED reliability characteristic for comparison. Presently, the 
best AlGalnN LED reliability performance begins to approach that of typical AlGalnP reliability at the same current 
density and junction temperature. 
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Fig. 7. ReUability performance of both "first-generation" and 
"improved" AlGalnN LEDs, as compared to AlGalnP. 

3.   HIGH-POWER m-NITRIDE LEDS 

In order to compete effectively with conventional tight sources, solid-state lamps based on LEDs must have 
comparable flux levels. Unfortunately, standard 5mm LED lamps driven at 20-30 mA only provide a few lumens of 
flux, in contrast to the many hundreds or thousands produced by conventional light sources. This disparity makes it 
difficult for LEDs to compete with conventional solutions in many applications. For example, in order to provide 
the same level of flux as a 60W incandescent tight bulb, a solid-state light source would require several hundred 
LEDs. The required large number of packages increases assembly cost and real estate. Furthermore, the high 
thermal resistance of 5mm lamp packages limits the drive current and thus the total available flux that the LED chips 
can provide. By increasing the chip size and providing low-thermal-resistance power packages capable of 
dissipating several Watts, LEDs should be able to compete more favorably with conventional lighting technologies 
in many applications. 
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Fig. 8. (a) Sheet resistances in a typical AlGalnN LED structure, (b) Lit visual of AlGalnN LED 
at 50 mA showing current crowding towards the n-type Ohmic contact. 



In order to provide a power LED chip, the junction area must be increased to accommodate the larger input power. 
To spread current uniformly throughout the p-n junction for a large-area LED, the Ohmic contacts must be re- 
configured. The exact configuration will effect the series resistance of the device which is governed by the sheet 
resistances of the various layers of the AlGalnNLED structure. Typical values for these sheet resistances are shown 
in Fig. 8a. For a device with a typical Ni/Au p Ohmic contact (~10 Q), the current spreading is limited not by this 
layer but by the GaN:Si layer instead (~25 Q). This discrepancy suggests that it is current spreading from the n 
Ohmic contact that will be the dominant cause of current crowding at higher current densities. Indeed, this is 
observed in conventional device designs at high currents as illustrated in Fig. 8b, where light is generated at the n- 
contact due to crowding. 

Clearly, a power AlGalhN LED requires an improved contact configuration in order to avoid the current crowding 
problem illustrated in Fig. 8b. Also, it is important that series resistance be kept to a minimum. A typical AlGalnN 
LED design like that shown in Fig. 8b has a series resistance of 20-30 Q. Typical values for AlGalhP (vertical- 
injection) LEDs are 5-10 Q. Improvement in an AlGalnN LED structure is evident in a new design, illustrated in 
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Fig. 9. (a) Cross-sectional and (b) plan views of improved AlGalnN LED structure, (c) Current- 
voltage characteristic of improved AlGalnN structure, as compared to the conventional device, (d) 
Lit visual of the improved structure at 50 mA 

Fig. 9. Figure 9a shows a schematic cross-section of an improved AlGalnN LED design, wherein the n Ohmic 
contact is brought along either side of the GaN:Mg mesa to reduce the spreading distance required by the current in 
the GaN:Si layers. A plan view of the device is shown in Fig. 9b. Such devices were fabricated and their current- 
voltage characteristics were measuread and compared to those of standard AlGalnN LED structures from the same 
wafer. The results are shown in Fig. 9c. The improved design provides a series resistance of ~ 9.6 Q at 20 mA less 
than half that of the conventional design (21.6 Q). The effect is dramatic at high currents: at 100 mA the improved 



design exhibits a forward voltage of 3.6 V as compared to 5.0 V for the conventional structure. A lit visual of the 
improved LED at 50 mA is shown in Fig. 9d, which does not exhibit current crowding effects such as shown in Fig. 
8b. 

The above improved contact configuration can be extended to power AlGafnN LED design. This concept is 
illustrated in Fig. 10. By having interdigitated n and p Ohmic contacts, a large area LED may have excellent current 
spreading capability and low series resistance, both of which are very important for high-power operation. Figure 
10a shows a plan view schematic of a lxl mm2 AlGalnN LED chip employing an interdigitated contact design. 
Figure 10b shows a schematic of the same structure in cross section. Each set of p Ohmic contacts is surrounded by 
two n Ohmic contact fingers, comprising a "cell" with a certain electrical resistance. By combining these cells as 
demonstrated in Fig. 10a and b, the total resistance of the device is the resistances of these cells in parallel. 
Therefore, the more cells in the design, the lower the series resistance. 
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Fig. 10. (a) Cross-sectional and (b) plan views of a lxl mm2 power AlGalnN LED structure, (c) Voltage 
as a function of current density of the power AlGalnN LED, as compared to the conventional device (~ 0.35 
x0.35mm2). (d) Litvisualof a portion of the power AlGalnN LED at 350 mA. 

A simple calculation shows that the series resistance of the LED is proportional to N2, where N is the number of 
cells. Experimental optimization for the lxl mm2 device at 350 mA shows that four cells achieves the best 
performance in terms of power conversion efficiency. The forward voltage of such an LED is plotted in Fig. 10c as 
a function of current density, along with that of a conventional AlGalnN LED structure (~ 0.35 x 0.35 mm2). The 
power AlGaTN LED is shown to have an improved electrical performance even though it contains roughly ten times 
the junction area of the conventional device. 
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One drawback of the power AlGaMN 
LED with respect to the conventional 
structure is with respect to light 
extraction efficiency. Experimental 
measurements of external quantum 
efficiency as a function of junction 
area consistently show a decrease in 
quantum efficiency with increasing 
junction area. This is illustrated in 
Fig. 11 for die sizes from 0.5 to 1.5 
nun. The quantum efficiencies are 
normalized to the case for a 
conventional 0.35 mm size AlGalnN 
LED. The reduction in quantum 
efficiency is significant, with a ~25% 
decrease observed between the 0.35 
and 1.0 mm cases. Ray-trace 
modeling of AlGalnN LEDs indicates 
that this reduction in quantum 
efficiency is due to decreased 
extraction efficiencies for the large- 
area LEDs. For these LEDs, the low aspect ratio prevents much of the light from escaping out the sides of the chip. 
This light is instead bounced around inside the chip and is susceptible to reabsorption at marry of the optical loss 
mechanisms present, such as free-carrier or Ohmic contact absorption Interestingly, the same phenomenon is 
observed for AlGalnP, suggesting that this is strictly an issue of geometry. In fact, as shown in Fig. 11, the AlGalnP 
efficiency derating with increased junction area does not differ appreciably from that of AlGalnN LEDs. 

In order to derive full light-generating capability from the power AlGalnN LED chip, a high-power, low thermal 
resistance package is required. Recently, a power package for AlGalnP power LED chips has been demonstrated9. 
This package can dissipate several Watts of power and inserts a thermal resistance of only 2°C/W. The Cu body 
provides good heat-sinking while a two-part lens is comprised of a hard outer lens and a soft, low-stress inner 
encapsulant 
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Fig. 11. Normalized external quantum efficiency vs. die 
area for both AlGalnN and AlGalnP LEDs. 
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Fig. 12. Light output vs. current characteristic of a blue (Xp -470 nm), lxl mm2 AlGalnN LED in a 
power package, compared to a conventional AlGalnN LED in a 5 mm lamp package. 



The light output vs. current characteristic for a blue (Xp -470 nm), lxl mm2 AlGalnN LED mounted in a power 
package is shown in Fig. 12. A power output of over 170 mW is obtained at a drive current of 1.5 A dc. The fact 
that the output power has not saturated at 1.5 A is a tribute to the excellent thermal characteristics of the power 
package and the low temperature dependence of quantum efficiency for the AlGalnN LED. For comparison, a 
conventional AlGalnN LED (~0.35x0.35 nun2) with similar quantum efficiency in a 5 mm lamp package exhibits a 
peak output power of less than 10 mW at 100 mA. A summary of the performance characteristics of a cyan (Xp ~ 
505 nm) power AlGalnN LED as compared to the conventional device are summarized in Table I for equivalent 
current densities (~ 45 A/cm2). 

The heat dissipating capability of the 
power package, coupled with the 
low-stress inner encapsulant 
surrounding the chip, allow for 
excellent reliability performance of 
the high-power AlGalnN LED. 
Typical reliability performance for 
the high-power LEDs under high- 
temperature operating lifetime tests 
are shown in Fig. 13. At 350 mA (~ 
1 W), the power AlGalnN LEDs 
exhibit excellent reliablity 
performance, with projected degradation less than 
20% out to 100,000 hrs. Referring to Fig. 7, the 
power LEDs exhibit improved performance 
compared to the case for conventional LEDs for the 
same current density (30 mA). Reasonable 
reliability performance is observed for the power 
LEDs at much higher current densities. At 1.0 A (~ 
4 W) operation, the projected half-power Hftetime is 
~ 100,000 hrs. This performance is comparable to 
that for the conventional devices at 30 mA but at 
more than 30 times the forward current! 

Table I. Typical performance characteristics of high-power AlGalnN 
LEDs in power packages compared to conventional devices in 5 mm lamps 
(Xp~505nm). 

Drive Current 30 mA 350 mA 

Forward Voltage 3.6 V 3.3 V 

Input Power 0.1 W 1.1 W 

Thermal resistance ~ 300 C/W ~ 12 C/W 

Junction Temperature Rise   | + 30C + 13C 

Flux 1-2 lm 10-15 lm 
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4.   APPLICATIONS 

The high power AlGalnN LEDs enable applications 
wherein high flux density is important, and offer 
advantages over solutions employing conventional 
LEDs. An example of one application where high-flux 
LEDs offer unique advantages is traffic signaling. The 
advent of power LEDs has allowed the reduction in the 
number of LEDs required for a traffic ball from a few 
hundred down to just 12 to 18. This reduction in the 
required number of emitters is illustrated in Fig. 14. 
This allows the lighting engineer to treat the LEDs as a 
compact, high-flux light source in the design of the 
traffic ball. Through the use of secondary optics, the 
desired radiation pattern for the traffic signal application 
is achieved. Moreover, unlike for the case of 
conventional LEDs which can appear "spotty", the high- 
flux light engine mated with secondary optics results in 
an extremely uniform appearance of the radiance across 
the traffic ball. 
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Fig. 13. High-temperature operating lifetime stress of power 
AlGalnN LEDs at forward currents of 0.35 and 1.0A. 

Fig. 14. High-flux LEDs has enabled tight engines for 
traffic balls to reduce LED count from (a) a few hundred, 
to (b) eighteen. 
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One application that high-flux LEDs enable is lighting via fibres. The flux densities required for efficient lighting 
via fibres are not achievable using conventional LEDs. This is not the case for power LEDs, which offer more than 
ten times the flux in roughly the same area. A schematic cross-section of a power LED fibre light engine is shown 
in Fig. 15a along with a prototype module in Fig. 15b. 

The possible applications for LED fibre light engines are many. Because they are solid state, the LED fibre engines 
are small, compact, and efficient, and do not require a cooling fan as is the case for fibre light engines using 
conventional light sources. Also, different color LEDs may be mixed in the light engine module to provide a wider 
variety of colors, even white. These colors may even be externally controlled to provide dynamic color changes for 
certain applications. Also, the LED fibre engine will benefit from the long-life of solid-state emitters. Finally, the 
system is actually cheaper to manufacture than its conventional counterpart. 
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Fig. 15. Power LED fibre light engine: (a) schematic cross-section, and (b) photograph of prototype module. 
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5.   CONCLUSIONS 

There   are   of   course   many   other 
applications  suitable for the use  of 
power AlGalnN LEDs. The conversion 
of blue light into white via phosphors 
enables   power   AlGalnN   LEDs   to 
produce several lumens of white light 
per emitter, such that one can envision a 
white flashlight which is comprised of 
only one LED and which draws less 
power than an incandescent bulb.   As 
penetration into  existing applications 
increases, and new applications emerge, 
solid-state light emitters will continue to 
increase their value proposition to the 
world, offering more lumens for reduced 
cost.  Similarly, continued research and 
development of these material systems 
will yield more efficient and higher 
power LEDs, resulting in emitters with increased luminous output. This trend has been going on since the invention 
of the LED. Figure 16 illustrates this for red emitters, which have the longest history. The trend in cost reduction is 
dramatic, with ten-fold reduction in cost per lumen per decade.   Similarly, the increase in lumens per emitter is 
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Fig. 16. The evolution of red LED technology in terms of cost and flux. 
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increasing at an incredible ~ 30x per decade. At these rates, the LED will catch up with the conventional light bulb 
in terms of cost and power in the early part of the 21st century, and penetrate the last vestiges of the lighting market 
now served by conventional lighting technologies. 
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ABSTRACT 

In this paper, we overview several of the critical materials growth, design and performance issues for nitride-based UV 
(< 400 nm) LEDs. The critical issue of optical efficiency is presented through temperature-dependent photoluminescence 
studies of various UV active regions. These studies demonstrate enhanced optical efficiencies for active regions with In- 
containing alloys (InGaN, AHnGaN). We discuss the trade-off between the challenging growth of high Al containing alloys 
(AlGaN, AlGalnN), and the need for sufficient carrier confinement in UV heterostructures. Carrier leakage for various 
composition AlGaN barriers is examined through a calculation of the total unconfined carrier density in the quantum well 
system. We compare the performance of two distinct UV LED structures: GaN/AlGaN quantum well LEDs for X < 360 nm 
emission, and InGaN/AlGalnN quantum well LEDs for 370 nm< X < 390 nm emission. 

1.   INTRODUCTION 

While much of the research in the nitride field has focused on the development of blue and green LEDs and laser diodes, UV 
(X < 400 nm) LEDs based on GaN, AlGaN and/or AlGalnN active regions are also of great interest and are well suited to a 
number of applications. One of the most promising uses of a UV LED is as a high energy excitation source. In the 
biomedical and chemical sensing fields, UV LEDs can be used as compact and robust excitation sources of fluorescence. UV 
LEDs may also prove to be superior to blue LEDs in exciting phosphors for white lighting applications, due to improved 
color rendering. To date, there have been relatively few reports of UV LEDs based on the wide-bandgap nitride 
semiconductors. In particular, Akasaki et. al. [1] reported on a GaN/AlGaN double heterostructure (DH) LED with emission 
at 370 nm and up to 1.5% external quantum efficiency. Mukai, et. al. [2] have achieved an impressive 5 mW output at 371 
nm from an InGaN/AlGaN DH LED with very low levels of indium (In) in the active region. That LED was reported to have 
up to 7.5% external quantum efficiency but the efficiency dropped by more than an order of magnitude as the emission 
wavelength shifted to 368 nm with the total elimination of In from the active region. Shorter wavelengths have been 
achieved by Han, et. al. [3] through a GaN/AlGaN multiquantum well (MQW) structure. These LEDs demonstrated a 354 
nm emission peak with a narrow FWHM line width of 5.8 nm and relatively low output powers of 12 fiW at 20 mA. Thus, 
while one group has demonstrated high ( > 5%) efficiency LED performance for X > 370 nm, many of the challenges 
inherent to the shorter wavelength emission regime still remain. 

In this paper, we discuss a number of materials growth and design challenges for achieving high performance UV LEDs and 
present the performance of two distinct UV LED structures. In section 2, we describe the materials growth and the general 
heterostructure designs for the UV LEDs that we have developed. In section 3 we review critical materials and design issues 
such as optical efficiency of UV active regions, internal absorption effects, critical thickness limitations for AlGaN layers and 
carrier leakage. We report on the performance of GaN/AlGaN MQW LEDs with emission wavelengths < 360 nm as well as 
the performance of InGaN/AlInGaN MQW LEDs for 370 nm< X < 390 nm emission in sections 4 and 5, respectively. 

2.   MATERIALS GROWTH AND LED HETEROSTRUCTURE DESIGNS 

The nitride materials described in this paper were grown in a high speed (~ 1200 rpm) rotating disk MOCVD reactor on two 
inch sapphire substrates. Different growth conditions were employed for non-indium containing alloys (GaN, AlGaN) as 
compared to indium containing alloys (InGaN, AlInGaN). The GaN and AlGaN growths [3] were typically carried out at 
1000-1080°C with hydrogen as the carrier gas. Ammonia (NH3), Trimethylgallium (TMGa), Trimethylaluminum (TMA1) 
were used as the N, Ga, and Al precursors, respectively. The growth of InGaN and AlInGaN [4] was carried out at 750- 
800°C, with nitrogen as the carrier gas and Triethylaluminum (TEA) and Trimethylindium (TMI) as the Al and In sources, 
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respectively. A standard two-step growth (550 and 1050 °C for the low and high temperatures, respectively) with a GaN 
low-temperature buffer layer (~250 A) was used in this work. 

We will focus on two general heterostructures for UV LEDs. The overall layer sequence is quite similar for the two 
structures, and is shown in Figure 1. The first design is an MQW LED structure with GaN quantum wells and AlxGaj.xN 
barriers and emission in the X < 360 nm region. The n-GaN buffer layer is typically 3 Jim in thickness and Si-doped to a 
level of 2-5xl018 cm"3. The n-AlGaN cladding with x=0.15-0.20 is approximately 400 Ä thick and doped to a similar level 
as the n-GaN layer. The multiquantum well region consists of 5 periods of 30 Ä thick GaN quantum wells and 70 Ä thick 
AlGaN (x=0.15-0.2) barriers. The p-AlGaN cladding is typically 400 Ä thick and the contact layer is 0.05-0.1 urn thick p- 
GaN. The second type of UV LED structure utilizes InGaN QWs and AlInGaN barriers in the MQW active region. The 
MQW region consists of 47 Ä thick InxGa].xN quantum wells with x=0.04 and 48 Ä thick AlyInxGa!.x.yN barriers with x=0.04 
and y=0.14. The p-GaN cap layer is thicker for these structures, due to the fact that the longer wavelengths emitted from the 
active regions are not as strongly absorbed by the p-GaN layer. Thicknesses of 0.1 pun to 0.25 um have been used. 

p-GaN 

p-Al02Ga0gN 

n-Al02Ga08N 

n-GaN 

Sapphire 

MQW Active 
Region 

Figure 1: Schematic of UV LED MQW heterostructures 

3.   GROWTH AND DESIGN CHALLENGES FOR HIGH EFFICIENCY UV LEDS 

The performance of nitride-based UV LEDs has yet to reach that of commercially available blue and green LEDs. Although 
relatively good performance has been reported in the near UV region of X > 370 nm, there exist a number of distinct 
challenges for achieving high efficiency at the UV wavelengths, and these challenges become particularly difficult for 
wavelengths shorter than 370 nm. In this section, we review specific challenges that limit UV LED performance, including 
optical efficiency of the active regions, internal absorption effects, critical thickness limitations and carrier leakage. 

3.1 Optical Efficiency of UV LEDs 

One of the most intriguing issues in the nitride field concerns the high optical efficiency of nitride-based blue and green 
LEDs. Specifically, although a great deal of progress has been made in the development of InGaN-based light emitters, the 
role played by indium (In) in contributing to the optical efficiency is still quite controversial. A number of groups have 
proposed that the inhomogeneity of In incorporation results in carrier localization at In-rich regions and that this localization 
leads to enhanced optical efficiency [6-8]. Support of this hypothesis is found in cathodoluminescence experiments that 
demonstrate a variation of the PL emission energy on the microscale, suggesting that In composition variations on the order 
of several percent are possible [9]. Further insight is gained by the time-resolved spectroscopy experiments of InGaN 
quantum well structures performed by Narukawa, et. al. [10], which suggest that the density of non-radiative centers and 
possibly the non-radiative recombination mechanism itself is altered when In is included in the growth. A similar result was 
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obtained by Kumano, et. al. [11] who suggest that increased optical efficiency is due to reduced non-radiative recombination 
centers with In incorporation. Thus, it is clear that a strong consensus has not emerged as to how the presence of In in the 
QWs affects the optical efficiency and whether it is absolutely necessary for achieving high efficiency nitride LEDs. 

This issue of whether In-containing QWs are needed for high efficiency is especially critical if we look at UV LED 
structures. Clearly the GaN MQW LEDs do not contain In in the active regions, and therefore would not benefit from the 
proposed improvements in optical efficiency seen in the blue and green LEDs. Furthermore, in order to achieve LED 
emission at A, < 390 nm from InGaN MQW structures, the In composition must be reduced to relatively small values ( x < 
0.06). Thus even in the InGaN/ AlInGaN MQW structures described in this report, the role played by In could be 
significantly reduced from that of blue and green LED structures with higher In compositions in the InGaN QWs. 

In an effort to further elucidate these issues, we have performed a number of photoluminescence studies of InGaN, GaN and 
AlGaN MQW and bulk structures. In particular, we have performed temperature-dependent photoluminescence (PL) 
spectroscopy measurements on a number of MOVPE grown InxGai_xN epilayers in the low In composition regime (x < 0.10) 
[12]. This composition regime was chosen to examine whether a clear trend in optical efficiency and temperature dependent 
quenching of PL intensity can be found with the addition of just small amounts of In. Our work has also intentionally 
focused on relatively thick (0.2 |jm) and doped bulk InGaN epilayers so that the role of piezoelectric field effects would be 
minimized [13]. This work is therefore distinct from the majority of the previously reported work that has focused on InGaN 
quantum wells with higher ( x > 0.1) In composition. 
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Figure 2a : Room temperature PL spectra of InGaN bulk 
epilayers [12]. 
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Figure 2b: Temperature dependent integrated PL intensity of 
InGaN bulk epilayers with In composition x.  The Ea values 
are derived from fitting the data to equation 1 [12]. 

The PL measurements were performed using a HeCd laser (325 nm) at a low power density of approximately 30 W/cm2. A 
0.3 meter spectrometer with an integrated UV enhanced CCD detector was used, with a spectral resolution of approximately 
0.2 nm. The room temperature PL spectra for four InGaN epilayer samples is shown in Figure 2b. A strong increase in the 
integrated PL intensity is seen as In composition is increased, with more than a 25X increase as the peak wavelength shifts 
from 363-397 nm. The data suggest that the optical efficiency is highly dependent on the In composition. The full 
temperature dependence of the integrated PL intensity is plotted in an Arrhenius plot in Figure 2b. The data is fit with the 
following formula [14] 

I=Io/[l+aexp(-Ea/kT)]. (1) 
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Here the non-radiative decay is assumed to be thermally activated such that the non-radiative lifetime TnT^=T0exp(Ea/kT) and Ea 

is the activation energy for PL quenching. The parameter a is equal to xjx0 where tr is the radiative lifetime. From the Ea 

values, we see a systematic increase in the activation energy as the indium composition is increased. The full temperature 
dependent data thus give further support of the hypothesis that increasing In composition improves the optical efficiency of 
the materials. Through the increasing Ea values with increasing In composition, we see that the In is reducing the 
effectiveness of non-radiative recombination mechanisms in quenching the PL intensity. Whether this effect is due to carrier 
localization or a modification of the nature of the non-radiative centers can not be determined from the data. 

Additional temperature dependent PL measurements were performed on InGaN, GaN and AlGaN MQW structures. The 
InGaN QW structures were supplied by Meijo University and have 10 periods of 23 Ä thick Ino.21GaNo.79N QWs with GaN 
barriers. The GaN MQW structure was grown at Sandia National Laboratories and consists of 4 periods of 30 Ä thick GaN 
quantum wells with Al0.2oGao.8oN barriers. It should be noted that this GaN MQW structure was grown on an AlGaN buffer 
so that the QW emission would not be confused with emission from a thick GaN buffer layer. The AlGaN MQW structure 
was identical to the GaN MQW structure except that approximately 5% aluminum was added to the QWs. In Figure 3a, we 
show the low temperature (T=10K ) photoluminescence spectra for the three MQW structures. In Figure 3b, we show the 
temperature dependence of the peak PL intensity for the three MQW structures. A strong distinction is seen in the total drop 
in peak PL intensity. In particular, the InGaN MQW structure experiences a relatively small (4X) loss in peak PL intensity 
from 10-300K, while the peak PL drop is 60X and 1000X for the GaN MQW and AlGaN MQW structure, respectively. In 
the quantitative comparison of the PL data for these three MQW structures, it is important to recognize that the growth 
conditions for the visible and UV MQW structures were quite different, and it is possible that further optimization of the 
growth conditions for the UV MQW structures would improve the performance. Nevertheless, this data is a good 
representation of the performance of our current GaN MQWs and high quality InGaN MQWs. In this data, we see evidence 
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Figure 3a: T=10K PL of InGaN, GaN and AlGaN MQWs.     Figure 3b: Temperature dependence of peak PL intensity 
for   InGaN, GaN and AlGaN MQWs. 

that the discrepancy in the optical efficiency between the visible and UV MQW structures is highly temperature dependent. 
In particular, the UV MQW structures are more susceptible to non-radiative recombination processes which serve to quench 
the PL intensities at room temperature. Furthermore, the severe 1000X drop in intensity from 10-300K for the AlGaN 
MQWs shows the increasing challenge of obtaining high optical efficiency at wavelengths in the 340 nm region and shorter. 

As a final experiment, we performed temperature dependent PL studies of InGaN MQW structures where the In composition 
was kept to a low value (~ 4%) to enable room temperature emission at 380 nm in the UV. These structures are similar to the 
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MQW region of the LED heterostructures described in section 2. The particular structures grown for PL studies consisted of 
10 periods of 47 Ä thick InGaN ( x=0.04) QWs with AlInGaN barriers. A drop of ~5X in the integrated PL intensity from 
10-300K is seen [13], which is similar to the performance of the blue-emitting InGaN MQW structure described in Figure 3. 

In summary, the spectroscopic studies that we have performed on InGaN bulk films and InGaN, GaN and AlGaN MQWs 
have shown that samples with In-containing QWs can have significantly higher optical efficiency than samples with no In in 
the active region. This result might suggest that GaN/AlGaN MQWs may not be intrinsically capable of performing to the 
level of InGaN near UV and visible MQWs. To improve the performance of GaN/AlGaN MQWs, a further measure of 
growing the structures on epitaxially laterally overgrown GaN to significantly reduce dislocation densities may serve to 
largely improve the non-radiative recombination problem. Indeed, studies by Mukai et. al. have shown that GaN/AlGaN DH 
LEDs had up to 2X increased output powers when this technique was employed [16]. 

3.2 Internal Absorption Effects for Shorter Wavelength (X < 370 nm) UV LEDs 

In consideration of the challenges in obtaining high efficiency UV LEDs, one must also seriously consider the detrimental 
role played by internal absorption for UV LEDs with X < 370 nm. At the heart of this problem is the fact that most nitride- 
based LEDs rely on 3-4 urn thick n-GaN buffer layers and -0.1 um thick p-GaN capping layers for good current spreading 
and low contact resistance. While these GaN layers are rather transparent for blue LEDs operating at 450 nm, they become 
strongly absorptive as the QW emission wavelength reaches 370 nm and shorter wavelengths. This effect has been described 
by both Mayer et. al. [17] and Mukai et al. [18]as a significant contribution to the sudden loss of optical efficiency for X < 
370 nm. 
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Figure 4: EL spectra for AlGaN MQW LED at 80 mA 
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We have most clearly seen this effect in the 
electroluminescence (EL) spectra of AlGaN MQW LEDs 
operating at 340 nm. These LEDs have similar AlGaN 
MQW active regions to those described in section 3.1. In 
Figure 4, we show the EL spectrum at 80 mA injected 
current. A clear delineation of the GaN absorption edge 
can be seen at approximately 365 nm. Fabry-Perot (F-P) 
oscillations exist in the spectrum for wavelengths below 
this absorption edge, signifying the transparency of the 
sample at those wavelengths. In contrast, the 340 nm 
peak from the AlGaN QWs is significantly reduced in 
intensity compared to what one would expect from the 
tail emission and shows no F-P oscillations. Thus, it is 
clear that if one needs high efficiency at these shorter 
wavelengths, a more transparent buffer layer, such as one 
consisting of higher bandgap AlGaN or AlInGaN must be 
employed. Progress in AlGaN buffer layers has been 
reported by Takeuchi et. al. [19], who have demonstrated 
growth of a blue laser structure on an Alo.03Gao.97N 
/Al0.o6Gao.94N buffer layer. 

3.3 AlGaN Cladding Designs: Critical thickness Limitations and Carrier Leakage 

Another challenge in the growth and design of nitride-based UV LEDs is the fact that one needs increasingly higher bandgap 
materials for the barrier and cladding layers. These high bandgap layers are needed to ensure sufficient carrier confinement 
in the quantum wells, as well as to reduce carrier leakage out of the active region. At present, AlxGa, XN alloys with x=0 10- 
0.20 are most commonly used as cladding layers in InGaN and GaN LEDs. Since AlGaN is tensile strained when grown 
pseudomorphically on GaN buffer layers, there is a critical thickness before dislocations and/or cracking sets in. This 
requirement puts a strong limitation on the thickness and composition that one may use to reduce electron leakage in the 
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LEDs. In general, these thickness limitations are much more critical for laser diodes than for LEDs, since one needs a much 
thicker cladding layer to provide optical confinement. Nevertheless it is important to recognize that even for UV LEDs, one 
must make a compromise between the cladding composition and thickness and the optimal confinement. As will be 
discussed in section 5, this problem can be eliminated if one could grow high bandgap AlInGaN alloys lattice matched to 
GaN for cladding layers or grow structures on AlGaN buffer layers. In this section, however, we will focus on the issues of 
critical thickness and carrier leakage of UV LEDs with AlGaN claddings. 

The critical thickness for stress relaxation in AlGaN/GaN heterostructures has been studied by Hearne, et al. [20] through in- 
situ stress measurements during MOVPE growth. This work determined that the observed critical thickness for cracking in 
AlGaN was consistent with the Griffith equation estimated critical thickness. Using the values from Ref. 20, the approximate 
critical thickness for an Alo.3Gao.7N epilayer on GaN is 700 Ä, for an Al0.2Gao.gN epilayer on GaN is 0.15 urn, and for an 
Alo.1Gao.9N layer on GaN is 0.6 (im. 

The effects of exceeding the critical thickness can be clearly seen in Figure 5, where we show a top-view photograph of a 
100 urn diameter mesa-etched GaN MQW LED with Al0.2Ga0.gN barrier and cladding layers. The total thickness of the 
AlGaN layers exceeds 0.2 urn. The cracking networks are especially visible in the etch-exposed n-GaN layer, where 
preferential etching in the cracks has made them more pronounced. I-V characterization of such LED structures yielded 
extremely poor reverse leakage characteristics, as shown for a number of cracked devices in Figure 5b. 
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Figure 5a: Top view photograph of a GaN /AlGaN MQW 
LED with > 0.2 (im total thickness of Al0.2Ga0.gN barrier. 
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Figure 5b: I-V characteristics for several cracked GaN 
/AlGaN MQW LEDs 

Given these limitations in Al composition and thickness, it is useful to evaluate the expected carrier leakage from GaN MQW 
structures with various composition AlGaN claddings. We have modeled the carrier leakage in a GaN/AlGaN single QW 
structure grown along the c-axis of the hexagonal wurtzite crystal structure. This particular structure assumes the AlGaN 
layers are relaxed and that the GaN QW is compressively strained. Such a structure is relevant for UV LED structures grown 
on transparent AlGaN buffer layers. The basic approach is detailed in Ref. 21. It involves calculating the bandstructure and 
carrier distribution in both the confined QW states and the unconfined barrier states as a function of injected carrier density. 
Piezo-electric and spontaneous polarization effects [22] are included in the calculation. Carrier leakage is determined by 
assuming that the unconfined states of the QW structure, which contribute to current leakage via carrier recombination, drift 
or diffusion, may be populated through thermalization with the population in the bound QW states. We determine the carrier 
leakage by the ratio of the unconfined carrier density to the confined carrier density. A schematic of the GaN SQW 
heterostructure and the processes described by the model are shown schematically in Figure 6. We use a 6 x 6 Luttinger- 
Kohn Hamiltonian and the envelope approximation [23] to compute the hole energy dispersions and the optical dipole matrix 
elements. Input parameters to the calculation are the bulk wurtzite materials parameters [24] for the binary alloys. A 
conduction band offset of 0.67 is assumed. 
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Figure 6: Schematic of the GaN SQW heterostructure and states involved in the carrier leakage model 

We first explore the carrier leakage using a relatively low bandgap Alo.1Gao.9N barrier and plot the electron and hole densities 
in unconfined states versus total carrier population. In Figure 7 we show the results of our calculations for a 2 nm and a 4 nm 
thick GaN QW.   The calculations assume T=300K. 
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Figure 7: Electron (solid curve) and hole (dashed curve) densities in unconfined states versus total (confined and 
unconfined) carrier population at T=300K for (a) 2 nm GaN QW/Alo.iGao.gN barrier structure and (b) 4 nm GaN 
QW/Alo.iGao.gN barrier structure. 

For both the 2 nm QW and the 4 nm QW, we see that the unconfined carrier populations are relatively insensitive to the total 
carrier density until one reaches total densities of approximately lxlO12 cm"2. This density is higher than that typically used 
for LED operation, and thus the carrier leakage should be relatively insensitive to injected current for LED operation at 
modest injection levels. For UV laser diodes, however, where one would expect the threshold carrier densities to be as high 
as lxlO1 cm"2, our calculations predict a significant loss of 20-35% of the carriers due to leakage. For the narrower 2 nm 
QW in the low injection regime ( < lxlO12 cm"2), our analysis shows that hole leakage is dominant and can represent a 
carrier loss of up to 20%. In contrast, electron leakage dominates for the wider 4 nm well and is reduced to -6% at these 
injection levels. The dominance of hole leakage for the 2 nm well can be explained by the fact that the valence band offset is 
significantly smaller than the conduction band offset ( AEc=0.67Eg is assumed) and the confined quantum well states are 
relatively close to the unconfined levels in this narrow well. In the thicker 4 nm well, the confined states have lower energy 
relative to the unconfined states and can provide sufficient confinement for the holes.   In this case, the lighter electrons 
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experience more leakage. Although the 4 nm well is clearly superior in terms of reduced leakage, it is important to note that 
piezoelectric effects, which would significantly reduce electron-hole overlap, are more severe for the thicker wells. 

We further explore the importance of higher Al composition claddings by calculating the carrier leakage for 2 nm GaN QWs 
with Al01Gao.9N barriers and Al0.2Gao.8N barriers. In Figure 8, we assume an injected carrier density of 1x10 cm" and plot 
the unconfined carrier density as a function of LED temperature. From this calculation, we see that the benefit of the higher 
bandgap Al0.2Ga0.gN barrier is quite significant, showing only a 0.5% electron leakage at 300K. The stronger confinement of 
this structure leads to electron leakage being dominant, as for the thicker QW case in Figure 7b. The electron and hole 
leakage levels increase strongly with temperature, resulting in up to 2.7% electron leakage at 100°C above room temperature. 
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Figure 8: Electron (solid curve) and hole (dashed curve) densities in unconfined states versus total (confined and 
unconfined) carrier population as a function of temperature for (a) 2 nm GaN QW/A lo.1Gao.9N barrier structure and (b) 2 nm 
GaN QW/Al0.2Gao.8N barrier structure. A total carrier concentration of lxlO11 cm"2 was assumed. 

In summary, we have shown that carrier leakage can significantly reduce the efficiency of GaN/AlGaN MQW LEDs. A 
barrier Al composition of x=0.2 is sufficient to reduce carrier leakage to < 1% of the total carrier population for 2 nm thick 
GaN QWs at 300K. In-situ stress measurements suggest that up to 0.15 um of Al0.2Gao.sN barrier and cladding layers can be 
employed before large scale cracking sets in. For shorter wavelength UV LEDs (< 350 nm), such as those employing 
AlGaN QWs, issues of carrier confinement and critical thickness are more critical. 

4. PERFORMANCE OF GaN/AlGaN MQW LEDS for X < 360 nm 

We have fabricated GaN/AlGaN MQW LEDs using the heterostructure design shown described in section 2. 100 um-250 
urn mesas were defined by inductively coupled plasma (ICP) etching. Ti/Al/Ti/Au was used as the n-contact, and Ni/Au 
oxidized to form semi-transparent NiO [25] was used as the p-contact. Initial structures had a relatively narrow 30 Ä QW, 
and electroluminescence peaked at 354 nm [3], as shown in Figure 9a. Th L-I-V data shown in Figure 9b was taken with a 
calibrated Si detector in close proximity to the sample, and demonstrates 12 uW of output power at a current of 20 mA ( ~ 
180 A/cm for these devices), and a turn-on voltage of approximately 4V. This performance results in an external quantum 
efficiency of below 0.1%, which is largely due to the internal absorption effects. The EL FWHM of 5.8 nm is significantly 
narrower than that reported for InGaN blue and green LEDs; a feature which is often desirable for spectroscopic applications. 
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Figure 9: (a) Electroluminescence spectrum of 30 Ä GaN/AlGaN MQW LED at 5 mA. (b) Light output-current-voltage 
characteristic for this 120 urn diameter mesa-etched device. [3] 

We have further optimized the growth of the GaN QW regions as well as explored QW structures emitting at slightly longer 
wavelengths where the internal absorption effects would be reduced. In Figure 10, we show the performance of a 
GaN/AlGaN MQW LED with emission at 357.5 nm. From the EL spectrum, and one can see that the tail of the spectrum is 
enhanced due to the strongly reduced absorption of the GaN buffer layer at those wavelengths. The L-I data shown in Figure 
10b was taken from LEDs bonded to TO-headers (no encapsulation or lens), and using an integrating sphere coupled to a 
calibrated Si detector. These LEDs showed > 100 U.W output at currents up to 50 mA (~ 100 A/cm2 for these larger devices). 
While these powers are at least an order of magnitude less than that measured from commercially available blue and green 
LEDs, such powers are already sufficient for a number of fluorescence-based sensing applications. 
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Figure 10:  (a)  Electroluminescence spectrum of a GaN/AlGaN MQW LED at 20 mA.  (b) Light output-current-voltage 
data for this larger device. 
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5.   PERFORMANCE OFInGaN/AlInGaN LEDS FOR370 nm<l<390 nm 

We have further explored UV LEDs employing AlInGaN quaternary alloys in the active region. These materials offer a 
great deal of flexibility in that they can be lattice matched to GaN and AlGaN buffer layers and thus critical thickness and 
cracking issues may be eliminated. Despite the obvious benefits of these quaternary alloys, the materials growth is quite 
challenging due partly to very dissimilar optimal temperatures for Al and In incorporation. As a result, very few reports have 
been made on the growth and optical properties of these materials [26,27]. The buffer and cladding layer designs are similar 
to GaN/AlGaN MQW structures, but the active region consists of 47 Ä thick InxGai.xN quantum wells with x=0.04 and 48 Ä 
thick AlylnxGa^.yN barriers with x=0.04 and y=0.14. This quaternary alloy composition has been found to have a room 
temperature PL peak at -357 nm. As described in section 3.1, we have found that active regions consisting of this quantum 
well structure have very good optical efficiency. 

In Figure 11, we show the electroluminescence spectrum and L-I-V data for a InGaN/AlInGaN MQW LED. The EL 
spectrum, taken at 20 mA, shows a peak at approximately 386 nm and a FWHM of 10 nm ( 84 meV). The Fabry-Perot 
oscillations seen throughout the spectrum indicate that these longer wavelengths experience relatively little absorption from 
the GaN layers in the structure. The L-I-V data, taken on devices bonded to a TO-header and using an integrating sphere and 
calibrated Si detector, show 0.5 mW at 50 mA (-100 A/cm2) and greater than 1 mW powers at current levels of 100 mA (~ 
200 A/cm ). The peak external quantum efficiency of these devices is approximately 0.3%. Work is in progress to optimize 
growth and design of these structures to achieve higher operating efficiencies. 
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Figure 11: (a) Electroluminescence spectrum of InGaN/AlInGaN MQW LED at 20 mA. (b) Light output-current-voltage 
data for this device. 

6.   SUMMARY 

We have overviewed a number of critical issues that must be addressed to achieve high efficiency UV LEDs. The issue of 
optical efficiency of UV active regions was explored through photoluminescence studies of InGaN, GaN and AlGaN bulk 
epilayers and MQW structures. Our results suggest that improved optical efficiency is achieved for active regions with In- 
containing alloys in the QWs. Through a carrier leakage model that determined the percentage of carriers in unconfined 
states of a GaN SQW structure, we determined that Al0.2Gao 8N claddings provide relatively good carrier confinement for 2 
nm GaN QW structures. We presented performance data for GaN/AlGaN MQW LEDs with emission in the 354-358 nm 
region. Output powers > 100 |iW have been achieved, which is sufficient for a number of fluorescence-based sensing 
applications. A new InGaN/AlInGaN MQW UV LED was described which demonstrated > 1 mW output powers at an 
emission wavelength of 386 nm. Further optimization of this structure may provide a high efficiency near-UV source 
suitable for phosphor excitation and white light generation. 
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ABSTRACT 

The GaN-based MQW laser diodes have been improved excellently by introducing GaN/GalnN optical-guiding. The continuous 
wave laser operation at room temperature has been achieved at the wavelength of 410 nm. The lifetime of room temperature 
continuous wave operation is longer than 60 minutes at around 1 mW output The external efficiencies of GalnN/GaN MQW blue and 
green light emitting diodes (LEDs) have been increased by newly developed flip-chip (FC) type LED lamp structure. The luminous 
intensities of the FC-type blue and green LEDs were typically 6 cd and 14 cd at 20mA, respectively. The FC-type blue and green LEDs 
are the brightest levels in the world currently. The peak wavelengths and full widths at half maximums were typically 464 nm and 27 nm 
for Hie blue LEDs, and 515 nm and 32 nm for the green LEDs. 

Keywords: GalnN/GaN MQW, LEDs, IDs, CW, MOVPE 

1. INTRODUCTION 

m-V nitride compound semiconductors are potential materials for high efficient optical devices in the ultraviolet to red spectral region. 
Excellent uniform epitaxial layers of GaN and nitride alloys were grown on sapphire substrates using an A1N buffer layer by 
metalorganic vapor phase epitaxy (MOVPE).1 High-quality GalnN/GaN multiple quantum wells (MQWs) structure of GaN-based 
superlattices enhanced the optical efficiency by neatly two-orders of magnitude in comparison with bulk GalnN.2 The high efficient 
GalnN/GaN MQW LEDs have been commercialized for UV, blue and green light sources. Akasaki, et al. reported for the first time the 
laser irradiation from GalnN laser diode by current injection at room temperature (RT) in 1996.3 Recently, HI-V nitride semiconductor 
laser diodes (LDs) have been improved to the grade of a digital versatile disk (DVD) application The MQW separated confinement 
hetero-structure (SCH) laser diodes have been realized with longer than 10,000 hours lifetime under continuous wave (CW) operations at 
RT.4 

In this paper, we will report the improvements of the GaN-based LDs by applying GalnN/GaN optical guide. The RT CW operation 
also has been achieved in the range of hours in the lifetime at around 1 mW output. We will also report the higher efficient GaN-based 
LEDs improved by flip-chip (FC) type bonding structure. 

2. EXPERIMENTS 

The GaN-based epitaxial layers were basically grown by atmospheric metalorganic vapor phase epitaxy (MOVPE). The sources of Al 
Ga, In, and N were the common gases such as trimethylaluminum (TMA), trimethylgallium (TMG), trimethylindium (TMI), and 
ammonia (NH-j), respectively. The Si and Mg dopants were incorporated using silane (SiH4) and biscyclopentadienylmagnesium (bis- 
Cp2Mg). 

2.1 GalnN/GaN MQW SCH LDs 

One of the schematic structures of GalnN/GaN MQW-SCH LDs is shown in Fig. 1. The IDs consisted of n-GaN contort layer, n- 
Al007Ga 093N cladding layer, n-GalnN/GaN optical guide double layers, GalnN/GaN MQW active layer, p-GalnN/GaN optical guide 
double layers, p-Alo07Ga 0.93N cladding layer, and p-GaN contact layer which were grown on sapphire substrate with low temperature 
(LT) buffer layer. The number of MQWs was two to six. The conventional optical guide layers consisted of GaN. However, we applied 
GalnN/GaN optical guide layers, because an optical confinement factor of GalnN optical guide layer is superior to that of GaN. The LD 
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structures were mesa or ridge geometry. The widths mesa or ridge were 2 to 5 urn the cavity lengths were 300 to 700 urn. The mirror 
facets were febricated by reactive-ion-beam-etching (RIBE) and the high-reflection (HR) mirror coats were Ti02/Si02 dielectric multi 
layers. 

p-electrode 
p-GaN     p-AIGaN 

p-GalnN /GaN 

MQ/V(GalnN/GaN) 

n-GalnN /GaN 

n-electrode 

AIN buffer 

Fig.  1. Schematic layer structure of LDs. 

2.2 GalnN/GaN MQW LEDs 

The blue and green MQW LEDs consisted of asymmetric double heterostructure p-n junction with GalnN/GaN MQW active layer. 
The MQW had two to five quantum wells. The layer structure of FC-type MQW LEDs is shown schematically in Fig. 2. The InN 
molar fraction of the GalnN quantum wells for the blue and green LEDs was approximately 0.2 to 0.4. Mg-doped AlGaN layer was 
grown sequentially on the GalnN/GaN MQW layer. Mg-doped and MQW layers were partially etched by reactive-ion-etehing (RIE) to 
form an ohmic contact onto the Si-doped n-GaN layer. The p- and n-electrodes were bonded onto sub-mounts and tiie emission irradiated 
upward through the sapphire substrates. The tight transmission of a conventional electrode for p-type contact layer, which covered light 
emitting surface, was not always perfect On the other hand, in the case of the FC-type LEDs, the p-electrode was not transparent, the 
light from MQW active layers emits directly through sapphire substrates to outside of LED chips without of any obstacles such as 
electrode metals. 

Sapphire Substrate 

AIN buffer                   n_QaN 

MOW 

i-electrode p-AIGaN 

\ p-electrode 

Fig.   2.   Schematic layer structure of FC-type LEDs. 
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3. RESULTS AND DISCUSSION 

3.1 GalnN/GaN MQW SCH LDs 

The threshold current (LJ of the double-guide-layer SCH LDs was 60-70 mA at RT-CW operation The current-output-voltage (I-L- 
V) characteristics under the KT-CW operation are shown in Fig. 3. The operation voltage for the threshold current was approximately 8 
V The KT-CW emission spectrum is shown in Fig. 4. The laser wavelength was 408 nm and its full width at half maximum (FWHM) 
was 0.03 nm 

One of the preliminary lifetime evaluations is shown in Fig. 5. The CW laser operation at room temperature continued for one hour 
with around 1 mW output as shown in Fig. 5. 

The longer lifetime is under investigation, which could be expected by reducing dislocation in LD epitaxial layers. The multi low- 
temperature (LT) buffer layers also could be effective for reducing dislocation We applied the multi IT buffer layers to the laser diode for 
the first time. The density of etch pits in the epitaxial layers reduced from lxlO8 cm'2 to 5xl06 cm"2 using the multi LT buffer layers. 
Therefore, We have been optimizing the laser diode structure and investigating the lifetime. 
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3.2   GalnN/GaNMQWLEDs 

The external quantum efficiencies of GalnN/GaN MQW blue and green LEDs have been increased to almost double by newly 
developed flip-chip (FC) type LED lamp structure. The luminous intensities of the FC-type blue and green LEDs were typically 6 cd and 
14 cd at 20mA, respectively. The brightness of  FC-type blue and green LEDs are the highest levels in the world currently. 

The output powers of the FC-type blue LEDs are much higher than that of the conventional fäce-up type blue LEDs. The output 
power of the FC-type LEDs was 14 mW at 20 mA, which was approximately two times higher than that of the conventional blue LEDs 
as shown inFig. 6. The external quantum efficiency at 20 mW was as high as 20 %. 

10 20 30 40 

Forward Current (mA) 
50 

Fig. 6. Output power characteristics of FC-type and 
conventional blue LEDs as a function of forward current 
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The FC-type LED lamp structure did not affect to the electroluminescence spectra. The peak wavelengths and full widths at half 
maximums were typically 464 run and 27 run for the blue LEDs, and 515 nm and 32 ran for the green LEDs as shown in Fig. 7. 
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Fig. 7. EL spectra of  FC-type blue and green LEDs. 
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4. CONCLUSION 

We have succeeded in CW operation of GalnN/GaN MQW-SCH laser diodes at KT. The low threshold current of 60 mA (2.4 
kA/cm2) was achieved by introducing the GalnN/GaN optical guide layer and the loss reduction The lifetime of CW operation is longer 
than 60 minutes at around 1 mW output The external efficiencies of GalnN/GaN MQW blue and green light emitting diodes (LEDs) 
have been increased by newly developed flip-chip (FC) type LED lamp structure. The luminous intensities of the FC-type blue and green 
LEDs were typically 6 cd and 14 cd at 20mA, respectively. The FC-type blue and green LEDs are the brightest levels in the world 
currently. 
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ABSTRACT 

White light for illumination can be produced from LEDs either by combining red, green and blue emitting chips in 
one lamp, or by using phosphors to down-convert the emission of short wavelength emitting InGaN LEDs. Both 
concepts will be critically reviewed, and simulations compared with experimental evaluations. As expected, each 
solution has advantages, but also drawbacks, which are weighted by the specifics of the applications. The overall 
picture strongly depends on the efficiencies of the single color chips, the temperature coefficients of all involved 
materials, and the wanted light output per lamp. 
Keywords: Solid state lighting, LED, electroluminescence, phosphors, photoluminescence, GaN, color rendering 

1. INTRODUCTION 

Solid State Illumination (SSI) has long been dreamed about. The illumination market being some 
$1010/year is of an attractive size even for large companies. Recently formed joint ventures of lighting 
companies with manufacturers of light emitting diodes (LED) indicate the direction of the development 
very clearly. In spite of the fact that the incandescent light bulb has moved down its cost development 
curve to a point where no newcomer can compete with it, a definite chance for penetration into certain 
application segments is obvious. "Cold Light" as opposed to light emitted as thermal radiation from hot 
enough filaments in incandescent bulbs, has been a dream since the discovery of electroluminescence in 
the '30s. The first successes in powder electroluminescence in the '50s sparked the vision of illuminating 
walls and ceilings, but reality ran short in efficiency and lifetime as well. The fluorescent lamp was the 
first realization of a cold light source, and turned out to be so successful, that all other attempts were 
deemed useless over the last decades. Lifetime was and is an as important issue. Especially in 
applications, in which maintenance is costly or inconvenient, a premium can be charged. Overall 
efficiency is an important factor, which determines cost of ownership to a large extent, and it is the last 
two points, which helped the LED to intrude for instance into the traffic light sector over the last years. 
Now that blue and green LED joined the red and amber LED, made in large numbers exclusively for 
signaling over many years, Solid State Lighting (SSL) becomes feasible. Very recently the efficiency 
values for the (In,Ga)N based blue and green LED approached the values common for high power 
(Al,Ga,In)P diodes, which go into the traffic lights and car lamps in ever growing quantities, and their 
power efficiency surpassed the value for the best incandescent lamps (Fig. 1). Very good pre-conditions 
are given right now to enter the era of 'cold', solid state light from sources with very high radiance (point 
sources) and virtually unlimited maintenance [1,2]. 

1.1        General Considerations 
(In,Ga)N technology allows to manufacture diodes for any color between about 400 and 580 nm today, 
590 to 670 nm is the realm of high power (Al,Ga,In)P. Typically the line width of the nitride-based LEDs 
varies between 20 and 35 nm (fvyhm) and of the phosphide-based ones between 15 and 25 nm. As there is 
a quasi-continüum of peak wavelengths manufacturable, one could think of assembling many LEDs to 
compose a broad 'white' emission band - a near Planckian distribution. A much better, more efficient 
way to produce white light, however, is the mixing of relatively narrow lines of the basic colors - Red, 
Green, Blue - demonstrated and proven by the Philips 3-color fluorescent lamp. It showed that by 
choosing the right wavelengths and spectral widths it is possible to generate white light of any wanted 
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Correlated Color Temperature (CCT) and good Color Rendering Index (CRI). So, the first idea coming to 
mind in considering the new possibilities of LEDs, is to follow this example. Using 3 LEDs has even 
some advantages over the fluorescent case, as the broader emission bands, can give even better CRI. An 
example spectrum is given in Fig. 2. 
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Fig.l: The power conversion efficiencies of LEDs and lasers approach 50 to 70% in the 
infrared with no obvious reason that the high values should be limited to this range, and not 

be reached in the InGaN range after further development; after Craford et al., p.35 in [2]. 

Before going into details, one might want to consider other examples given by previous developments. 
Mercury high pressure lamps have good radiometric efficiency but very poor color rendering as they are 
radiating besides UV only blue in any appreciable amount. One of the great ideas was the color 
correction, improvement of CRI, by adding a phosphor to the bulb, which converted part of the primary 
radiation into yellow. A reasonable 'white' resulted, and OSRAM products proved this, using a highly 
stable yellow phosphor - Ce3+ doped Yttrium-Aluminum-Garnet (Y3AI5O12) [3]. It was an evident way to 
try, whether the same phosphor could be excited by the light of a blue LED, and at the same time mixed 
with a rest of the original blue. And it worked, as Nichia proved in their first white LED [4]. 

So, it has been proven, that there is an alternative way of producing white light by LEDs: mixing of blue 
from an LED and a complementary luminescence excited by the blue radiation in phosphor(s). The 
phosphor(s) have to meet a set of conditions to provide acceptable solutions of the problems involved. 
The conditions comprise: good light quality - CRI >80 at a wanted CCT with very limited change over 
the range of operating temperatures; good mixing, angular or far-field, with the non-absorbed blue; good 
control of the absorbed fraction for all operating temperatures. 
Following the show case of the fluorescent lamp, as a third possibility, one would have to use completely 
absorbed radiation from an LED, which excites phosphor(s), yielding blue, green and red, or blue and 
yellow, or any other combination, which mixes to white. The basic drawback of this 'UV LED' solution 
is the higher quantum deficit, which had to be compensated by other advantages over the 'blue LED' 
phosphor conversion. We are not going into details of the UV LED approach, which seems to be a 
favorite of GE [5]. 
The two different solutions, which we will term multi-chip LED lamps (mcLED), and phosphor- 
converted LED (pcLED) respectively, will be analyzed for their dis- and advantages [6,7]. The mcLED 
has the obvious advantage to provide no inherent loss mechanisms to the radiation from the primary 
sources, except for the absorption of the radiation of one LED by another in the process of color mixing. 
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Down conversion in a phosphor material, however, is an inherently lossy process, which for an ideal 
phosphor of quantum yield 100% has an upper bound, set by the quantum deficit. In all cases 
investigated, additional losses were encountered, and will be discussed with respect to their origin and 
estimated margins. 

1.2       State of the Art 
Nichia introduced mcLED to market some years ago, which had rather poor characteristics, and found not 
too broad an acceptance, and are not even advertised anymore. First commercially available 'white' 
pcLED, produced by Nichia and Hewlett Packard, in the form of 5 mm lamps, delivering some Lumens 
only (not meant for general lighting!), and so-called TopLED surface-mount lamps from Osram/Siemens 
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have found quite some market. However, in the context of SSI they can only be regarded as samples to 
study the problems. In all cases mentioned only one phosphor is used, which is excited by an LED at 
460.. .470 nm (Fig. 3). In order to deliver a good CRI, the CCT has to be chosen in the 5000.. .8000 K 
range. This limitation will be analyzed as an example for more general design considerations under 
'pcLED'. However one researcher [6 ] very recently claimed the high color temperature as a great 
achievement over 'warm' incandescent light, as it is more similar to day-light. 

1.3       Scope of the Work 
To get an oversight on the possibilities of generating white light for illumination, i.e. light which assures 
good color rendering, a simulation program was developed, which calculates color coordinates, CCT, 
CRI, Ra„ luminous equivalent and distance from the Planckian locus in dependence on the power 
fractions of light from different LEDs, on conversion efficiencies of phosphor(s) and their respective 
temperature dependencies. LED spectra were assumed to be of (second order) Lorentzian shape, which is 
fairly good an approximation for the diodes used. First results obtained have been reported in [7,8]. This 
paper will for the first time report comparisons to experimental data. Furthermore it will point out the 
potential applications, in which special designs might be appropriate. 

2. MULTICHIP LED 

Any wavelength in the visible can be generated by either nitride or phosphide-based LEDs. The spectra of 
the LEDs are narrow enough to place their color coordinates near the border of the color space. As shown 
in the CIE-1931 color diagram of Fig.4, their chromaticity points move inwards with increasing junction 
temperature, equivalent to saying that their spectra become wider, color purity decreases. Color mixing in 
a color diagram can be described by drawing a line between the two color points, which correspond to the 
two colors to be mixed. All colors, which can be achieved by blending appropriate amounts of light of 
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Fig.4: CIE diagram, showing the color coordinates of some standard LEDs at junction temperatures of 25 and 
105°C resp. The triangle 460|550|610 nm has less gamut but much better rendering than the full line triangle. Also 
shown the color points of the mcLEDs of Table 1 and 2 being very near the Planckian locus 

460-530-630 nm 

those two end points, lie on this line. In the same way any chromaticity point within a triangle can be 
reached by mixing of the corner point colors. This is true even for strictly monochromatic radiation, 
which would correspond to points on the periphery of the color space. For display application, or any 
other (signaling) mode, in which direct view of the colors is aimed at, this description is perfect. 
However, in illumination by no means: imagine monochromatic lines of blue, green and red to mix to a 

perfect white - a point for a certain 
temperature on the Planckian locus. 
Objects illuminated by such a source 
will look very different from what 
they look under the black body 
radiation ofthat temperature. This 
failure to give a good rendition of 
certain colors is described by the 
Color Rendering Index (CRI), 
standardized by the CIE in 1974 [9]. 
The Active source would give CRI 
values lying well below its maximum 
of 100. How subtle the differentiation 
of 'display' and illumination light 
quality can be, is demonstrated in 
Fig.4 (showing the color points of 
some LEDs with the peak 
wavelengths indicated). 
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Fig.5: Best choices of power fractions of 460, 530, 630 nm 
emission, bringing the 'white' near to the Planckian locus (see 

fig.4), but missing good rendering - see Table 1. 
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For display purposes the dashed triangle with the corners materialized by LEDs of 460, 530, 630 nm 
would generate delight by its large 'color gamut'. However an attempt to compose a well rendering white 
of a CCT of 3000°K fails as exemplified by Fig.5 and Table 1. A comparison to experimental makes 
confirms the simulation results fully. 

Table 1: mcLED from 460|530|630 nm LEDs (Fig5) 

opt. power fraction, 
B|G|R 

CCT, °K Ra LE, lm/W 

14|38|48 3880 39 294 
13|37|50 3590 36 294 
12|36|52 3340 33 293 
10|35|55 2950 31 290 

460-550-610 nm 

Reducing the gamut to 460, 550, 610 nm LEDs, yields excellent CRI values, demonstrated in Fig.6 and 
Table2 with even the variation with junction temperature of the LEDs being acceptable. It is not well 

predictable from first principles of 
color science how such changes of 
peak wavelengths affect CRIs, as 
they depend rather strongly on the 
detailed shape of the lines too 
(keeping in mind that there is no 
unique spectrum related to a 
chromaticity). Experimental spectra 
very closely correspond to those 
simulations. 
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Fig.6: Composing LED spectra of peak wavelengths 460, 550, 610 
nm, one can obtain good CRI values, but hardly acceptable shifts 

of CCT with junction temperature, Table 2. 

A detailed analysis shows that good 
'illumination white' of any color 
temperature between 3000 and 
7000°K can be composed from LED 
spectra with peak wavelengths of 
460, 550, 615 nm. 

Table 2: mcLED from 460|550]610 nm LEDs (Fig.6) 

Junction 
temperature Tj, °C 

CCT, °K Ra 
lum. effi/ 

lum. effi.(25°C), 
% 

LE, lm/W 

25 2860 80 100 402 
45 2880 85 92 391 
65 2910 89 86 381 
85 2970 92 79 368 
105 3070 92 73 359 

One important consideration has not been touched upon yet. Without going into cost deliberation in any 
numerical way, the most basic consideration leads to the conclusion that in an mcLED lamp the major 
cost items are the chips. As on the other hand the customer is interested in buying as much lumens per $ 
as possible (in fact mostly lm*years/$) the design has to aim at maximum lumen/chip area. This means 
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driving the chips at maximum current density. This maximum is set by temperature and reliability 
constraints. In general the efficiency, r\, will decrease with increasing temperature. Besides the efficiency, 
peak wavelength and spectral width are T-dependent too. There are no good data in the sparse literature 
on these issues. We have included into Fig.4, what we believe are the best data, summoned into color 
coordinates. No major changes seemingly occur. 

The conclusion to be drawn from these data is obvious: active color control is necessary, if the junction 
temperature is expected to change. As the efficiency cannot be increased at higher temperature, the active 
control will be limiting the efficiency at any lower temperature to just this value; the control has to burn 
off the efficiency surplus at the lower temperatures. 
Going back to Fig.l one could be inclined to do some projection of the power efficiency values just by 
comparison. External power efficiencies in the red spectral region based on phosphides, which are much 
longer under development, could be an indicator. A rather conservative assumption - in view of the 
roughly 30% in the deep red - for the blue spectral region would be 16% reached in 2 years from now. As 
green has been notoriously lower than blue, let us assume (without any proof of probability) a value of 
10%, and for 610nm of 20%. Using these values, we come up with about 50 lm/W for the room 
temperature value in Table 2, which was used as a reference point. An assumed reduction of the 
efficiency by 10% for the nitrides, and for 610 nm one of 30% at AT=80°C cuts it back to about 38 lm/W, 
as not only the radiometric efficiency drops, but also the luminous equivalent. However, this is in the 
range of compact fluorescence, and much beyond halogen lamps. It is hardly conceivable how to get a 
good color mixing in the lamp without additional losses, but no reliable estimates or even data are 
available at this time. 

3. PHOSPHOR CONVERTED LED 

As mentioned before, the basic concept of pcLEDs, as they are on the market now from Nichia, Agilent 
(Hewlett-Packard) and Osram/Siemens, is the old one of color correction as it was applied over years to 
high pressure Hg lamps. 
The pcLED lamps are encapsulated in epoxy, which helps light extraction by its refractive index and by 

the lens shape. So the easiest way to 
apply a phosphor is by suspending it in 
the epoxy before curing. The results is a 
rather uneven distribution of phosphor 
particles, somewhat sorted by size by 
gravity action, in a layer above the LED 
chip (Fig.7). A typical experimental 
spectrum has been shown in Fig.3. 
Clearly there is a remainder of the blue, 
emitted by the diode, sneaking through 
the space between phosphor particles or 
scattered by them. The broad yellow band 

■- ■■-  ■ is characteristic of the phosphor- 
-,.   „ „„. ,   ^      TTO,       „  YAG:Ce. To be more precise the 
Fig.7: Micrograph of a pcLED lamp. Clearly visible the phosphor in this case is an 

chip, the contact^irregulariy^sha^phosphor particles (Yttrium,Gadolinium)-Aluminum-Garnet 
doped with Ce3+, and the Gadolinum has 

the effect of changing the crystal field at the Ce3+ site, shifting the emission towards longer wavelengths. 
The precondition of working this way is a high enough absorption/excitation of the dopant at the diode 
emission wavelength. Fig.8 shows excitation and emission spectra for various Gd contents of the 
YAG:Ce3+. 
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Quite a variety of peak wavelengths of (In,Ga)N 
LEDs can obviously be used, judging from the 
excitability of the phosphors only. The additional 
selection criterion is the color temperature and the 
CRI one shoots for. In a 1931 color space the 
choices for the color coordinates look simple: 
Combining a given phosphor with some diodes of 
the peak wavelengths labeled allows for the straight 
lines in the left part of Fig.9. Combining a given 
diode (460 nm in this case) with phosphors of 
differing Gd content, allows for the lines in the 
right part. What point on the respective line is 
accomplished, depends on the amount of primary 
radiation from the diode converted into 'yellow', 
that means essentially on the phosphor amount 
admixed to the encapsulant. The color rendering is 
not as easy to describe. One has to go back to 
combined spectra, and run the routine devised by 
the CIE to determine the general color rendering 
index, Ra, or even all 14 special color rendering 
indices [9]. To avoid 'tint' (deviation from pure 
white), the color point should be very close to the 
Planckian locus. In an experimental make of 
pcLED with a wavelength variety of LEDs the heap 
of Ra versus CCT data of Fig.9b were obtained, 
while close control of the LED wavelength but 
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varying the phosphor amount yielded Fig.9c. 

100 

80 

60 

40 

20 

4000 

1-phosphor pcLED 

; P7193 ; -^r^- 
; 

\ 

 .—,—.—,—I—,—1—.—,—1—,—,—,—,—1 

6000 8000    CCT, K10000 

Fig. 9b: Experimental values from lamps 
made with one phosphor, and 
LEDs of various wavelengths. 
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Fig.9c: Experimental values - varying the 
phosphor content 

To convey some feeling for the matter to readers, who are not familiar with color science, Fig. 10 shows 
some spectra, and Table 3 gives values of the respective CCT and Ra.. It is obvious, that it is difficult to 
reach good color rendering at low CCT. Customer satisfaction in Scandinavia, where CCT below 3000°K 
are most preferred will be difficult to reach, while in Japan with preferred values of 6000°K this solution 
will satisfy most wishes. 

Table 3: pcLED from 460 nm LED + YAG:Ce (Fig. 10) 

opt. power fraction, 
LED|phosphor 

CCT, °K Ra LE, lm/W 

12|88 3540 70 350 
18|82 3860 73 330 
22|78 4110 76 318 
26|74 4490 79 304 
31|69 5270 82 286 

460 nm + YAGCe 
Having highlighted the temperature dependence 
of color coordinates in mcLEDs Fig.l 1 presents 
similar data for the 1-phosphor converted LED 
(1-pcLED), which are supplemented by Table 4. 
Really the change with temperature is almost as 
pronounced as in mcLEDs, and by no means 
negligible. One might wonder whether customers 
will cope with it. Of course incandescent shows 
the same red shift with dimming, which one can 
achieve, if it is designed into the pcLED. 

Of course certain assumptions had to be made 
about the temperature dependence of the LED and 
of the conversion efficiency of the phosphor. Both 
were based on measurements taken on the two 
components separately. The experimental spectra 

of the pcLED do not well compare to the simulations, as shown in Fig.l lb. The question about the reason 
for the discrepancy can tentatively be answered by looking more closely into the shift and broadening of 
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Fig. 10: With YAG:Ce it is possible to achieve good 
CRI values (Ra>80) at CCTs above 5000°K only; see 

Table 3 also. 
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the LED spectra with temperature and the decreasing overlap with the absorption spectrum of the 
phosphor. We will come back to this aspect. 

Table 4: )cLED from 460 nra LED + YAG:Ce, varying junction temperature, Tj (Fig.l 1) 
Junction 

temperature Tj, °C CCT, °K Ra LE, lm/W 

25 4490 79 304 
45 4550 79 302 
65 4610 80 301 
85 4680 80 299 
105 4750 81 298 

Fig.l 1: The temperature variation of the pcLED 
depends on the phosphor chosen; it is sensible in this 

case, but rendering improves with increasing 
temperature 

Fig lib: Experimental values on 1-phosphor lamps 
in dependence on temperature, CCT and Ra given 

in the legend 

As further improvements of color rendering are very possible, it seems a good idea to think about 
other phosphors. What the YAG:Ce does, as probably no other material, is to provide an 
extremely broad spectrum.. Ce + has the unique feature to combine the action of a dipole-allowed 
5d-4f radiative transition, which is strongly lattice coupled (and therefore phonon-broadened) 
and crystal field dependent, with an additional 'broadening' by its spin-orbit split ground state. 
The two-peak structure is washed out by the other broadening influences. By this double action 
the emission band is much broader than the 
width, which for instance Eu2+ exhibits 
(another example of an allowed 5d-4f 
transitions). So, Ce3+ appears to be the 
ultimate choice for a 1-pcLED, and the host 
is right to shift excitation and emission into 
the right position. 
Adding a second phosphor or a third color can 
vastly improve the color properties of the system. 
Very much alike the situation in the mcLED the 
blue from the diode can be complemented by a 
green from one phosphor and a red emission from 
a second phosphor. If the phosphors are 'right', 
this could be the ultimate choice. The problem 

460 nm + TG:Eu + SrS:Eu 
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Fig. 12: The spectra show the variety of CCTs, 
obtainable with excellent rendering by the combination 

of two highly balanced phosphors; see also Table 5. 
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2-phosphor pcLED 
8.E-06 

4.E-0S 

lies in finding the right combination, which is 
excitable by the same blue diode emission. It is not 
evident, that a solution to this problem exists, 
which furthermore gives a good color rendering. 
But really there is a combination and it is Eu2+ in 
SrGa2S4 for green (TG:Eu) and the same dopant in 
SrS for red (SrS:Eu2+). Their emission spectra are 
shown together with emission of a well exciting 
LED in Fig.12. In the CIE1931 color space the 
combination looks as depicted in Fig. 13. It is 
obvious, that the corners of the triangle are not too 
far from the preferred mcLED combination of 
Fig.5. No incident, as the spectral widths are also 
comparable. Table 5 shows some power fractions 
of the spectral components, which lead to the Ra 

values at the respective CCTs. No doubt, de-luxe lighting can be achieved, based on this system. 

500 600 700      nm     soo 

Fig. 12b: Experimental results on 2-phosphor 
pcLED exhibit Ra>85 for all CCT obtained, 3200 ■ 

4400 K in this case. 

A reality check produced the experimental spectr a 
shown in Fig. 12b, the variety of which is due to the 
varied amounts of each phosphor in the lamps. 
Fig. 12c gives the (expected) good rendering behavior 
of the generated light for a whole bunch of wanted 
correlated color temperatures. This could have easily 
been extended to higher color temperatures but the 
present understanding is, that general indoor lighting 
will give a preference to the 'warm' whites. And as 
pointed out before, good rendering in the high CCT 
range can be achieved with one phosphor. The slight 
undershoot of the expectations, expressed in Table 5, 
which gives the simulated results of Ra lying above 
90, has yet to be explained. As tentatively as the 
possible reason for the disagreement between Fig.l 1 
and 1 lb it could be the incomplete account taken of 

the consequences of shift and broadening of the LED emission, which causes these differences. 

Fig. 12c: Experimental makes of 2-phosphor 
LEDs show the expected excellent rendering for 

all wanted color temperatures 

Table 5: 2-pcLED from 460 nm LED + TG:Eu + SrS:Eu (Fig.12,13) 

opt. power fraction, 
B|G|R 

CCT, °K Ra LE, Im/W 

10|32|58 2935 93 325 
12|33|55 3062 93 325 
14|34|52 3351 93 322 

19|35|46 3973 93 320 

29|36|35 5616 93 299 

35|37|28 7561 90 290 

An often-asked question is to the amount of efficiency one has to pay for the many advantages of pcLED. 
We know of no published systematic investigations of this problem. The major difficulty 
lies in the inevitable (at the present state of the art) variation of the output or efficiency of individual 
chips, even of one wafer. So, the only possibility, which we saw, was a statistical approach: 
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Fig. 13: CIE diagram illustrating the two-phosphor de-luxe pcLED. All 
correlated color temperatures are possible with Ra>90.. The color points 

of Table 5 have evidently no tint. 

manufacturing from the same 
wafer in the same way many 
pcLED and many reference 
blue LED. A comparison of the 
outputs of the two groups will 
yield the conversion efficiency. 
This was done some years ago 
with 5-mm lamps of 
conventional (HP) design. The 
result is summarized in Fig. 14. 
Obviously the gross conversion 
efficiency is 58%. As the 
relative standard deviations in 
either of the groups are about 
10%, this result can be well 
trusted. 
Comparing the experimental 
values with principal margins, 
one has to state that there is a 
quantum deficit between the 
exciting photons and the 
emitted.ones. As the emitted 
are a broad distribution it 
depends slightly on the CCT, 
but a conservative value for 
this factor in the energy 

efficiency is 84%. The quantum efficiency of YAG:Ce  , and of SrGa2S4:Eu   has been reported to be 
>95% . The product of these values yields an upper margin of 80%. So, evidently there is room for 
improvement. The losses presently encountered are not well investigated and will be the object of (many) 
further papers. 
It is, however, tempting to try an estimate 
of the luminous efficiency on about as 
reliable a basis as the one used for the 
mcLED. The values are best guess 
values, extrapolated from much too few 
data, to be reliable. Nevertheless, they 
could provoke an exchange of data and 
predictions spurring further development. 
So, based on the same efficiency of the 
blue LEDs of 16%, used for mcLEDs, 
and on conversion efficiencies of 70% 
for the phosphors, we end up with values Fig , 4: statistical comparison of pcLED with blue LED from 
which are about 30% below the mcLED the same wafer, built in the same process, except for phosphor 
ones. (And of course the luminous loading of part of the epoxy (full squares refer to white lamps 
efficiency increases dramatically.) and to the right scale). 
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4. FUTURE DEVELOPMENTS 

In the discussion of white LEDs the kind of application, one aims at, is as important as the knowledge 
about the technological constraints. Landscape or parking lot illumination have completely different 
requirements from living room lighting. And may be a one-size-fits-all attitude would hinder the overall 
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development of the field. We expect to see over the next years rather distinct product patterns to emerge, 
as the fundamental understanding of the constraints and great potentials grows. 
In principle the concept of pcLED need not to be limited to the use of non-absorbed blue and a 
complementing phosphor spectrum. UV- emitting LED and phosphor emission covering the whole visible 
spectrum or phosphor mixtures emitting the basic color components are feasible. However, to offer 
advantages over the blue-retaining pcLED concept stringent conditions for the efficiency ratios of the 
involved LED and the phosphors must be met. Thinking medium-term towards Lasers instead of LEDs as 
primary light sources, this concept might gain momentum, as possibly the laser will be primarily 
developed for other purposes and eventually could have best properties, if operating near 400 nm. In this 
case, a three-phosphor variant appears appropriate. 
In all phosphor-conversion light sources besides the right spectral position of the emission the spectral 
position of the absorption/excitation needs full attention - it has to coincide with the spectrum of the 
primary light source. So, the value of the Stake's shift is an important selection criterion. 
Two classes of phosphors come to mind under those considerations 
absorption in the host's fundamental absorption, and recombination of generated electron-hole pairs in the 
wanted spectral position, almost inevitably 'on' dopants, or 
absorption in the lines of a dopant at lower energy than the fundamental absorption of the host and 
emission in a dopant line (or in that of another dopant after transfer of the excitation). 
Photoluminescence most often relies on the second class of phosphors, as seemingly it is easier to achieve 
very high efficiency of the internal transitions of ions (transition metals or rare earths) with unfilled inner 
shells. On the other hand the sulfides developed mainly for cathodoluminescence might catch up, if there 
is an incentive to optimize them for photoluminescence. However the rather complex temperature 
dependencies might limit usefulness in this application. 

5. CONCLUSIONS 
Solid State Lighting is on our doorsteps, may be even literally. The challenge is mainly on the LED side, 
as even 100 % efficiency of the phosphor and negligible quantum deficit cannot improve on it. However, 
phosphor development will greatly facilitate the introduction of a low(est) cost solution into many 
applications, where long life with no maintenance and/or small footprint are mandatory. 
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ABSTRACT 

Increasing optical power and electrical-to-optical conversion efficiency enable visible light-emitting diodes to advance into 
new applications and wider markets. InGaAlP/GaAs and InGaN/sapphire material systems cover the whole visible spectrum 
of saturated colors used for display, signage, and automotive use. A combination of blue InGaN LEDs with phosphor 
delivers a "white" spectrum adequate for most lighting needs. Demand for high optical power requires larger chips suitable 
for high-current operation. Current crowding effects and their negative consequences for chip performance and reliability 
limit the performance of high-power chips based on both material systems. Despite the differences between InGaAlP/GaAs 
and InGaN/sapphire chip structures, a number of common design concepts leading to higher external efficiency and total 
luminous output have been proposed, including large chips operating at high drive currents. This paper highlights 
fundamental current spreading and reliability issues related to the chip size and operating current density, outlines a 
framework for quantitative analysis, proposes and compares a number of novel high-power chip designs. 

Keywords: indium gallium aluminum phosphide, indium gallium nitride, light-emitting diode, reliability 

1. INTRODUCTION 

Recent successes in InGaAlP and InGaN-based LED development have enabled a commercialization of emitters covering 
the whole visible spectrum with external quantum efficiency in excess of 15%. Luminous efficiency of the best commercial 
LEDs has surpassed incandescent lamps and is approaching fluorescent sources. However, total optical power emitted from 
a single LED lamp is currently limited to less than lOOmW. This limitation creates a major hurdle on the way to making 
LEDs viable for conventional lighting and other applications. Since the internal efficiency of the quantum well (QW) 
structures used for active regions of the LEDs already varies between 30% and 100%, further increase of the LED efficiency 
requires a better light extraction through innovative chip and package design. Still, a chip operating at high current 
remains an absolute requirement. A simple estimate shows that an ideal LED with 100% electrical-to-optical power 
conversion would only emit about 30 lumens at the standard operating current of 20 mA - a miniscule amount of light 
compared to the regular 1400 lumen (-100 W) incandescent bulb. While there is some room for an increase of operating 
current for standard 10-15 mil chips, current-dependent degradation mechanisms such as defect propagation and dopant 
diffusion apparently limit that value to 70 mA or less. Given a cost penalty inevitable for a module with a large number of 
small chips, the current tendency for increasing chip size and current density is likely to continue and accelerate'. 

Figures 1-3 illustrate the importance of the issues related to non-uniform current spreading in both InGaAlP and 
InGaN/sapphire-based LEDs which comprise the majority of devices designed for applications requiring high optical output 
and reliability. Similar effects of current crowding near a wire-bonding contact pad show up in a number of commercial 
LED designs at operating current levels exceeding the specified limit. Moreover, such effects appear after extended period 
of operation even at moderate current levels. Uniform current spreading is a common problem that spans the range of chip 
geometries and material systems. An aspect of the current crowding problem related to the conductivity of n-GaN layer in 
InGaN/sapphire LEDs was previously identified2. A quantitative approach to LED structure design and specific n-GaN 
layer parameters were proposed to improve the chip reliability. We believe that an analysis built on the same assumptions 
may be applied to other elements of the nitride-based LEDs as well as InGaAlP-based LED structures. This paper discusses 
both the numerical model and some of the practical solutions for the optimum high-power chip design. Alternative designs 
are also presented in this volume1. 

'Correspondence: Email: ivan.eliashevich@gelcore.com; Telephone: 732 271 9090x4129; Fax: 732 560-5790 
fNew address: Semcolaser Technology, 18007 Cortney Court, City of Industry, CA 91748 
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1mA 20 mA 50 mA 

Figure 1. Current crowding in InGaN LEDs at high drive current. 

a) b) 

Figure 2. Current crowding in InGaAlP LEDs a) before and b) after 66 hours of aging at 30 mA, 55°C. 

Figure 3. Current crowding in InGaN LEDs after aging. 
Microphotographs of GaN LED with n-GaN doping 7xl017 cm"3 tested at 20 mA, RT: 

a) before aging; b) after 1000 hours of aging at 30 mA, 55°C. 
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2. LIGHT-EMITTING DIODES WITH VERTICAL CURRENT PATH 

Red, orange, yellow, and yellow-green InGaAlP LED structures are epitaxially grown on GaAs substrates, and may be 
subsequently transferred onto transparent GaP wafers in order to enhance the light extraction from the chip . In either case, 
the substrate is electrically conductive, and p- and n-type metal contacts are applied to the opposing surfaces of the chip (see 
Fig. 4). The contacts are usually defined as "top" and "bottom", and such configuration results in what may be called a 
vertical current path. The same contact geometry is used for InGaN LEDs grown on conductive SiC substrates using 
conductive buffer layers4, therefore the vertical current path model is applicable to those devices as well. 

P-pad 

._J,t  P-GaP 
InGaAlP 

DBR mirror 

Substrate 
N-contact 

Figure 4. Current spreading in LEDs with a vertical current path. 

In a typical InGaAlP LED, a current spreading p-type layer (GaP or AlGaAs) is grown on top of the active light-emitting 
part of the structure. In the case of absorbing GaAs substrates, a distributed Bragg reflector (DBR) stack is also grown 
under the active region. Possible current paths from top p-pad to bottom n-contact differ by the spreading distance / from 
the p-pad. Total voltage drop VT along an arbitrary current path between the two contacts is given by the sum of voltage 
drops across the p-layers VP, p-n junction Vj, and n-layers VN as: 

VT = VP + Vj + VN = j(p;_contoc, + pcJ + pGaPt) + — (1 + In -j-) + )(ps
DBR + ps

n_conlacl) (1), 
e Jo 

where j is the current density, pcapand t are volume resistivity and thickness of p-type layers, n is the diode ideality factor, k 
is the Boltzmann constant, T is the junction temperature, e is the elementary charge, j0 is the saturation current density; pp. 
contact, Pn-contact, and pnBR are resistivities of the contacts and DBR, respectively. 

Assuming negligible ohmic contact resistances, the current spreading is uniform when total voltage drop is the same across 
any of the possible current paths, i.e. VT is independent of / for 0 < / < L: 

PGap(L-t)<<- 
j 

(2) 

When this condition is not fulfilled, current is crowded through the paths with lower resistivity corresponding to shorter /, 
which leads to the increase of local carrier concentration in the area of the higher current density, further current crowding, 
and eventual collapse of the current under the p-pad. Similar feedback loops lead to current crowding developing during 
aging. In that case, a higher initial current density near the p-pad leads to a reduced Vj in that area of the device due to 
higher local rate of dopant diffusion (see Fig. 2). 

Uniformity condition (2) is more stringent for higher current density and larger die size L. For high-power chip designs it 
is necessary to increase the thickness or conductivity of the current spreading layer. Alternatively, p-pad size may be 
increased in order to reduce the effective die size L. Such a design may be realized in a form of cross-shaped contact, as 
shown in Figure 5. 
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Figure 5. Current spreading improvement in LEDs with a vertical current path: cross-shaped contacts. 

While solving the current spreading problem, such a design is detrimental to the light extraction efficiency due to the light 
absorption by the contact metal (contact shadowing). As shown in Figure 6, the decrease in light output is almost exactly 
proportional to the area of the chip covered by p-contact metallization. 
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Figure 6. Contact shadowing penalty in LEDs with cross contacts. 

A design that overcomes the shadowing the cross-shaped contacts is shown in Figure 7. A resistive or n-type current 
blocking layer grown under the p-pad by two-step epitaxial growth prevents the current collapse under the p-pad and 
eliminates the contact shadowing effect5. 
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Figure 7. Current spreading improvement in LEDs with vertical current path: current blocking layer. 

47 



Indeed, a current blocking layer design proves to be the most effective for the chips operating at very high current densities 
as demonstrated in Figure 8. 
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Figure 8. High-power performance of InGaAlP LEDs with improved current spreading. 

3. LIGHT-EMITTING DIODES WITH LATERAL CURRENT PATH 

InGaN LED structures grown on insulating sapphire substrates require both n-type and p-type ohmic contacts on the same 
side of the epitaxial wafer. Access to the bottom side of the p-n junction (usually, n-type) is provided by etching a mesa 
structure through the top p-type layers and p-n junction into the n-type material. N-type ohmic contacts may be 
subsequently formed to the exposed n-GaN surface while p-type contact is made to the mesa top surface. As a result of such 
a contact geometry, a structure with lateral current path is formed. A cross-section of the LED structure showing two 
adjacent devices on a wafer is shown in Figure 9. 

p-pad 

NiAu Transparent Contact 

N-pad 

wm^^^mm1 
N-GaN 
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Figure 9. Current spreading in LEDs with a lateral current path. 

Again, similar to the case of vertical current path structure, total voltage drop across the diode as function of current density 
j is given by: 
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VT=VP+VJ+VN=j(pNl/Au(I-/) + p p-contact 

1 T1 

+ Pp-ept) + — (1 + In -1) + KP„-GaNl + PL 
e Jo 

,) (3), 

where j is the current density, pp.epi and t are vertical resistivity and thickness of p-type layers, n is the diode ideality factor, 
k is the Boltzmann constant, T is the junction temperature, e is the elementary charge, j0 is the saturation current density, 
Pn-GaN and / are lateral resistivity of n-GaN and length of the lateral current path through the n-type layer, pp.COntact, and p„. 
contact are resistivities of the respective contacts. 

We shall ignore the resistance of the ohmic contacts here for simplification. For the case when transparent Ni/Au metal 
layer may be considered a perfect current spreader with negligible contribution to the total resistance, and only the vertical 
component of the p-layers' resistance is significant, the condition of uniform current spreading becomes 

Pn- 
J 

(4). 

The form and physical meaning of the limitation (4) for LEDs with lateral current path is similar to the condition (2) for 
LEDs with vertical current path. Consequently, a current crowding near n-pad occurs in a structure with insufficient n- 
GaN conductivity as shown in Figures 1 and 3, and the effect is triggered or enhanced by higher current density, higher 
temperature, and larger chip size. 

As reported earlier2, the current crowding effect is eliminated for the standard operating conditions by increasing the doping 
level of the n-GaN layer to improve its conductivity (see Fig. 10). 

Figure 10. Microphotographs of GaN LED with n-GaN doping 1.5xl018 cm"3 tested at 20 mA, RT: 
a) before aging; b) after 1000 hours of aging at 30 mA, 55°C. 

The assumption of a perfect current spreading by Ni/Au metal layer is only valid for relatively high thickness and Au 
content ofthat layer. However, a thin layer with low Au concentration is preferable to achieve a better contact transparency 
and improve the light output. Simplifying equation (3) for the case when the transparent contact resistance is the limiting 
term gives the following limiting condition for Ni/Au layer resistivity: 

pNiAuL « 
J 

(5)- 

In the case of insufficient transparent contact conductivity when condition (5) is not fulfilled, current crowding around the 
p-pad takes place similar to the InGaAlP LED with low p-GaP conductivity in Figure 2. The chip design with ring n- 
contact and central p-pad placement in Figure 1 lb has the L effectively reduced by approximately a factor of 2 compared to 
the standard chip in Figure 1 la, thus relaxing both condition (5) and condition (4). No current crowding around any of the 
pads has been observed up to 130 mA for the chips with the improved design even after the Ni/Au layer has been thinned 

down to have a sheet resistivity of ~250Qsq, up by a factor of 40 from the standard value. 
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Figure 11. Current spreading improvement in LEDs with lateral current path: ring n-contact with reduced current path distance. 

Aging tests were performed for LEDs with thin Ni/Au, ring n-contact and central p-pad at an ambient temperature of 55°C 
and injection current of 30 mA in constant current control mode (see Fig. 12). Bare chips without encapsulation were 
mounted on TO-46 headers and were taken out of the environmental chamber for periodic measurements of current-voltage 
characteristics and output power. Visual inspection was performed after 1000 hours of aging. For all the LEDs tested in 
this experiment, the power drop observed after 1000 hours of aging did not exceed 20% of the initial value, and no current 
crowding occurred during aging. The extrapolated aging rate was calculated to be ~9%/decade, indicating a lifetime to 
50% degradation well in excess of 100,000 hours. For encapsulated chips tested at higher current or temperature conditions 
(40 mA and 75°C), the power drop after 1000 hours of aging still did not exceed 30% of the initial value, and no current 
crowding failures were observed. 
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Figure 12. Reliability of Blue InGaN LEDs with ring n-contact. 

The improved chip design with ring n-contact and central p-pad was also used to fabricate large size LEDs with side 
dimension up to 28 mil, i.e. 4 times the area of the standard chip. Such devices were operated at the drive current of 
300 mA for as long as 200 hours without any current crowding effects. 
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4. CONCLUSIONS 

In conclusion, a simple analytical approach is proposed to optimize the structure of both InGaAlP and InGaN LEDs with 
various current path geometries. An analysis is made of the contributions from different parts of the structure to the total 
voltage drop across the diode. Failure modes associated with current crowding are identified in LEDs based on InGaAlP 
and InGaN material systems. A number of improved chip designs is proposed and compared from the viewpoint of 
enabling high-current operation of larger than standard chip sizes. A possibility of reliable 300 mA operation is 
demonstrated for InGaN/sapphire blue LED chip four times larger than the industry standard. 

ACKNOWLEDGEMENTS 

The authors are indebted to Mr. Joseph Potopowicz for his help with device assembly and reliability testing, and to Mr. Paul 
Rotella, Jr. for the chip performance evaluation. 

REFERENCES 

1. M.R. Krames et al., "High-brightness AlGalnN light-emitting diodes," to be published in Light-Emitting Diodes: 
Research, Manufacturing, and Applications, E. Fred Schubert, Editor, Proc. SPIE, 2000. 
2.1. Eliashevich et al., "InGaN blue light-emitting diodes with optimized n-GaN layer," in Light-Emitting Diodes: 
Research, Manufacturing, and Applications, E. Fred Schubert, Editor, Proc. SPIE, v. pp.28-36, 1999. 
3. R. Scott Kern, "Progress and status of visible light-emitting diode technology", in Light-Emitting Diodes: Research, 
Manufacturing, and Applications, E. Fred Schubert, Editor, Proc. SPIE, v. pp.16-27, 1999. 
4. C. Carter et al., "SiC-Based UVPhotodiodes and Light-Emitting Diodes, " in Semiconductors and Semimetals, "SiC 
Materials and Devices, " R. K. Willardson and E. R. Weber, Editors, v. 52, Academic Press, 1998. 
5. F.A. Kish and R. M. Fletcher, " AlInGaP Light-Emitting Diodes," in Semiconductors and Semimetals, "High Brightness 
Light Emitting Diodes," G. B. Stringfellow and M. G. Craford, Editors, v. 48, Academic Press, 1997. 

51 



Investigation on the gain-switching of GalnN MQW laser diodes. 

Claudio Marinellia*, Igor Y. Khrushchev3, Judy M. Rorison", Richard V. Pentya and Ian H. White3. 
Tetsuya Takeuchib, Hiroshi Amanob and Isamu Akasakib. 

Yawara Kanekoc, Satoshi Watanabe0 and Norihide Yamadac. 
Ghulam Hasnaind, Rick Schneider0, S.Y. Wangd and Mike R. Tand. 

a Centre for Communication Research, University of Bristol, Bristol, BS8 1TR, UK 
Department of Electrical and Electronic Engineering, High-Tech Research Center, Meijo University, 

Nagoya, Japan 
Agilent Laboratories, 3-2-2 Sakado, Takatsu-ku, Kawasaky, Kanagawa 213-0012, Japan 

d Agilent Laboratories, 3500 Deer Creek Road, Palo Alto, California 94303, US 

ABSTRACT 

A study of the gain-switching process in GalnN MQW laser diodes is reported. Single peak gain-switched optical pulses 
with pulse widths <40ps and optical powers equal to lOOmW are observed when electrical pulses with duration of 800ps are 
applied. Sub-nanosecond optical pulses with peak powers in excess of 450mW are also obtained and degradation 
mechanisms are analysed. The transient response characteristics of the laser diodes are studied in both the time and spectral 
domains. 

Keywords: laser diode, gain-switching, GalnN, GaN, short pulses, relaxation oscillations 

1. Introduction. 
Picosecond optical pulses in the blue and ultraviolet (u.v.) wavelength range are widely used in scientific applications such 
as fluorescence spectroscopy, fluorescence lifetime measurements, gas analysis, interferometry and microscopy. Several of 
these applications would undoubtedly benefit from the realisation of cheaper and more compact sources of short optical 
pulses based on blue/u.v. emitting diode lasers. Recent developments in the technology for the growth and fabrication of 
diode lasers based on nitride compounds1,2 suggest that a gain-switched GalnN MQW laser could be a simple and viable 
solution for the realisation of such an optical pulse source. Gain-switching allows the direct generation of picosecond optical 
pulses on demand, allowing high peak power pulses to be generated at variable repetition rate. 
In this paper we study the temporal structure and the spectral characteristics of optical pulses generated by gain-switched 
GalnN MQW laser diodes (LDs). The laser dynamics and the emission mechanisms in the short pulse regime are 
characterised. The analysis extends to the laser behaviour in the multi-peak regime, which is observed at higher levels of 
current injection. The laser performances and the degradation mechanisms are also studied under different driving 
conditions. 

2. Laser structures and experimental set-up. 
The investigation is performed on LDs consisting of a separate confinement multiple quantum well (QW) heterostructure. 
The epitaxial structures are designed and grown at the University of Meijo. The laser devices have been fabricated at the 
Agilent Laboratories in Japan. The structures are grown on a c-face sapphire substrate by low-pressure metalorganic vapour 
phase epitaxy. The stack of epitaxial layers comprises: a 30 nm thick A1N buffer layer, a 3 um n-Alo.03Gao.97N contact layer, a 
lum «-Alo.06Gao.94N lower cladding layer, a O.lurn «-GaN guiding layer, 5 pairs of 2.5nm Ga0.9ln0.iN QWs and 7.5nm Si- 
doped Ga0.98ln0.o2N barriers, a 15nm n-AlojsGao.gsN electron blocking layer, O.lum p-GaN guiding layer, a 0.5um p- 
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Alo.06Gao.94N upper cladding layer and a 0.1jwn/>-GaN contact layer. The lasers have a 3um wide ridge waveguide, 500(im 
long p-type contacts and cleaved uncoated facets. Further details on the growth and design of the LDs structure are reported 
in reference 3. 
The experimental set-up used for the generation and characterisation of short optical pulses is based on a Kentech 
Instruments APG-1 pulse generator. This produces 800ps long electrical pulses at a fixed repetition rate of 10kHz and is 
used to drive the LDs. A low reflected/transmitted voltage ratio for the electrical pulse (<l/6) indicates a good impedance 
match between the electrical signal generator and the LDs, and thereby the absence of significant distortions of the electrical 
pulse. The optical beam is collected from the laser facet by means of bulk lenses and focused onto the photodetector. This 
consists of a fast GaAs Schottky photodiode, which has an estimated bandwidth >15GHz ". The electrical signal from the 
detector is analysed by a 34GHz Hewlett-Packard HP54120B/54124A oscilloscope. For the spectral characterisation of the 
laser emission the second order reflection from the grating of an Advantest Q8381 spectrometer is used. This allows spectral 
resolutions of 0.2-1 nm. It should be stressed that all the experimental characterisations are carried out on uncooled devices, 
mounted p-side up on a copper and brass mount which provides a limited heat sink with a volume of about 2.5cm3. 

3. Experimental Results and discussion. 
The LDs tested can only be operated in pulsed mode at room temperature. Figure 3a shows an example of the light-versus- 
current (L-I) characteristic curve measured under quasi-CW conditions. The lasers are driven by 150ns square pulses at a 
repetition rate of 3kHz (duty cycle = 4.5 x 10"4). Under these conditions the threshold current is normally observed in the 
300-600mA range (see fig.l), corresponding to a threshold current density > 19kA/cm2. The voltage at threshold is usually 
>15V. The best devices exhibit a slope efficiency equal to -0.37 AAV per facet, corresponding to a differential quantum 
efficiency of 12% per facet. The laser emission wavelength can vary between 405nm and 410nm, depending on the device. 
Optical output powers of the order of 5-10mW are measured for a driving current equal to 1.05Ith. As illustrated in fig.l, a 
significant power roll-off due to saturation effects is observed in the quasi-CW L-I characteristics of uncooled devices. The 
power roll-off is probably caused by junction heating. 

0.4 0.6 

Current (A) 

0.8 1.0 

Figure 1. Quasi-CW L-I characteristics curve. The device is driven by 150ns square signals at a repetition rate of 
3kHz. 

Short pulse generation is obtained driving the LDs by means of 800ps electrical signals at a repetition rate of 10kHz (duty 
cycle = 1 x 10"5). Fig.2 shows a typical L-I curve measured under these driving conditions. The peak optical powers are 
calculated assuming a fixed optical pulse witdh of 800ps (i.e., equal to the electrical pulse witdth), and deviding the 
measured average powers by the duty cycle. This method underestimates the peak optical power, particularly for the lower 
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current values, and causes the superlinearity of the curve in fig. 2. However, it can be safely concluded that sub-nanosecond 
optical pulses with peak optical powers in excess of 450mW and pulse energies higher than 350pJ can be obtained for a 
peak driving current equal to 6.7A (=13I,h). These are the highest peak power and pulse energy values measured on sub- 
nanosecond optical pulses generated by nitride based LDs. It is also worth stressing that, as a consequence of the reduced 
duty cycle, the L-I characteristics in Fig.2 shows no sign of power saturation effects. 

500 

2 3 4 5 

Peak Current (A) 

Figure 2. L-I characteristics curve measured on a device driven by 800ps long electrical pulses with a repetition rate of 
10kHz. The values reported for the optical power are obtained from the measured average power, assuming a fixed duty 
cycle. 
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Figure 3. Dynamical characterisation of the gain-switched laser emission for different peak driving currents. The graph 
refers to a GalnN MQW LD driven by 800ps electrical pulses at a repetition rate of 10kHz 
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Figure 4. Optical pulse width (AtFWHM) and time constants for the rising (t^and falling edge (Tfan) of the pulse trace in 
fig.3. All the values refer to non decovolved mesurements. The values for i„st and Tan are obtained by means of 
exponential fits to the pulse edges. 

Short pulse generation is observed for peak driving currents >2Ith. First, the emission dynamics of nitride lasers in the proper 
single peak gain-switching regime is studied. For the LD shown in figures 3 and 4, gain-switching operation is obtained for 
peak driving current in the 2.19I,h - 2.3I,h range, with In, = 0.29A. The results in fig. 3 indicate that within such a current 
range there is an increase in the optical peak power of more than 120mW and, correspondingly, a decrease in the laser tum- 
on delay of more than 220ps. Further characterisations of the temporal structure of these pulses are presented in fig.4. Here, 
we plot the optical pulse width AtFWHM, and the time constants Trise and xm for the rising and trailing edges of the optical 
pulses, as a function of the peak driving current. The profiles of the rising and trailing edges can be accurately fitted by the 
functions expft/insj and exp(-thfau), respectively. The Tnse/tfaii ratio varies within 1.15-2.85, whereas the sum tnse+^faii 
approximates the pulse width value AtFWHM with good agreement for peak a driving current > 2.24Ith. A comparison between 
figures 3 and 4 indicates that the increase in peak optical power is accompanied by a decrease in the optical pulse width 
AtFwHM of more than 45ps. The temporal characterisations presented thus far allow us to conclude that gain-switched 
AlGaN/GaN/GalnN LDs exhibit the same dynamical behaviour as other material systems 5'6. 
An example of optimum single pulse generation is presented in figure 5. Here, a driving current equal to 2.7I,h produces high 
quality single peak gain-switched pulses with no reaxation tails. The peak optical power is as high as lOOmW and the optical 
pulse width is about 60ps. Since the overall time response of our detecting system is estimated to be >45ps, the deconvolved 
pulse width therefore is <40ps. 
Fig. 6 illustrates, for the same device, the changes in the optical pulse induced by increased levels of current injection. The 
gain-switched pulse of fig. 5 is shown in the curve (a) of the graph. The pulse curve (b) indicates the onset of relaxation 
oscillations for the peak currents above 2.8I,h. The effect of a further increase in the peak driving current is illustrated by the 
bottommost pulse trace (c). Curve (c) is measured for a driving current higher than 3.2I,h. This allows an increased number 
of relaxation oscillation cycles, producing an overall optical pulse width >400ps. 
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Figure 5. Example of optimum single peak pulse generation under gain-switching conditions. The peak driving current 
is equal to 2.7I1h. 
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Figure 6. The plot shows the onset of relaxation oscillations for increased driving currents. Trace (a) reproduces the pulse 
of fig. 5. Trace (b) refers to a peak driving current >2.8Ith. Trace (c) corresponds to a driving current above 3.2Ith. 

A further characterisation of the relaxation oscillation cycles is presented in fig.7. Here we show the measured dependence 
of the relaxation oscillation frequency (considered as the inverse of the relaxation oscillation period) on the peak driving 
current. The trend appears to be almost linear. The relaxation frequency values are high (see for instance the value reported 
in reference 7). We speculate that this may be a consequence of a low photon lifetime. 
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Figure 7. Relaxation oscillation frequency as function of the peak driving current expressed in unit of Ith 
approximately linear. 

The trend is 

To gain a deeper physical insight in the short pulse generation mechanism of GalnN MQW LDs, the spectral characteristics 
of the optical pulses presented in fig.6 are investigated. The topmost curve in fig. 8 refers to the laser spectrum measured 
under quasi-CW conditions. This is centred at 408.lnm. The spectrum (a) corresponds to the single peak gain-switched 
pulse (a) of fig.6. The spectrum, centred at 404.8nm, exhibits a pronounced blue-shift with respect to the quasi-CW peak 
and, in the limit of the our experimental resolution, appears also significantly broader. The spectra (b) and (c) in fig. 8 
correspond to the pulse traces (b) and (c) of fig. 6. Both suggest that a gradual red-shift towards the wavelength of the quasi- 
CW peak occurs as the laser undergoes an increased number of relaxation oscillation cycles. Again, all these characteristics 
are typical of the gain-switching emission and the relaxation process 6. We can therefore conclude that also from a spectral 
point of view the gain-switched operation of nitride lasers is similar to other material systems. 
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Figure 8. The emission spectrum measured under quasi-CW operation (topmost)is compared with the spectra of the short 
pulses shown in fig.6. 
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Another parameter which is known to influence the laser emission under gain-switching conditions is the presence of an 
additional DC bias 6. In the case of the LDs examined in this paper, only a quasi-DC bias can be applied. To study its effect 
on the optical pulses we combine the usual 800ps electrical pulses with 200ns long square signals with a repetition rate of 
10kHz. Fig. 9 shows the optical pulses obtained for increased levels of quasi-DC bias but maintaining a fixed peak driving 
current. The increase in the quasi-DC bias is found to induce a decrease in the laser turn-on delay and in the optical pulse 
width. These effects are accompanied by an increase in peak power. Almost negligible variations are observed in the trailing 
edge of the optical pulse. Given that the time constant x[M of the trailing edge reflects how far below threshold the carrier 
density is pulled during the pulse emission 6, the negligible changes in the pulse tails of fig. 9 may reflect the fact that the 
minimum carrier density reaches a similar values for the different pulses. This could be related to the presence of the 
additional quasi-DC bias and the additional carrier supply thus provided. The trends for the optical pulse width and the peak 
power are presented in fig. 10. Here, the threshold current is also indicated to highlight the fact that a slight increase in pulse 
width occurs when the quasi-DC bias crosses the threshold level. 
Finally, we examine the degradation of the laser. We observe that by applying driving current below 3Ilh, one can produce 
peak optical powers in excess of 150mW for more than two hours without significant device degradation. It is worth 
stressing that even for peak currents as high as 1 ll,h, and peak optical powers of the order of 350mW sudden failures are not 
observed. The gradual nature of the device degradation suggests that, up to this current and power levels, catastrophic 
optical damage of the laser facets does not occur. 

25.50      25.55 25.60      25.65 

Delay (ns) 

25.70      25.75      25.80 

Figure 9. Pulse traces measured for different quasi-DC levels and for a fixed value of a pulse current. The short current 
pulses consist of 800ps long eletrical signals with a repetition rate of 10kHz. The quasi-Dc bias is applied in the form of 
200ns long square pulses with a repetition rate of 10kHz. The values for the quasi-DC bias are: 403, 336, 268, 201, 134, 
and 67 mA. 
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Figure 10. Optical pulse width (topmost part of the plot) and peak intensity (bottommost part of the plot) as function of 
the quasi-DC level. The data refers to the optical traces in fig.8. 

3. Conclusions. 
The generation of short optical pulses from AlGaN/GaN/GalnN lasers is investigated in both the time and spectral domain 
by means of 800ps driving electrical pulses. Our study shows that the dynamic behaviour of gain-switched nitride lasers is 
generally similar to those observed on other material systems. We demonstrate that LDs which can only perform room 
temperature pulsed operation can be safely gain-switched to provide a source of optical pulses shorter than 50ps with peak 
powers of -lOOmW. Optical power roll-off due to saturation effects is not observed on the L-I characteristics of devices 
driven by 800ps pulses at a repetition rate of 10kHz. Sub-nanosecond optical pulses with peak powers exceeding 450mW 
and pulse energies higher than 350pJ can therefore be obtained. Our investigations also indicate that facet damage is not 
responsible for the device degradation up to peak powers of the order of 350mW. 
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Abstract 
A new white light emitting diode, the photon recycling semiconductor light emitting 
diode (PRS-LED) is demonstrated. The device consists of a GalnN/GaN LED emitting in 
the blue spectral range and an AlGalnP photon recycling semiconductor emitting at the 
complementary color. Thus the PRS-LED has two emission peaks, one in the blue and 
one in the amber wavelength range. The theoretical luminous performance of the PRS- 
LED exceeds 300 lm/W, higher than the performance of phosphor-based white LEDs. 

1. Introduction 
Currently, white-light LEDs are based on photo-excitation of phosphors by a GalnN/GaN LED 
emitting in the blue or ultraviolet (UV) range of the spectrum. The quantum efficiencies of both, 
optically excited high-quality semiconductors and photoluminescent phosphors, can be close to 
100 %1'2'3. YAG-based phosphors are known to have broad emission spectra, while the emission 
spectra of semiconductors are much narrower. A typical phosphor-based white LED has a broad 
emission spectrum4 ranging from 425 to 700 nm. 

Due to the fact that the human eye sensivity decreases rapidly when approaching IR and UV 
wavelengths, white light emission based on the emission of a broad spectrum does not have the 
maximum possible luminous efficacy. Since there are only three types of color-sensitive 
receptors or cones in the human eye, one can generate white light by the generation of light with 
two or three distinct colors. One can show that the most efficient white light source consists of 
two monochromatic sources emitting at complementary wavelengths. The maximum theoretical 
luminous efficacy to produce white light is 400 lumens per Watt of optical power1'5 with two 
100 % efficient monochromatic sources emitting at 448 nm and 569 nm3'5, 

In this publication, we report on a dichromatic semiconductor light source emitting two 
complementary colors. The higher-energy light is emitted by a current-injection blue LED. An 
electrically passive semiconductor, optically excited by the blue LED, re-emits light at lower 
energy. The wavelengths of the two sources are chosen in such a way that they are 
complementary wavelengths, as shown in Fig. 1. The combination of the two complementary 
colors yields white light with a location on the chromaticity diagram identical to the standardized 
Illuminant C. 

The schematic structure of the PRS-LED is shown in Fig. 2. The figure indicates that a 
fraction of the light emitted by the blue LED is absorbed by the AlGalnP active region and re- 
emitted ("recycled") as lower energy photons. In order to obtain white light, the intensity of the 
two light sources must have a certain power ratio that will be calculated below. The power 
budget of the device is shown in Fig 3. It is assumed that the electrical input power is PQ, and the 

Keywords: LED, white LED, photon recycling, efficiency. 
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output powers in the blue and amber spectral range are Pi and P2, respectively. The efficiency of 
the blue LED and the photon-recycling semiconductor are assumed to be n and r2, respectively. 
A detailed calculation of efficiency and luminous performance of the device will be performed in 
a subsequent section of this publication. 

420 440 460 480 500 

Shorter wavelength (nm) 

Fig.   1.   Complementary   wavelengths   yielding  the   color  of the   standard   white 
niuminant C. 

Blue light Yellow light 

J- Secondary source 

}■ Sapphire substrate 

Primary source (LED) 

Contact 

Contact 

Fig. 2. Schematic structure of the photon-recycling semiconductor LED (PRS-LED) 
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Fig. 3. Power budget of the PRS-LED 

The energy loss occurring in the photon recycling process must be taken into account when 
determining the optimum choice of wavelengths for highest efficiency. Note that energy is lost 
even if the recycling process occurs with unity quantum efficiency. To calculate the optimum 
wavelength of operation, we represent white light by the Illuminant C standard, whose 
chromaticity coordinates are xc = 0.3101, yc = 0.3163, zc = 0.3736. Using these chromaticity 
coordinates, the optimum pair of complementary wavelengths, as shown in Fig. 1, can be 
determined5. 

2. Calculation of Power Ratio 
Next, we calculate the light power ratio between two sources and the luminous performance of 
the photon-recycling semiconductor LED. We refer to Xi and X2 as the primary (short) and 
secondary (long) wavelength, respectively, and assume that Xi < X2. For white light, X\ and X2 

are pairs of complementary wavelengths. We define the color masses of the two light sources as 
n\   =   jq+y'+z,*      and      m,   =   j^+yj+Zi (1) 

where x\, y\, z\, x2, yi, zi are color matching functions of two light sources6'7'8'9. We define 
the power ratio of the two light sources as 

R = P2/Pi (2) 
where Pi and P2 are the optical powers of short wavelength source (K\) and long wavelength 
source (k2), respectively. The chromaticity coordinates of the newly generated color are then 
given by: 

PM+P2yl   =  (y.'+fcyDff   =  yl+H 
P^+P^ {n\-Jtm1R)P[ n\-\m1R 

(3) 

:+/?x, 
x„ = (4) 

m, + m2R 
For a white light emitter, xc and yc are chromaticity coordinates of the Illuminant C standard10'11. 
Solving Eq. (4) for the power ratio R yields: 
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The power ratio as calculated from Eq. (5) is shown in Fig. 4. 
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Fig. 4. Power ratio of two monochromatic light sources Pßv) I PQ^\), with A2 > A4, 
required to produce white light. 

3. Calculation of Luminous Performance 
To produce the optical power P2 at the wavelength of X2 through the recycling of photons from 
the primary source with wavelength A4, the optical power required from the primary source is 
given by: 

he .,.„, (6) 
pi K 

he  A,, 

P2 K 

where r2 is the optical-to-optical conversion efficiency of the photon recycling light source. If P0 

is the electrical input power, then optical power emitted by the primary LED source is r\Po, 
where r\ is the electrical-to-optical power conversion efficiency of the primary LED. Thus the 
optical power emitted by the primary LED is given by 

rA 

Solving the equation for the electrical input power yields 

ft - 5.+ RP,X2 

r,r2A, 

( 
=   P, 

1 

The total optical output power of the PRS-LED is given by 

^out      =      P2 + P1      =     (1+Ä)P,   , 
so the total efficiency of the photon-recycling dichromatic light source is given by 

(7) 

(8) 

(9) 
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p 
Tl    =    ^HS 

P 

W+R) (\+R) 
( \ 1    R\ 

n nr2\ 
1    R\ 
-+—+ 
1   Vi\ 

(10) 

In the following calculation, Xc, Yc, Zc are the tristimulus values of the white light emitted by 
the PRS-LED 10'n. The tristimulus value Yc, i. e. the luminosity function11 of the new color, is 
given by 

Then the luminous efficacy (measured in lumens per optical Watt) of the photon-recycling 
semiconductor LED is given by 

Y^_   _    y*+y;R 

'out l+R 
(12) 

Thus, the luminous performance (measured in lumens per electrical Watt) of the PRS-LED is 
given by 

L -  _A_ _  nJL. (13) 
P   /T\ P, out I out 

Using this formula, we calculate the luminous performance as a function of the primary 
wavelength. The result of the calculation is shown in Fig. 5 for ideal monochromatic sources, 
i. e. for n-r2= 100%. 
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Fig. 5. Luminous performance as a function of the primary source wavelength for an 
ideal photon-recycling semiconductor LED. 

Inspection of Fig. 5 reveals that the maximum efficiency occurs when the primary source 
emits at 440 nm and the secondary wavelength is 568 nm. A theoretical luminous performance of 
336 lm/W is obtained for this wavelength. Note that we assume in the calculation that both light 
sources emit monochromatic light. However, the spontaneous emission from semiconductors has 
a 1.8 kT spectral width. Taking into account a 5 nm linewidth, the expected luminous 
performance would be slightly lower, approximately 326 lm/W. 
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4. Device Fabrication 
The PRS-LEDs are fabricated according to the following 3 processing steps. 

• Blue LED processing. This includes oxide mask deposition, reactive ion etching, Ni p- 
type contact deposition (500 Ä), and Al n-type contact deposition (500 A). 

• Photon recycling wafer (AlInGaP Wafer) processing. This includes the substrate removal 
by (1) chemical assistant polishing and (2) selective etching. 

• Wafer fusion. This includes a silicone-based bonding of the primary LED wafer to the 
recycling wafer. 

The process described above yields an LED emitting in the blue spectral range. The 
AlGalnP/GaAs recycling wafer is processed by first removing the GaAs substrate. The 
AlGalnP/GaAs photon recycling wafer is mounted epi-side down on a glass slide. Then, the 
GaAs substrate is removed by polishing and selective wet chemical etching. Subsequently, the 
primary LED and the photon-recycling semiconductor are brought into close contact by a 
silicone based adhesion process. 

Figure 6 shows a top view of a processed and wire-bonded blue LED. The n-type contact is 
500 Ä Al and p-type contact is 500Ä Ni. The mesa etching depth is 1.5 urn. The size of the 
device is 600 x 600 urn. The recycling wafer is located on the backside of the transparent 
sapphire substrate. The emission efficiency of the recycling wafer can be further optimized, for 
example by surface texturing, deposition of an index matching layer for the blue LED, and other 
steps. 
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Fig. 6. LED device structure (a) mesa etching and its cross session (b) bonded device 
structure 

5. Experimental Results and Discussions 
A prototype PRS-LED has been demonstrated using a GalnN/GaN LED emitting in the blue and 
an electrically passive AlGalnP photon recycling semiconductor emitting in the red part of the 

65 



spectrum. The emission spectrum of the device is shown in Fig. 7. It shows the primary LED 
emission at 470 nm and a second emission line at 630 nm due to absorption of 470 nm light in 
the AlGalnP layer and re-emission of light at 630 nm. 

To avoid absorption of light in the GaAs substrate, the GaAs substrate of the AlGalnP 
epitaxial layer was removed. The experimental results indicate that the LED light is sufficiently 
intense for optical pumping and also indicates very good quantum efficiency of the recycling 
semiconductor. The recycling semiconductor used in this experiment is a AlGalnP/GaAs double 
heterostructure. At the present time, the photon-recycling semiconductor is planar LED structure 
wafer and no surface texturing has been performed. The color is controlled by the size of the 
recycling wafer. In later research this can be done by other mechanisms, such as by the thickness 
of the active region. 
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Fig. 7. Room temperature luminescence spectrum of a photon-recycling 
semiconductor LED showing the blue GalnN/GaN LED emission and the red 
AlGalnP emission due to photon recycling. 

A program was developed to calculate the general color rendering index and luminous 
performance of the different emitters. The results are shown in Table 1. Note that a dichromatic 
light source has a lower color-rendering index as compared to a spectrally broad emitter. It can 
be shown that there is a fundamental trade off between color rendering and luminous 
performance of light-emitting devices12. Inspection of Table 1 indeed reveals that an increased 
luminous performance can be attained at the expense of the color rendering capability of the light 
source. The color rendering capability is estimated by the general color-rendering index (CRT). 
In order to improve the general CRI of the dichromatic PRS LED, we consider two possibilities. 
First, the emission lines can be intentionally broadened, e. g. by compositional grading of the 
semiconductor active region. Second, a second photon-recycling semiconductor can be added 
thus creating a tri-chromatic PRS-LED. Such a trichromatic semiconductor white LED has a 
color-rendering index of 60. Also note that the overall efficiency of our device is currently 
limited by the quantum efficiency of the primary blue LED. 
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Type of LED FWHM 
(nm) 

Luminous performance 
(lumens/Watt) 

Chromaticity 
coordinates (x, y) 

General 
cm 

Dichromatic LED 5 326 0.31, 0.32 10 
Broadened 
Dichromatic LED 

20 306 0.31, 0.32 26 

Trichromatic LED 5 283 0.31, 0.32 60 
Phosphor-based LED 100 280 0.31, 0.32 57 

Table 1. Calculated efficiency and general color rendering index (CRT) of different white 
LEDs for a given FWHM of the emission peaks. For the phosphorous-based white LED, 
the CRI value is based on the spectrum provided by the vendor. 

6. Conclusions 
In conclusion, we have analyzed a white-light emitting photon-recycling semiconductor LED. 
And a prototype photon-recycling semiconductor LED has been demonstrated. The device 
consists of a primary current-injection LED and a photon-recycling semiconductor that is 
optically excited by the primary LED. Based on our calculation, luminous performance 
exceeding 300 lm/W can be expected for an ideal device with unity quantum efficiency. Due to 
the narrow emission spectra of the two light sources, the PRS-LED has a higher luminous 
performance than phosphor-based white LEDs. A PRS-LED is demonstrated by using a 
GalnN/GaN LED emitting in the blue and an AlGalnP/GaAs photon recycling semiconductor 
emitting in the red-to-amber part of the spectrum. 
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ABSTRACT 
The external efficiency of conventional light-emitting diodes (LED's) is limited by total internal reflection at the 
semiconductor-air interface. For conventional GaAs-based LED's, this results in an extraction efficiency of 2%. In 
non-resonant cavity (NRC) LED's, this problem is overcome by a combination of internal scattering at a textured 
top surface and reflection on a back mirror, which increases the probability of escape. Using this approach, we 
demonstrate external quantum efficiencies of up to 40% without encapsulation of the LED. To gain a more detailed 
understanding of the out-coupling mechanisms in NRC-LED's, the scattering properties of the textured surface are 
investigated experimentally. The optimum surface texture is found to randomize the direction of the internally 
reflected light almost perfectly. In addition, NRC-LED's also enables the enhancement of the external quantum 
efficiency for small and fast LED's. With efficiencies of about 15%, we demonstrate bitrates of more than 1.3 GBit/s. 
In order to modify the lambertian output characteristics, we have successfully applied microlenses, allowing 50% 
coupling efficiency into optical fibers with NA=0.5. 

Keywords: Light-emitting diodes, optical scattering, micro-lenses 

1. INTRODUCTION 
In most semiconductor light-emitting diodes (LED's), internal quantum efficiencies close to 100% can be achieved.1 

The external efficiency is thus limited by the extraction efficiency. For conventional LED's, only « 2% of the generated 
light can be extracted from the semiconductor material, due to total internal reflection at the semiconductor-air 
interface. Several approaches have been reported to circumvent this problem. The highest external quantum efficiency 
reported so far has been obtained with transparent-substrate LED's with an inverted-truncated-pyramid geometry.2 

In this way, 55% external quantum efficiency has been obtained with fully packaged LED lamps, and 32.6% with 
unpackaged devices. As the light extraction relies on the geometry of the complete LED chip, this method does 
not allow the fabrication of high density arrays of LED's, as required for parallel optical communication systems. 
Alternative approaches available for the fabrication of LED arrays are the resonant-cavity (RC) LED3 and the surface- 
textured thin-film LED.4 The highest efficiencies reported for RC-LED's are 22% external quantum efficiency5 and 
27% slope efficiency.6 For optical communication purposes, an RC-LED with a quasi-static external quantum 
efficiency of 11.8% was demonstrated at 1 Gb/s.7 

In surface-textured LED's, the light is coupled out of the semiconductor by a combination of surface scattering 
and reflection on a back mirror. Light, which is internally reflected at the semiconductor-air interface, changes its 
direction of propagation due to internal scattering at the textured front surface. After reflection on a rear reflector, 
it gets additional chances to escape from the LED medium.4 In other words, the surface scattering leads to an 
effective perturbation of resonances associated with internal waveguiding within the cavity formed between the front 
surface and the back mirror. The perturbation of such waveguide modes, in which a large fraction of the emitted 
light is trapped for untextured thin-film LED's, is essential for the efficient out-coupling of light.8'9 Emphasizing 
this aspect of the light out-coupling, surface-textured thin-film LED's can also be called non-resonant cavity (NRC) 
LED's. Using this concept, we have previously reported a maximum external quantum efficiency of 31%.8 For 
communication LED's, a bitrate of 622Mbit/s has been achieved with 17% external quantum efficiency.10 In this 
paper, we present a further improvement in the performance of NRC-LED's, and we introduce a method to investigate 
the internal scattering at the textured surface. 
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Figure 1. Schematic structure of our NRC-LED. Typical photon trajectories are also shown. 

2. DEVICE FABRICATION 

The structure of our NRC-LED's is shown schematically in Fig. 1. The GaAs/AlGaAs LED structure is grown by 
MBE on a GaAs substrate. The processing, which is described in more detail elsewhere,8'9 includes wet thermal 
oxidation of an Alo.9sGao.02As layer located above the active GaAs layer. The current aperture fabricated in this 
way prevents the generation of light underneath the top contact, which is placed above the oxidized Alo.98Gao.02As. 
The back mirror is fabricated via substrate removal, which is performed by epitaxial lift-off, and consecutive Van der 
Waals bonding onto a polyimide/gold mirror. The surface is texured using natural lithography, where a monolayer of 
randomly positioned polystyrene spheres acts as a mask for dry etching. This process creates randomly distributed 
pillars on the LED surface. In order to create a reproducible spacing in between the spheres, their size is reduced in 
an oxygen plasma before dry etching. Our optimized texturing conditions11'10 employ spheres 400 nm in diameter, 
which are reduced to « 300 nm and etched to a depth of 180 nm. 

In contrast to our previously reported devices, the device mesa is etched through the active GaAs layer, as shown 
in Fig. 1. As a significant fraction of the generated light is waveguided within the active GaAs layer, this light can 
be coupled out very efficiently at the tilted mesa edge, in a manner similar to the out-coupling in tapered LED's.12 

3. EXTERNAL QUANTUM EFFICIENCY 

The altered device geometry leads to a significant improvement in the external quantum efficiency from 31% to 40%, 
both obtained for identical LED layers with a 120 nm thick active GaAs layer. Figure 2 shows the total output power 
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Figure 2. Total output power (a) and external quantum efficiency (b) of our NRC-LED's compared to a conventional 
LED, i.e. an LED with a fiat top surface and no rear reflector. 
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and the external quantum efficiency of unpackaged NRC-LED's versus the injection current, and compares their 
performance to that of conventional reference LED's. The mesa diameter of the LED's is 45 /im, and the diameter 
of the current aperture is 29 /an. The emission wavelength is 870 nm with a FWHM of « 30 nm. 

4. SURFACE SCATTERING 

For a better understanding of the light extraction mechanism in NRC-LED's we have investigated the internal 
scattering of light at the textured surface. As we know of no theory which can describe the scattering at surfaces 
roughened by natural lithography with the structure sizes employed for NRC-LED's, we have introduced a novel 
technique to experimentally determine the directionality of internal scattering. This directionality cannot be mesured 
with an external detector, as the light scattered into angles larger than the angle of total internal reflection will not be 
coupled out of the semiconductor and will thus not reach an externally positioned detector. Thus, we have integrated 
an InGaAs detector onto the bottom side of the GaAs substrate in order to detect the light scattered at the textured 
top surface (see Fig. 3). Previously, we have demonstrated that this method allows the reliable measurement of the 
angular distribution of light transmitted from air through the textured surface into the GaAs.13 

Figure 3(a) shows the measurement technique. The textured top surface is illuminated from the bottom by light 
from an optical fiber. Due to the large index of refraction of the GaAs substrate, the beam divergence from the 
optical fiber does not influence the direction of propagation inside the GaAs significantly, as the light is refracted 
towards angles < 16°. Thus, the light is incident almost vertically onto the textured surface. A part of the light is 
transmitted, the rest of the light is scattered during its reflection at the rough surface. The InGaAs detector detects 
the light which is scattered into a sperical angle which is determined by the horizontal distance between the fiber 
spot and the location of the detector. The angular spectrum can be measured by moving the optical fiber as shown in 
Fig. 3(a). Only angles larger than 20° are accessible, as the external illumination cannot occur through the detector. 

Figure 3(b) shows the measured dependence of the detected light on the fiber position. As the observed spherical 
angle decreases with increasing distance between the fiber spot and the detector, the amount of detected light is 
also decreasing with the distance. The influence of the spherical observation angle can be calculated for a complete 
randomization of the scattered light. The result is represented by the dashed line in Fig. 3(b). The excellent agreement 
between the measurement and this calculated curve shows that the directionality of the internally scattered light is 
almost perfectly randomized. The total amount of scattered light can be obtained by an integration of the measured 
curve from Fig. 3(b). Comparing the obtained optical power to the incident optical power and the transmitted optical 
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Figure 3. Measurement of internal scattering at a textured surface, (a) Principle of the employed method, (b) Mea- 
sured detector signal versus distance between the fiber spot and the edge of the 200 /im large detector. 120 /im distance 
corresponds to an observation angle of 30°, 350/im, 950/im and 2050/tm correspond to 50°, 70°, and 80°, respec- 
tively. The peak at the position of the detector edge is due to direct illumination of the detector. The surface has 
been textured using 400nm spheres and an etch depth of 180 nm, without the size reduction step. 
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power, which have been measured separately, allows the calculation of the scattering efficiency. We have obtained a 
scattering efficiency close to 100%, i.e. almost all the light which is reflected at the textured surface is scattered and 
specular reflection is almost negligible. 

5. APPLICATIONS IN OPTICAL COMMUNICATION 

5.1. Introduction 

Highly efficient LED's are attractive candidates for application in optical communication. Low-power light sources, 
which are manufacturable in large two-dimensional arrays, are especially applicable for inter-chip communication. 
Here, LED's are a promising alternative to VCSEL's, as they have no threshold and are thus more efficient at low 
current levels. In addition, LED's exhibit an excellent temperature stability,10 which is required for direct integration 
onto CMOS chips. 

The major problems in such applications is the integration of LED's to CMOS and the light coupling into optical 
fibers. Recently, we have described a possible solution to these problems. We have fabricated arrays of NRC-LED's 
on a fiber optic face plate14 as a host substrate, which can be flip-chip bonded onto CMOS. A face plate is a slice 
of a bundle of glass fibers, thus the light does not diverge as it would in a simple transparent substrate. Hence, 
the transmitted light from the LED through the face plate forms a sharp image of an LED array with negligible 
cross-talk between adjacent LED's. Further, we proposed to transport the emitted light through an image fiber 
bundle attached on top of the face plate to an array of integrated CMOS detectors.15 

An alternative to the above approach for low density parallel optical links is the direct coupling of LED light 
to an optical fiber with a large numerical aperture (NA). To enable the efficient coupling of the emitted light from 
NRC-LED's to high-NA fibers, we have integrated microlenses on to of the LED's. This is particularly necessary, 
since the emission pattern of unpackaged NRC-LED's is Lambertian. 

5.2. Directionality 

In order to obtain a high directionality, a micro-lens should ideally be positioned at the focal length / from the 
emitter. As a glass sphere of radius r is a lens with / = 1.5r, a glass sphere integrated on the LED surface is very 
close to an ideal micro-lens. Figure 4(a) shows an SEM photo of such a micro-lens. As shown in Fig. 4(b), the 
micro-lensed NRC-LED exhibits excellent directionality. Calculations show that 50% of the light is emitted within 
an angle of 30°, which is the acceptance angle of an optical fiber with a numerical aperture of 0.5. 
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Figure 4. Micro-lensed NRC-LED's. (a) SEM photograph of an NRC-LED with a glass microlens. The inset shows 
the top-view of the LED under operation. The light is emitted almost uniformly from the area of the sphere, (b) 
Measured angular light distribution of an NRC-LED with a glass microlens. Due to the probe needles, the regime 
between -90 and -54 could not be measured. 
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Figure 5. Dynamic performance of QW-NRC-LED's. (a) Eye opening of the various NRC-LED's vs. bitrate. The 
dashed line shows the approximate limit for optical communication, (b) Eye diagram obtained at 1.3 Gbit/s for the 
10-nm QW NRC-LED with a glass microlens. The opening of the eye is 40% of the total amplitude. This total 
amplitude includes the detector noise. 

5.3. Dynamic performance 
The dynamic behaviour is a key issue for LED's in optical communication. The fastest LED's have been realized 
using extremely highly (> 1019 cm-3) p-doped active layers.16 However, to date there has been no demonstration 
that this approach can be combined with any of the existing approaches which enable high external efficiencies. In 
order to reduce re-absorption within the LED structure, highly efficient LED's usually employ thin active layers, i.e. 
an active layer thickness below 200 nm. In contrast, high internal quantum efficiencies for highly doped active layers 
have only been obtained for active layers of about 0.5 /urn thickness. 

An alternative method to improve the frequency response of LED's is to use very thin active layers and relatively 
high current densities,17 as this results in large injected carrier concentrations and reduces the radiative recombina- 
tion lifetime in the LED, thus reducing the time constant.18 We have fabricated quantum-well (QW) NRC-LED's 
with QW thicknesses of 30, 20,15 and 10 nm. The mesa diameter of the QW-NRC-LED's is 30 /im and the diameter 
of the current aperture is 12 /im. We have measured optical eye diagrams with a NRZ random bitstream of 223 -1 bits 
with an on-state voltage of 3 V, corresponding to « 3 mA device current and a current density of about 3500 A/cm2. 
The off-state voltage was set to 1 V. Figure 5(a) shows the obtained eye openings for the four QW-NRC-LED's 
versus bitrate, Fig. 5(b) shows an eye diagram for the 10-nm QW-NRC-LED at 1.3 Gbit/s. In order to compare the 
behaviour of various LED's we have defined an acceptable bitrate limit at the bitrate where the eye diagram is half 
as open as in the case of low-frequency modulation, which is close to the situation shown in Fig. 5(b). This limit is 
indicated by the dashed line in Fig. 5(a). 

5.4. Efficiency and bitrate 
The external quantum efficiency and the achievable bit rate obtained for the QW-NRC-LED's are shown in Fig. 6. 
The thicker the active layer, the higher the efficiency and the lower the achievable bitrate. The figure shows the 
maximum external quantum efficiency of the respective devices, which is obtained at currents of around 1 mA, and 
the quantum efficiency measured under realistic conditions for data transfer, i.e. at 3 V corresponding to « 3 mA 
device current, and an average duty cycle of 50%. The decrease of the efficiency for thinner active layers is due to 
carrier spill-over to the current-confining AlGaAs layers, which is caused by bandfilling in the quantum well. The 
application of a glass microlens only results in a small further increase of the external efficiency, as the lens geometry 
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Figure 6. Comparison of the external quantum efficiency and the achievable bit rate of the four NRC-LED's 
investigated. 

is not optimized for optimum light out-coupling, but for directionality. The dynamic behaviour of the NRC-LED's 
also remains unaffected by the microlens. 

With the micro-lensed 20-nm-QW NRC-LED, an external quantum efficiency above 30% is obtained, and the 
device reaches a bit rate of 1 Gbit/s. This efficiency-bitrate product is exceeding all previously reported LED's. 

6. CONCLUSIONS 

Employing the concept of the non-resonant cavity LED, we have demonstrated the highest reported external quantum 
efficiency of 40% from unpackaged LED's. The use of thin active layers allows the simultaneous achievement of high 
bitrates as required for communication LED's. For this purpose, we have improved the angular output pattern by 
applying spherical micro-lenses on top of the LED surface. 
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ABSTRACT 

High power light emitting diodes (LEDs) are of interest for many lighting applications. Flux improvements can be 
achieved by scaling conventional chips to larger dimensions. However this scaling results in a decrease in extraction 
efficiency. These penalties can be offset by modifying the chip geometry such that the number of internal reflections is 
reduced, thereby increasing the probability of photon escape. LEDs with a truncated-inverted-pyramid (TIP) geometry 
have been fabricated and packaged. Peak efficiencies exceeding 100 Im/W have been measured (100 mA dc, 300 K) for 
orange (kp ~ 610 nm) devices. In the red wavelength regime (Xp ~ 650 nm), peak external quantum efficiencies of 55% 
(100 mA dc, 300 K) have been achieved. Flux exceeding 65 lumens from a single 594 nm device has also been 
demonstrated. These characteristics match and/or exceed the performance of many conventional lighting sources. 

1.   INTRODUCTION 

An increasing number of commercial solid state lighting applications is driving the development of high power light 
emitting diodes (LEDs) in the visible regime. Application examples include automobile lighting, traffic signaling, neon 
replacement for commercial signs, and area lighting. LEDs offer the advantage of lower drive power and long lifetime 
over conventional lighting sources. 

LEDs based in the (AlxGai_x)o.5lno.5P material system provide emission in the 570-650 nm wavelength regime. Early 
(AlxGai_x)o.5lno.5P LEDs exhibited external quantum efficiencies of 11 lm/W.1 Subsequent improvements to efficiency 
were achieved by incorporation of a hydride VPE grown GaP top layer which serves as both a current spreading and 
window layer.2 The efficiency of these devices was doubled by wafer bonding to transparent GaP substrates.3 

Recently, additional efficiency improvements have been achieved by reducing the active layer thickness.4 The reduction 
in active layer thickness has the primary benefit of increasing the extraction efficiency, riext. However if the active layer 
is too thin, the LED internal quantum efficiency, r|j, decreases due to carrier leakage. Devices with the active layer 
thickness optimized for maximum external quantum efficiency, r|eq, (r|eq = r\i* r\ext) have exhibited efficiencies of 74 
lm/W. The active area of these devices are comprised of several thin layers. The total thickness of the layers is typically 
-2000 Ä. 

2.   HIGH POWER CfflP DESIGN 

The most direct method of achieving more power per LED is by increasing the active area.5 For example, a five fold 
increase in LED flux was achieved by increasing the area of a standard 0.22 x 0.22mm2 chip by five times, and by 
proper thermal management. Lamp packaging is discussed in Section 4. 

Scaling to larger chip sizes, however, results in a decrease in extraction efficiency, as the aspect ratio (chip width to 
height) increases. Internally reflected light must travel farther before escape, however may be absorbed before entering 
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an escape cone. This has the net effect of reducing the side escape cone volume. Experimentally, extraction efficiency 
penalties of 20% are typically observed, when comparing lamps made from 0.5x0.5mm2 square chips to standard 
0.22x.22mm2 chips. 

This scaling extraction efficiency penalty can be offset by modifying the chip geometry such that the number of internal 
reflections is reduced, thereby increasing the probability of photon escape before being absorbed during multiple passes 
through the chip. Examples include hemispherical, conical, and cylinder shaped devices.6 7An truncated inverted 
pyramid (TIP) geometry was chosen for this work.8 
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Figure 1 

A photograph and schematic of a TIP LED device is shown in Fig. 1. Increased flux comes from light initially internally 
reflected from the beveled side wall which subsequently escapes from the top surface. Additional flux contributions 
come from light which is initially internally reflected from the top surface which then escapes from the bevel side wall. 
For both cases, the dashed line shows the photon path for vertical side walls, indicating additional internal reflection and 
subsequent absorption by the active layer. 

TIP LED devices were fabricated from wafers with device structures similar to that discussed in the previous section. 
Bevel sawing is used to obtain the truncated inverted pyramid chip geometry. 

3.   TIP LED EFFICIENCY CHARACTERISTICS 

The power efficiency characteristics of the TIP LEDs are summarized in Figure 2 for encapsulated chips, driven at 
100mA DC at 300K. The solid squares data points are measured external quantum efficiencies, indicated on the right 
axis. The efficiency of (AlxGa1.x)0.5lno.5P LEDs increase with increasing wavelength, due primarily to higher carrier 
confinement in the conduction band. A maximum external quantum efficiency of 55% is observed at a peak wavelenth 
of 652 um. This corresponds to a wall plug efficiency of 45%. Under pulsed operations, (not shown) external quantum 
efficiencies as high as 60% has been observed. This 60% represents the minimum extraction efficiency of these TIP LED 
devices. 

The external quantum efficiency of the TIP LEDs is among the highest reported. The external quantum efficiency of the 
652 nm TIP LED chip described above measured in air without encapsulation is 33%. This is comparable to the 40% 
efficiency achieved from 870 nm non resonant cavity LED structures with textured surfaces. 9 27% efficiencies have 
been observed from 980 nm resonant LEDs employing oxide mirrors.10 

The measured luminous efficiency for the TIP LEDs is shown as open data points in Figure 2, corresponding to the left 
axis. (ALGa^o.sIno.sP LEDs devices have a peak luminous efficiency near 610 nm, due to increasing eye sensitivity 
with decreasing wavelength. Luminous efficiencies as high as 233 lm/A at this wavelength has been observed. This 
corresponds to a power efficiency of over 100 lm/W. These efficiencies exceed the performance of most fluorescent 
lamps. 
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Figure 2 

In the amber wavelength regime (peak wavelength ~ 594 nm) where commercial LEDs are prevalent, TIP LEDs have 
luminous and power efficiencies of 162 lm/A and 67 lm/W, respectively. These efficiencies are typically 50% higher 
compared to lamps made from conventional large square chips of the same 0.25mm2 active area. In addition, they are 
20% more efficient compared to lamps made from the much smaller 0.22x.22mm2 chips. Finally, (ALGaLxVsIno.sP TIP 
LEDs efficiencies are also higher than the 10 lm/W efficiencies observed to date for amber LEDs grown in the InGaN 
material system.11 

4.   TIP LED fflGH POWER OPERATION 

For high power operation, the TIP LED devices are typically driven at current densities between 110-215 A/cm2, which 
corresponds to a power consumption of 0.8 - 2W per LED. Both the chip and package design incorporate features to 
accommodate these drive powers. For example, the chip is fabricated n-side up, such that the active layer is closer to the 
heat sink. In addition, an In solder layer is used which is deposited on the wafer bottom surface before dicing. This 
provides a controllable uniform thin layer which enables automated die attach. 

The chip lamp housing is also custom designed for high power operation. An automated die attach process is used to 
mount the die to a heated sub-mount, with a matching coefficient of thermal expansion. This sub-mount is surrounded 
by a copper heat sink body. The lens is comprised of a hard plastic shell into which a soft encapsulating gel is injected. 
This soft gel reduces the stress on the chip edges compared to conventional encapsulating epoxy. Typical junction to pin 
thermal resistances of TIP LED devices are 10-20°C/W. 

Figure 3 
The DC room temperature luminous flux is shown in Figure 3, as a function of drive current, for a lamp with a peak 
wavelength of 594 nm. No saturation in output power is observed for drive currents over 0.5A. The maximum power 
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measured for this single device is 67 lumens at 560mA. This is ~ 15 times the flux typically observed in conventional 
lamps with a smaller 0.22x.22mm2 chip. The typical amber flux gain is 50% over large square chips with the same 
0.25mm2 active area. 

The TIP LED devices are both mechanically robust and reliable under high power operating conditions. Shown in Fig. 4 
are results of accelerated operating life tests. Each line represents the average degradation of 20 lamps from a single 
wafer. The lamps were operated at a drive current density of 150 A/cm2, at a board temperature of 85°C. Flux 
degradation of less than 10% is observed out to at least 500 hours. This reliability is comparable to traditional square 
chips of the same area. Similarly, in low temperature operating life tests, where lamps were driven at a board 
temperature of-40°C at 110 A/cm2 (data not shown), average flux degradation of less than 15% was observed out to 
1000 hours. 
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Figure 4 

5.    SUMMARY 

Chip shaping has been demonstrated to increase the extraction efficiency of (AlxGa1.x)0.5ln0.5P LED devices by 50% 
over conventional large area square chips. LEDs with a truncated inverted geometry have luminous efficiencies 
exceeding 60 lm/W over the 595 - 625 nm visible wavelength regime. Over 100 lm/W for 610 nm orange devices and 
55% external quantum efficiencies for 652 nm devices have been achieved. Flux exceeding 65 lumens from a single 594 
nm device has also been demonstrated. The TIP LED devices are both mechanically robust and reliable under high 
power operating conditions, making them suitable for many lighting applications. 
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ABSTRACT 

Monolithic top-emitting resonant cavity light-emitting diodes (RCLEDs) have been fabricated by solid-source MBE. The 
RCLEDs in the 650-nm range, with modulation bandwidths exceeding 180 MHz, are possible low-cost transmitter 
candidates for systems using plastic optical fibers (POFs), such as IEEE-1394 at 100 Mb/s and 200 Mb/s and ATM at 155 
Mb/s. Modulation bandwidth of > 120 MHz and light power of 2 mW (cw) have been achieved for 084-um devices driven at 
a 40 mA current. Accelerated ageing tests for 27,500 device-hours indicate no degradation in output power. A variation in 
device temperature significantly modifies the far-field pattern and thus the fibre coupling efficiency, due to a cavity 
detuning effect. The effects of detuning and the temperature and bias dependencies of the devices are investigated. The 
880-nm RCLEDs have a maximum output power of 25 mW. Applications include open-air optical communication systems, 
collision avoidance and measurement systems. 

Keywords: Light-emitting diodes, RCLED, MBE, quantum well devices, plastic optical fibers 

1.   INTRODUCTION 

Resonant cavity enhanced light-emitting diodes (RCLEDs) have several interesting properties that make them suitable for 
various applications, where the usage of conventional LEDs is limited by their poor performance or where edge-emitting 
laser diodes would be too expensive. RCLEDs present several advantages compared to conventional LEDs such as narrow 
spectral linewidth, better beam directionality and increased efficiency1, and higher modulation speed2. The enhancements 
result from the modification of the spontaneous emission by an optical microcavity. Edge-emitting laser diodes require chip- 
level testing, facet coatings, and precise alignment to an optical fiber, which make them too expensive for many low-level 
applications. RCLEDs and vertical cavity lasers (VCLs) benefit from their surface-emitting structure which enables wafer- 
level testing, thus reducing the device fabrication cost in a noticeable degree. Moreover, the circular output beam improves 
the fiber coupling efficiency. 

The RCLED has an optically active region, which consists of quantum wells (QWs) located at antinodes of a standing wave 
Fabry-Perot cavity mode. The cavity is sandwiched between two distributed Bragg reflectors (DBRs) or between a high- 
reflectivity metal layer and a DBR mirror. Emission properties of the RCLED can be significantly modified by cavity 
detuning. Detuning is defined as a difference between the Fabry-Perot mode AFP and the quantum well emission Aqw; i.e., 
AAj = AFP - Aqw. A positive detuning increases the extraction efficiency (rje) and output power (P„u(), and broadens the far- 
field (FF) distribution3. When compared to a VCL, the RCLED has favorable structural features: the top DBR needs not be 
of very high reflectivity (80 < R, < 90 % is adequate), and the window area may be large to yield a good extraction 
efficiency. Therefore, medium-speed high-brightness RCLEDs can be designed for a wide spectral range, including visible 
light where lasing action of vertically emitting devices is difficult to be achieved4,5'6. 

A driving force of our RCLED studies is the market introduction of polymethyl methacrylate (PMMA) polymer optical 
fibers (POFs). PMMA-POF, exhibiting a data transmission window at A « 650 nm, is suitable for low-cost short-haul 
communications systems7. Due to its large core diameter (0.1 < 0 < 3.0 mm), POF can easily be aligned and terminated. 
However, light propagation losses are high, typically 0.15 - 0.20 dB/m at the optimal wavelength. Another drawback of the 
POF technology is the absence of a low-cost, high performance light source. In principle, an LED could be used as a 
transmitter but it would produce a narrow modulation bandwidth (f,), typically 20 <f, < 30 MHz, and broad emission of 20 
to 30 nm in terms of full width at half maximum (FWHM). An edge-emitting laser, in turn, would allow for large f,, but 
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would be expensive and its high-temperature behaviour — a key issue particularly in automotive applications — is not well 
known. Bearing these difficulties in mind, a cost-effective medium-speed RCLED may be a viable device for POF-based 
communication systems. 

In this paper, we will describe our work on RCLEDs at 650-655 nm and 880 nm wavelengths. Design issues, experimental 
procedures and device performance will be discussed. Because of their more obvious applications, the main focus here will 
be on the red RCLEDs. 

2.   DESIGN ISSUES 

We have studied several kinds of RCLED structures in order to optimize the device performance. The basic structure 
consisted of a cosine-type l-A,-thick cavity delimited by AlGaAs DBR mirrors and having an active region (with 3 to 5 
QWs) centred at the cavity antinode. The cavity thickness was designed to be Lc = mcXpP/2n, where XFP is the wavelength in 
the outside medium, n is the refractive index of the cavity material, and mc is the cavity order {mc = 2 for a 1-^ cavity). Top 
emission was considered because of the GaAs substrate absorption in the working spectral ranges and monolithic structures 
were chosen since they enable integration and have reduced fabrication complexity. 

Transfer matrix based modeling together with a self-consistent model were used to optimise the devices' performance. The 
design of the layer structure (DBRs, microcavity, QWs, barriers, current spreading and cap layers) and doping profile was 
assisted by computer simulations that enabled many device improvements. 

In a first modeling and simulation step the QW composition and thickness together with the barrier thickness were chosen, 
using a self-consistent model, so that the resulted spontaneous emission spectrum is peaked at the desired wavelength. The 
self-consistent model uses interband transition; strained QWs are treated using the k-p theory and valence band mixing 
effects are included. It has to be mentioned that since the spontaneous emission spectrum depends strongly upon bias and 
temperature while the active region temperature and the relation between injected current and QW carrier densities (used in 
the model) are highly uncertain, the calculated spontaneous emission spectrum must be fitted to measurements. 

Once the cavity was defined, the bottom and top DBRs were designed. Besides a desired large refractive index contrast An, 
one should achieve low photon absorption and small potential barriers between individual layers. Unfortunately, high 
contrast in AlGaAs layers is limited in the red range by significant absorption at reduced aluminum content. 

Since the devices' electrical characteristics are as much important as the optical ones an electrical analysis was performed in 
conjunction with the optical analysis. The absorption edge's (bandgap) and potential barriers' variation with layer 
composition, layer thickness and bias were analyzed at this stage with the aid of the self-consistent model. In order to 
alleviate the adverse effects of the DBR potential barriers, intermediate-composition barrier reduction layers were used 
before each high bandgap material layer (in the direction of majority carrier flow). The composition and thickness of the 
intermediate DBR layers were adjusted by analyzing the band profile calculated with the self-consistent model. The resulted 
optimum composition was roughly in the middle of the composition gap between low and high bandgap layers. In order to 
keep the optical properties of the mirrors unaffected the intermediate composition layer thickness was kept much smaller 
than the emission wavelength. The thickness of the high bandgap layer was adjusted so that the optical thickness of the 
combined intermediate composition and high bandgap layer is hJA. 

Also in order to improve the electrical device characteristics of the 650-nm RCLEDs the bottom DBR was made of N 
instead of the typical N+'/2 periods, starting with low bandgap (high refraction index) layer on the substrate side. This was 
done since the GaAs to low-bandgap material interface produces a favorable barrier reduction step for electrons. The 
number of periods in the bottom mirror was high enough, so that the contrast at the interface with the GaAs substrate is not 
important from the optical point of view. In a similar attempt to introduce a barrier reduction step at the first potential 
barrier for holes the current spreading layer was made of low bandgap (high refraction index) material. 

The reflection coefficients of the DBRs were calculated using a transfer-matrix-based program8. The optical analysis of the 
RCLED layer structure is very much based on the determination of the reflectivity dependence upon wavelength, incidence 
angle, polarization, layer contrast, layer thickness, and the number of DBR periods. Once the DBR layer composition, order 
and thickness are established the remaining variable to adjust the DBR mirror reflectivities is the number of periods. For 
top-emitting   structures,   the   bottom   DBR  should  have   a  reflectivity   close   to   unity.   We   chose   a   20-period 
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Alo.9Gao.1As/Alo.2Gao.8As bottom DBR for the 880-nm RCLEDs and a 32-period AlAs/Al0.5Gao.5As bottom DBR with 
Alo.75Gao.25As intermediate composition layers for the 650-nm RCLEDs, giving calculated reflectivities of 98 and 99 % at 
normal incidence, respectively. The top mirror reflectivity must be adjusted to significantly lower values - so that the cavity 
modes over the whole emission spectrum occupy as much as possible of the escape window. For lateral current 
confinement, an Alo.98Gao.02As wet thermal oxidation layer was placed in the top DBR, one period away from the cavity in 
order to avoid oxide modes and strain propagation into the cavity. Ion implantation could also be used for current 
confinement, with the advantage of maintaining planar device structure. However, ion implantation used in VCL fabrication 
has been reported to deteriorate device reliability by introducing crystalline defects that propagate into the device's active 
region9. 

In order to optimize the extraction efficiency the DBR mirrors and the cavity must be detuned with respect to the emission 
spectrum peak. Unfortunately, a trade-off must be made between extraction efficiency and directionality. The extraction 
efficiency is at maximum when the cavity mode is centered in the middle of the escape window, corresponding to an 
double-lobed FF with maxima at an angle of 0« 45° off the surface3. On the other hand, such a large #is not desired for 
optical fiber coupling experiments. Detuning allows the FF to be optimized according to the application. The effect of 
detuning on the FF can be seen in figure 1, which shows the measured far-fields for three 650-range RCLEDs with different 
detunings. 
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Figure 1 Measured far-field patterns for three RCLEDs 
in the 650-nm range with different nominal detunings: 
A^650RC012) « Onm, A^650RC015) « 6nm, 
AW650RC014)«14nm 

Figure 2 Refractive index and optical field 
intensity profiles along a l-X cosine cavity 
RCLED. 

Based on the transfer matrix formalism the study of optical field longitudinal distribution enabled us to analyse the QW 
placement and evaluate doping profiles to reduce the free carrier absorption. Figure 2 shows the refractive index and the 
optical field profile for a I-A cosine-cavity 650-nm RCLED. Only one of the QWs can be placed at the single antinode 
available; the additional QWs being less effectively coupled with the cavity mode. The optimum number of QWs is odd - to 
have one QW placed exactly at the antinode - and in the range of 3 to 7 depending on the QW and barrier thickness. Higher 
number of QWs induces reduced and non-uniform carrier injection into the QWs besides bad coupling to the cavity mode 
for the QWs farther from the antinode. 

3.   GROWTH AND DEVICE PROCESSING 

All our RCLED structures were grown on 2" GaAs wafers by solid-source MBE10 using valved cracker cells for arsenic and 
phosphorous. Silicon and beryllium were used as n- and p-type dopants, respectively. Prior to the growth of the device 
structures, test samples were grown to adjust the stop-band of the DBRs, and for photoluminescence (PL) studies. 

The 650-nm RCLED structure consisted of a 32 period «-doped Al0 5Gao.5As/AlAs bottom DBR mirror (with Alo.75Gao.25As 
intermediate composition layers), a l-X cosine cavity with 3 to 5 Ino.55Gao.45P QWs and (Alo.sGao.sVsiIno^P barriers and 
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semicavities, a 5 to 12 period /»-doped Alo.95Gao.05As/Alo.5Gao.5As top DBR mirror (also with Alo.75Gao.25As intermediate 
composition layers) having an Alo.9gGao.02As wet thermal oxidation layer in the second period from the cavity and an 
Alo.5Gao.5As current spreading layer with a thin/?++ GaAs contact layer on top. 

The 880-nm RCLED structure consisted of a 20 period «-doped Alo.2Gao.8As/Alo.9Gao1 As bottom DBR mirror, a 1-A, cosine 
cavity with three Ino.04Gao.96As QWs, Al0.2Ga0.gAs barriers and semicavities and a 5 to 7 period p-doped 
Alo.9Gao.1As/Alo.2Gao.8As top DBR mirror with an Alo.97Gao.03As wet thermal oxidation layer. On top a thick Alo.2Gao.8As 
current spreading layer with a p** GaAs contact layer was grown. No barrier reduction layers were used in the 880-nm 
RCLEDs. 

The samples were processed into circular top-emitting mesas with emission window diameters of 40 < 0 < 500 urn. To 
enhance the current distribution over the window area, 3-10 urn wide contact stripes crossed the circular emission window. 
The oxide aperture for lateral current confinement was formed by a wet thermal oxidation step at 375-400 °C. The /»-type 
metal contact, Ti/Pt/Au, was made on the mesas by e-beam evaporation and standard lift-off. The «-type contact, 
Ni/Au/Ge/Au, was evaporated on the backside of a thinned (100 um) substrate. Finally, the GaAs contact layer was 
removed from the window area by wet selective etching to avoid light absorption. The devices were bonded on TO-46 cans 
with silver filled epoxy. Some of the devices were encapsulated in transparent epoxy to enhance light extraction through 
decreased refractive index contrast at the semiconductor/air interface. 

4.   RESULTS AND DISCUSSION 
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Figure 3 Radiant power and external quantum efficiency for a 650-nm RCLED having an 084-um (left) and a 
03OO-nm (right) emission window without an epoxy cap in cw mode, and with an epoxy cap in cw mode and in 
pulsed mode. 

Figure 3 shows light-current-external quantum efficiency (L-l-rj) curves for 650-nm RCLEDs having an 084-um and a 
03OO-um emission window with and without transparent epoxy caps. The curves were measured at the device temperature 
(Tm) of 20 °C, defined as a temperature of the TO-46 mount, using an integrating sphere and a calibrated optical 
spectrometer. The 084-um devices turned on at bias voltage 1.7 < Vb < 1.8 V and had a differential series resistance of 3 Q 
at drive current ldr = 50 mA. According to figure 3, Pm„ saturated at about 1.6 mW (cw) for a chip with no epoxy cap, due to 
internal heating, and at 2.2 mW (cw) for a chip with the cap. Maximum 77 of about 2.3 % and 3.6 % for the device without 
and with the epoxy cap, respectively, was achieved at Ijr» 8 mA. The power values are somewhat smaller than reported by 
Streubel et al. for MOCVD-grown devices of the same size that had a hydrogen ion implanted current confinement 
structure6. However, our devices with the barrier reduction layers in the DBRs have a slightly smaller forward voltage and a 
lower differential series resistance. Since detrimental effects of heating on P„u, (cw) were remarkable, we measured Pou, in 
pulsed mode as well (pulse width = 2 us, duty cycle = 2.5 %), as shown in figure 3. We obtained Pou, ~ 7 mW at IJr = 140 
mA with no remarkable indication of thermal saturation. For the 03OO-um devices, the external quantum efficiency remains 
smaller, the maximum being 2.8 % for the epoxy-capped component in cw mode. Due to the larger contact area, the 
differential series resistance for the larger device size is smaller, only 1.2 Q. 
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The performance curves in cw mode for 880-nm RCLEDs having 08O-um and 05OO-um emission windows and an epoxy 
cap are shown in figure 4. The maximum external quantum efficiencies are >16 % and 14 %, respectively. These values are 
similar to the efficiencies reported by other groups for near-IR RCLEDs, such as 14.8 % by Dill et al.n for a 960-nm 
RCLED (pulsed measurement), and 19.8% for a 01.5 mm and 16.8% for an 085-um RCLED by De Neve et al. at 
980 nm12. The voltage and the series resistance are significantly higher than for the red RCLEDs with the barrier reduction 
layers. 
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Figure 4 Radiant power, forward voltage and external quantum efficiency in cw mode for 880-nm RCLED having 
an 084-|im (left) and a 05OO-nm (right) emission window. 

The spectrum for an 880-nm RCLED together with a commercial reference LED is shown in figure 5. When talking about 
the spectral properties of an RCLED, one should note that in contrast to conventional LEDs, the RCLEDs show angular 
wavelength dispersion caused by the resonant cavity3. Consequently, the peak wavelength and the FWHM depend both on 6 
and on the solid angle inside which the light is collected. The spectra in figure 4 are measured using an integrating sphere, 
thus collecting all the light emitted by the devices. If a fiber with a small numerical aperture would be used instead, a much 
smaller FWHM would be measured for the RCLED. 
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Figure 5 Electroluminescence spectra for an 880-nm RCLED and a commercial LED. 

An increase in Tm caused a line shift (AX) in Xqw and Ac towards longer wavelengths. This red-shift was due to thermal 
expansion of the crystal lattice and a concomitant decrease in band gap, which lowered the energy states of the quantum 
well and broadened the cavity. The quantum well emission was shifted more than the cavity mode, forcing AXj -» 0 nm and 
leading to single-lobed emission normal to the exit window. 
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Figure 6 Far-field pattern of an 650-nm RCLED at Idr = 10 mA (left) and ldr = 40 mA (right) as a function of 
device temperature (10 < T„ < 85 °C, 15 GC step). The emission cone becomes remarkably narrower, as 
temperature is increased, improving the coupling of light into an optical fibre. 

Figure 6 shows the evolution of FF for a 650-nm RCLED with an 084-um window in the temperature interval 10 < Tm < 
85 °C when Idr - 10 and 40 mA, respectively. For low Tm - 10 °C, where AXd » 0 nm, emission takes place preferably at 
the angle of ±32° for ldr = 10 mA and ±37° for Idr = 40 mA, while for Tm = 85 °C the angle of the lobe is zero for both drive 
currents. The narrower angle at higher current is a consequence of internal heating. The exact resonance at normal emission 
reduces jje, which is not desired for high-rm applications, as noted previously. Nevertheless, the fact that FF is a function of 
Tm and can vary tens of degrees is very useful. This is because the narrowing of FF at high Tm improves the fibre coupling 
efficiency and offsets, in part, a decrease in Poul. 

This is shown in figure 7, where the output power and coupling efficiency determined for emission from the end of a fibre 
(1 m long 0.98 /1.00 mm PMMA-POF, NA = 0.5) at Idr = 10—40 mA is presented. To couple the light into the fibre, a 084- 
um device having neither epoxy nor a collimating lens was placed on the optical axis of the fibre, with an air gap of ~1 mm 
between the fibre and the device. The temperature coefficient (TQ describing a change in Pau, varies from -0.72 for Idr = 10 
mA to -0.89 %/°C for Idr = 40 mA in the range 10 < Tm < 85 °C. Our devices having wider far-fields (0-50°) exhibited 
somewhat smaller TC, -0.50 and -0.83 %/°C at the aforementioned currents, respectively, but due to the wider FF the 
coupling efficiency was poorer. All these TCs are probably too large for cost-effective POF-based data transmission 
systems. Therefore, a new cavity design is needed; otherwise, the system would require a receiver with a large dynamic 
range or a transmitter with a Peltier cooler, both solutions being expensive. 

Device temperature (DC) 

Figure 7 Fibre-coupled power (with respect to the 
power at 20 °C) and coupling efficiency at four 
different drive currents as a function of device 
temperature. Fibre: 0.98/1.00 mm PMMA step-index 
POF,NA = 0.5. 
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Figure 8 displays A and FWHM plotted against T„ for emission into free space and for emission from the exit of a 1-m long 
fibre. The fibre-coupled spectrum exhibits longer A. This is because of the resonant 6 - A dispersion relation, and because 
emission normal to the surface (with the longest A) is best coupled into the fibre. The temperature gradient is reasonable, 
only +0.11 nm/°C and +0.057 nm/°C for the two cases, respectively. The FWHM shows very stable temperature behavior in 
both cases. 

Dynamic properties were studied using a network analyser, a 3 GHz bias-tee, and a Si detector equipped with a low-noise 
amplifier and free-space collimation optics. The detector had a modulation bandwidth of 1 GHz. To avoid the signal 
saturation at low bias, we used a rf modulation signal power of-15 dBm at Idr<20 mA. At higher currents, a rf power of 
-5 dBm was applied. 

Figure 9 shows room-temperature f,r3dB as a function of Idr. The bandwidth increased almost linearly with Idr, being about 
85 - 100 MHz at 15 - 20 mA and 180 MHz at 80 mA. This dependence off, = f,(Idr) can be accounted for by two major 
effects. Namely, it is known that the input impedance decreases, as Idr is increased (this effect is important at low bias) and, 
secondly, the carrier lifetime decreases as the current density increases14. Adding an epoxy cap improved/ by about 10 %, 
this improvement being due to enhanced heat conduction. 
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Figure 9 Modulation bandwidth of an 084-(im RCLED as a 
function of dc bias current. Inset shows transfer functions at 
three different bias currents. 

0-, Figure 10 Accelerated ageing tests for nine 300-u.m devices 
in a constant current mode. Neither a sudden failure nor any 
degradation has taken place during 27,500 device-hours on 
test. 

Finally, we present reliability features of RCLEDs as deduced from preliminary experiments. Accelerated ageing tests on 
nine 03OO-um devices were carried out in a constant current mode at 60 °C and 90 °C at initial ,Po„,(20 °C) » 0.4 mW. The 
results are shown in figure 10. No sudden unexpected failure has occurred during 27,500 device hours on test. In fact, the 
devices still exhibit a slight improvement in output power, likely due to a residual burn-in effect with a related reduction in 
non-radiative carrier traps in the quantum wells. 

5.   SUMMARY 

We have fabricated MBE-grown, monolithical RCLEDs emitting in the 650-nm range and at 880 nm. The 650-nm 
RCLEDs, with measured modulation bandwidth of 180 MHz, are possible low-cost transmitter candidates for systems using 
plastic optical fibers (POF), such as IEEE-1394 at 100 Mb/s and 200 Mb/s and ATM at 155 Mb/s. For these devices, good 
beam directionality ensures efficient fiber coupling. A small temperature dependence of peak wavelength, 0.057 nm/°C, and 
a nearly temperature independent FWHM of ~8 nm were observed for POF-coupled emission. The 880-nm RCLEDs had a 
maximum output power of 25 mW (cw). Applications include open-air optical communication systems, collision avoidance 
and measurement systems. The effects of detuning on beam directionality and coupling efficiency were demonstrated. Also, 
the temperature and bias dependences of the devices were investigated. It was shown that increase in device temperature 
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significantly improves the coupling efficiency into an optical fiber. Preliminary ageing tests show very good reliability for 
the devices with an oxidized current aperture. 
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ABSTRACT 
We have investigated efficient light outcoupling from light-emitting diodes (LEDs) by introducing lateral tapers. The 
concept is based on light generation in the very central area of a circularly symmetric structure. After propagating 
between two highly reflecting mirrors light is outcoupled in a tapered mesa region. By proper processing we achieve 
quantum and wallplug efficiencies of almost 30% for outcoupling via a planar surface or, respectively, 45% and 44% 
for encapsulated devices. 

Keywords: Light-emitting diodes, high-efficiency, thin-film, outcoupling taper 

1. INTRODUCTION 
One of the cardinal problems limiting the performance of light emitting diodes (LEDs) is their low external efficiency 
caused by total internal reflection of light in semiconductor material. Various approaches already exist to overcome 
this problem. Among those are resonant cavity LEDs with their modified internal direction of spontaneous emis- 
sion,1,2 surface textured devices with a back side mirror where photons repeatedly try to escape,3'4 or the use of 
transparent substrates.5'6 We introduced a new method of efficient light outcoupling from light-emitting diodes by 
introducing lateral tapers.7 The concept is based on light generation in the very central area of a circularly symmet- 
ric structure. After propagating between two highly reflecting mirrors light is outcoupled in a tapered mesa region. 
In this paper we present a systematic improvement of our devices leading to record high 45% and 44% quantum 
and wallplug efficiencies, respectively. Devices studied use InGaAs active quantum wells and GaAs cladding layers. 
Emission occurs at 980 nm wavelength. 

2. PRINCIPLE OF OPERATION 

Fig. 1 shows the general structure of the devices studied. The active area is restricted to the center of a circularly 
symmetrical structure and surrounded by a tapered ring. The generated light is intended to couple out at the lower 
semiconductor surface. 

Light can only escape the semiconductor for a small incident angle to the surface. In terms of wave vector k the 
in-plane part has to be small, i.e. 

i k2 ■   + k2-   < \k, ¥>,in   '      r,in —  '   ' out 

where kViin and fcr]jn are the azimuthal and radial component inside the semiconductor, respectively, and fcout is the 
wave vector outside. Since outcoupling requires both components to be small only a negligible part of fight is emitted 
directly below the active area. The major part of the generated light undergoes total internal reflection and is guided 
to the taper using an effective back-side reflector. Since the azimuthal component is inversely proportional to the 
distance from the center it is kept small simply by restricting the active area. The radial component is reduced by 
successive reflections at the taper surface. Therefore, each initial elementary ray can contribute to the optical output 
power. A more detailed description is presented in7 where rough design rules are given. 
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Figure 1. The upper part indicates the simplified 
cross-sectional structure of the circularly symmetri- 
cal device investigated. The semiconductor has a 
shape of an extremely fiat truncated cone, which is 
covered by a mirror. The light is guided radially to- 
wards a taper where it is redirected. Outcoupling is 
only effective when light hits the taper surface with 
small azimuthal wave vector component kv. The 
lower sketch indicates that this condition is simply 
met by restricting the cross section of the active area. 

tapered ring 

\ 

'/P '   I   * 
light emission 

3. DEVICE PROCESSING 

Fig. 2 shows the processing route to form the tapered structure. After MBE growth a few hundred nm thick pedestal 
with the outer diameter corresponding to the intended device is wet chemically etched. Photoresist is deposited 
and circularly structured with a slightly smaller size. In a reactor with a well defined temperature and organic 
solvent concentration the photoresist reflows to the edge of the pedestal and takes a lens shaped form due to surface 
tension.8 Using ion beam etching with low selectivity the structure is partially transferred into the semiconductor. 
The remaining photoresist is removed leading to a flat top surface surrounded by a tapered ring as shown in the 
SEM picture in Fig 3. 

For further processing we refer to Fig. 4. A GeNiAu metallization is deposited on the outer n-type part of the 
taper serving as n-contact. Since the reflectivity of the contact metallization is low only a small fraction, more 
precisely a quarter of the ring is covered by the metal. The p-type contact is realized as a small circle on the center 
of the top surface. Moderate p-doping and high n-doping levels of the cladding layers prevent current spreading in 

a) b) 
200nmAIAs       n-GaAs       InGaAsQWs       p-GaAs 

C) d) 

! i.:- 
L.:.—^*.i*«-*^_^. -. _ •. 

Figure 2. Processing steps to achieve a tapered structure. After wet-etching of a 300 nm pedestal in the upper p-type 
GaAs cladding layer (a) a structured photoresist (b) becomes lens-shaped after treatment in a solvent atmosphere 
(c). Using chemical-assisted ion-beam etching (CAIBE) the structure is partly transferred into the semiconductor. 
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the active layer. Light generation occurs in an area just slightly larger than the p-contact size. 

For passivation of the pn-junction at the taper surface we use polyimide layers which are opened at the central 
p-contact area. As shown later, outcoupling is improved by thin polyimide layers. However, the typical thickness 
of 400 nm is not sufficient to passivate the n-contact. Therefore, we have to avoid lateral overlap of the following 
mirror metallization with the n-contact, as indicated in Fig. 4b. Fig. 4c illustrates that a second thicker passivation 
layer is used to cover the n-metallization. The thickness of a top metallization is galvanically increased to form a 
quasi substrate. After gluing the wafer upside down on a glass carrier, the substrate is chemo-mechanically thinned 
down to 50 fj.m. Finally the substrate is selectively etched with an H202:NH40H solution where the pH is adjusted 
to 8.1.9   In this way the n-contact appears at the surface and can be used for independent addressing current supply. 

p-doped flat surface 

active region 

n-doped taper 

AlAs (etch stop) 

a) 

Figure 3. SEM picture of a structured semiconductor. 

b) 
n-contact p-contact polyimide        Au mirror 

■ir^:±>im*'W<*s^;?>-rm>wymz* 

c) d) polyimide 

1. + 2. polyimide galvanic metalization 

p-contact galvanic metalization 

r;."'r~»^r'S!STrS:7^.~ä'»».. 

n-contact InGaAs QWs Au mirror 

Figure 4. Remaining processing steps: (a) n- and p-contact are deposited, (b) an Au mirror is deposited onto a 
first passivation layer, (c) a homogeneous metallization is deposited onto a second passivation layer and galvanically 
enhanced, (d) substrate and etch stop layer are removed. 
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4. OPTIMIZATION OF EFFICIENCY 

Early devices based on lateral taper outcoupling have shown quantum and wallplug efficiencies of about 15%.7 Here 
we want to show our systematic improvement of the device characteristics. We consider p-type contact, advanced 
passivation technique, lateral device size, and number of active quantum wells. 

For measurement of the optical output power we use an integrating sphere. The spectrum is recorded with a 
conventional spectrum analyzer. For simple calibration we take the sensitivity of the photodiode-sphere system at 
the peak wavelength. Since the spectrum has a large short wavelength tail this method is not very precise. The 
calculated efficiencies are therefore not very accurate but nevertheless should give a good indication of the relative 
influences of various processing methods. 

For comparison a state-of-the-art device was analyzed at OSRAM, Regensburg, using a calibrated power meter 
which takes the shape of the spectrum into account. As shown in Section 5 this analysis leads to optical output 
powers being about 10% larger than in preliminary measurements. The efficiencies given in this section may therefore 
be only 90% of calibrated figures. 

4.1. P-type contact 
Since lateral current confinement is realized by suitable doping of n- and p-layers, the p-contact has to be close to 
the active area. The usual Ti/Pt/Au contact metallization shows low reflectivity, i.e. 40% for a Ti thickness of 
10 nm10 or 17% for a thickness of 15 nm (own measurements). Therefore we expect considerable re-absorption of 
fight lowering the efficiency. 

In order to estimate the influence, a sample was partially covered during Ti/Pt/Au p-contact deposition. Sub- 
sequently we deposited pure Au onto the primarily unmetallized structures. In this way same processing of the 
remaining steps is ensured. Fig. 5 compares output characteristics of both kinds of devices. The influence on the 
IV-characteristics is negligible. While the Ti/Pt/Au-contacted devices have maximum quantum efficiencies r\q of 
15% the high reflectivity of Au raises quantum efficiencies up to 18%. It is to be mentioned that Au can diffuse in 
GaAs and therefore reduce long term stability. A better choice might be a highly reflective non-diffusing material 
with good adhesion. 
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Figure 5. Comparison of 100 fim devices with conventional Ti/Pt/Au-p-contact (dashed fine) and Au-p-contact 
(solid fine). The increased efficiency of the latter device clearly shows the improvement of using highly reflecting 
p-metallization. 
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4.2. Passivation 

The upper left sketch in Fig. 6 illustrates strong parasitic waveguiding of polyimide passivation. This undesired 
effect is additionally enhanced since planarising polyimide increases its thickness especially in the critical area at the 
tip of the outcoupling taper. The guided light is absorbed in the adjacent Au mirror and therefore can no longer 
contribute to the optical output power. 

In order to reduce waveguide absorption two modifications were introduced. First, polyimide of very low viscosity 
was used to obtain thin passivation layer as indicated in the lower left part of Fig. 6. * Second, finite lateral extent 
of the passivation layer results in additional light ejection by endfire-like radiation. The CCD picture in Fig. 6 of 
a device under operation therefore shows a second luminous ring. The efficiency is improved to nearly 22% for a 
100 pm diameter device. 

polyimide passivation Au reflector 

GaAs taper 

M\x 

finite thin polyimide 

^ 

Figure 6. The upper left hand picture illustrates parasitic waveguiding in the polyimide passivation layer. The 
influence of waveguide absorption is reduced when polyimide is of finite lateral extent and has a smaller thickness as 
indicated in the lower left part. In the CCD scan in the right hand part a second illuminating ring appears due to 
the finite polyimide diameter. The darker area in the left part of the ring results from the lower reflectivity of the 
n-contact. 

4.3. Lateral size of devices 

As shown in section 2, efficient outcoupling requires a small azimuthal component of the wave vector, to be realized 
by a small ratio of active to overall diameter. In our devices we use p-contacts with 20 fim diameter to restrict 
the active area. Further lowering of the contact area is not suitable since current spreading would avoid effective 
reduction of active area but series resistances would increase. A better way is to enlarge the overall lateral size. 

In earlier studies7 we already presented output characteristics in dependence on up to 100 pm device diameter. 
Since we did not observe saturation of the maximum efficiencies versus diameter up to these sizes, larger devices 
were fabricated. Fig. 7 shows output characteristics for devices of 100 to 140 pm diameter. As expected, for the 
largest devices the highest quantum and wallplug efficiencies are achieved with values of 26% and 25%, respectively. 
Measurements show that the increase of efficiency starts to saturate for devices in the 140 fim range. In the future, 
new masks have to be designed to study size dependence in even more detail. 

An obvious advantage of larger devices is the reduced saturation of output power for higher currents. This 
behavior can be explained by different effects. Thermal conductivity to the homogeneous top metallization increases 
with overall lateral size. Lower temperature means lower leakage current over non-perfect heterobarriers and therefore 
larger internal efficiencies. Also the extraction efficiency of a large device is less sensitive to the slight increase of the 
effective active diameter occurring for increased currents. 

'Spinning with 8000 rpm of modified polyimide on planar GaAs leads to a residual thickness of 400 nm after curing. 
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Figure 7. The left hand part shows output characteristics for devices of 100 (dotted), 120 (slashed) and 140 urn 
diameter (solid). The emission spectrum at 4 mA for the 140 pm device is shown in the right hand part. 

4.4. Number of quantum-wells 

Fig. 8 shows a comparison of light-emitting diodes with one or two quantum wells (QW), respectively. The wafers 
were grown in two subsequent runs to minimize variations in the MBE system. Both kinds of devices were processed 
simultaneously to minimize variations in thickness for the contacts or mirrors, and so on. The current-voltage- 
characteristics of both devices are very much the same that we can also assume similar heating for the structures. 
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Figure 8.  Output characteristics for a single (dashed) and double (solid) quantum well light-emitting diode. The 
different behavior is explained by the simple band diagram model shown on the right side. 

While the maximum efficiency of both devices is almost the same, the 2-QW device has its optimum at larger 
currents and therefore for higher output power. This behavior can be explained by a simple model for internal 
efficiencies r/i depending on different recombination mechanisms as shown in the right hand part of Fig. 8. The 
overall recombination rate R of carriers per unit volume V can be divided into three terms 
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where I is the injection current and q is the electron charge.  The non-radiative recombination R„.r occurs in the 
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quantum wells or in the barrier region and is assumed to be proportional to the carrier densities nw or rib, f°r the 
well or barrier region, respectively. Therefore RnT — m(Awnw) + A^rn, where m is the number of QWs and Aw 

and Ab are non-radiative recombination coefficients. The leakage current over a non-perfect heterobarrier can be 
commonly described as a function of temperature and carrier density Ri = f(T,rib). The spontaneous emission is 
governed by bimolecular recombination resulting in Rsp = mBn^. The internal efficiency is the ratio of radiative to 
overall recombination and therefore can be written as 

 mBnl  ,2. 
mAwnw + Abnb + mBnl, + f(Ti nb) 

For low injection current we can neglect the leakage current and the bimolecular recombination in the denominator 
of eqn. (2). In this case the internal efficiency rji can be expressed as 

_    J_ rnB , . 
Vi    ~    qV(mAw + Ab^r U 

For non-radiative recombination taking place mainly in the QWs we have Abtib <SC Awnw and rji ~ I/m. Doubling 
the number of QWs leads to half the slope of efficiency for low currents to be seen in Fig. 8 for currents smaller than 
1mA. 

For larger currents non-radiative recombination can be neglected. Increasing the number of QWs m the sponta- 
neous recombination rate mßnj, increases independent of the functional form of f(T,rib) and therefore the internal 
efficiency increases. Summarizing, larger numbers of QWs need not necessarily lead to higher efficiencies but to a 
shift of the optimum operation condition to higher currents and therefore higher output power. 

It should be noted that this simple model neglects effects from differing injections into several QWs. To calculate 
external efficiencies one additionally has to consider the dependence of reabsorption on the number of QWs. 

5. ENCAPSULATION 

Commercial LEDs of planer geometry rely upon their efficiency from encapsulation in material with high refractive 
index to provide reasonably high external efficiencies. To apply encapsulation to our substratless devices minor 
changes in the final processing route are required. To this end the galvanic metallization is deposited with small 
ditches allowing separation of individual devices after removing of the substrate. The devices are mounted upside 
down on a TO-46 socket using silver glue or Pb/Sn solder. The n-contact is bonded to a pin. For casting we use 
UV sensitive glue of 1.48 refractive index. A drop of glue is simply put on the sample and hardened with UV light. 
Compared to epoxy casting this technique has the disadvantage of giving a not perfect hemispherical shape but 
handling is much easier. 

Fig. 9 compares output characteristics before and after casting. Casting raises the output power by a factor of 
about 1.5. leading to quantum and wallplug efficiencies of about 40% applying our simple measurement method. 
As mentioned at the beginning of section 4 we performed calibrated optical power measurements at OSRAM which 
are assumed to be more accurrate. These measurements result in quantum and wallplug efficiencies of 45 and 44%, 
respectively, which are the highest reported so far in the 980 nm emission wavelength regime. Assuming the same 
inaccuracy in the measurements of non-encapsulated devices quantum and wallplug efficiencies in this case should 
be close to 30%. 

6. CONCLUSION 

We have presented a detailed processing route for fabricating efficient tapered LEDs. By systematic changes of 
processing we have achieved quantum and wallplug efficiencies near 30% for outcoupling via planar surface. Encap- 
sulation in a medium with a refractive index of 1.48 raises quantum and wallplug efficiencies up to 45% and 44%, 
respectively. 
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Figure 9. Device characteristics of a 140 pm diameter device encapsulated in a medium with a refractive index of 
1.48. Dashed (solid) lines are characteristics before (after) encapsulation. Open symbols represent own measurements 
calibrated on the peak wavelength of the emission spectrum while filled symbols are more exact measurements 
performed at OSRAM taking the whole emission spectrum into account for calibration. 
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ABSTRACT 

Normal incidence reflectivity measurements were carried out in an AIX 2000G3HT Multiwafer Planetary Reactor® MOVPE 
system, a large scale production tool for GaN-based devices, and in the single wafer AIX 200 RF system. In situ monitoring 
was used to investigate nucleation behaviour, temperature dependence of GaN growth, and the deposition of GaN/InGaN 
multiquantum wells, especially the quality of interfaces. The obtained results were compared with RT photoluminescence, 
and high resolution X-ray measurements. The optimised SQW and MQW structures were embedded in Si and Mg doped 
cladding layers. Contacting the layers with simple metal electrodes without any contact processing results in an intense green 
electroluminescence. Electroluminescence test structures emitting at 540nm show minimum forward voltages around 4V with 
a current of 20 mA. Since no contact technology is applied this is a proof of high p-type doping and excellent structural 
properties of the InGaN. We found a standard deviation of the wavelength at about 533nm of less than 1% across the wafer. 
Since these results were reproducibly obtained for structures emitting in the blue or green the basic demands of a reliable 
production equipment are fulfilled: 

a) high precursor yield (typical 20% for the Ga source) 
b) uniformity of electrical and optical performance 
c) demonstration of electroluminescence with high efficiency. 

Keywords: MOVPE, GaN, InGaN, Planetary Reactor, Uniformity, Multiwafer, blue LED, green LED 

1. Introduction 

Due to the increasing interest in group-III-nitride based devices on the optoelectronic market we have investigated the 
structural and optical properties of InGaN/GaN-SQW and MQW structures. As these structures are the active layers of most 
optoelectronic applications like light emitting diodes and lasers [1,2], we have to focus on quantum efficiency of these layers 
with respect to radiative QW-emission and reduction of non radiative recombination paths. Hence, we have investigated the 
temperature regime as well as the interface treatment for bright and long wavelength emission. An extended structural 
investigation as well as in-situ monitoring was helpful to understand the growth mechanisms. 

2. Experimental 

All layer growth was performed on 2" sapphire substrates of c-plane orientation. Before growth of the low temperature GaN 
nucleation layer with a thickness of about 20 nm the wafers were pre-treated by a desorption step at high temperatures under 
H2 as carrier gas. For this study we were using an AIX 2000G3 system in 6x2" configuration which provides unique 
uniformity capabilities due to the two fold rotation of the substrates. Using an RF-heating principle in combination with a 
very low thermal mass we are able to use heating rate of 3°C/s which allow growth interruption 
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times in the QW-structure of less than 150 seconds, while the corresponding cooling time is below 120s. Pre-reactions are 
neglected by using an injection cone which separates the NH3 from the metalorganics until they are introduced into the 
reactor. Further details of the principle of the reactor are published elsewhere [3]. Epitaxial growth has been monitored by in- 
situ reflectance using a reflectrometry system. Details of the principle are published separately [4]. The InGaN-wells were 
grown at 750°C at 200 mbar under N2 as carrier gas using a total flow of 16slm. For the growth of the GaN-barriers we used 
temperatures in the range of 750°C to 950°C at 200 mbar and 14 slm total flow using H2 as carrier gas. The metalorganics we 
used in this study were TMGa and TMIn. n-doping of the GaN buffer was performed by using 2% SiH4 in H2. Layer quality 
was measured by room and low temperature photoluminescence as well as by high resolution X-ray diffraction 
measurements [5]. RT-PL has been completely screened by full wafer mapping to get wafer uniformity information. 

3. Results and Discussion 
From high resolution x-ray measurements (co/20) and texture analysis we know that all GaN buffer layers are of hexagonal 
wurtzite type. The orientation is (0001) plane parallel to the sapphire substrates. Full width at half maximum of the rocking 
curves of the GaN buffers are ranging around 400arcsec. Within the resolution of measurements all GaN buffer layers are 
fully relaxed. Typical background doping level of undoped GaN layers is 1 x 1016 cm"3 with corresponding mobility of about 
250 crrrVVs. Using a growth rate of about 2um/h the Ga-efficiency results in about 15%. In low temperature PL we observe 
up to three free exciton transitions as well as sharp donor bound excitons with full widths at half maximum of about 3meV. 
These values are comparable to reported ones in literature [6]. Yellow luminescence emission at about 550nm which is due to 
deep level radiation can be suppressed by fine tuning the critical parameters such as growth temperature and V/III-ratio as 
well as a proper growth of the nucleation layer. The blue to yellow ratio amounts to several orders of magnitude for constant 
optical excitation conditions. 

Having in mind that the buffer conditions are good and reproducible we have grown a series of MQW structures with 
different interface treatments. Reference sample was a structure using comparable conditions for the growth of GaN and 
InGaN. This layer was deposited without growth interruptions using 750°C at 200mbar under N2 atmosphere. To investigate 
the influence of growth interruption we grew a series of samples. Starting from a sample grown with a growth interruption at 
the interface between GaN buffer and MQW stack we also introduced growth interruptions at all interfaces in the MQW 
stack. Using the in-situ growth control we were able to prove etching during growth interruption while stabilising the crystal 
with NH3 [3]. This etching is a function of temperature and NH3 flow rate. We are able to find process conditions to minimize 
the etching rate. The emission intensity was drastically enhanced by introduction of growth interruptions. Further 
enhancement of intensity could be achieved by growth of a MQW instead of a SQW. Figure 1 shows the comparison of a 
SQW- and a ten stacks MQW structure grown using growth interruptions at all interfaces at the MQW-stack under 
comparable growth conditions. The peak wavelength is constant within a accuracy of about 0.5%. The peak width at half 
maximum is shifting from 21.9nm (SQW) to 31.7nm (MQW). Peak intensity could be enhanced by a factor of about 20 when 
a MQW was grown instead of a SQW, while an enhancement of intensity by a factor of about 100 was achieved by using 
growth interruptions during QW growth. This demonstrates the enormous impact on reduction of non radiative centers at the 
interfaces when using growth interruptions. Both spectra are modulated by thin film interference signals due to mirror like 
surfaces. In figure 2 the high resolution x-ray spectrum of the MQW structure is depicted. One can identify the zero order 
peak which is due to the average In-content, as well as several satellite peaks. The number and shape of the satellite peaks is 
reflecting the quality of the superlattice. In the depicted spectrum we observe three satellites on each side of the zero order 
peak demonstrating the excellent quality of the superlattice. From the distance of the zero order peak to the GaN peak we can 
calculate the period D of each stack to be D = dcaN+d^GaN = 1 L5nm. This is exactly the value we observed by in-situ growth 
control, as the total thickness of the lOx MQW stack was monitored to be about 120 nm. The strain status of the MQW 
systems was evaluated by reciprocal space maps around the symmetric (0002) and asymmetric (10-15) Bragg reflections. 
Hence, we know the discussed superlattice to be fully strained. The mean In-concentration in the whole MQW-stack is 
calculated to be 4.2%. From simulations we can calculate the individual thickness of well and barrier to be dcaN = 7.6nm and 
dinGaN = 3.9 nm. The In-concentration in the InGaN well is in this sample series about 10%. Using these deep structural 
investigations we can estimate an interface roughness of about 0.7nm. These extended structural investigations demonstrate 
the high structural quality of the MQW-structures. 

The influence of barrier growth temperature on the emission wavelength was studied by a series of layers grown with 
different barrier temperatures in the range of 950°C to 850°C. We found an increase in emission wavelength with decreasing 
growth temperature of the GaN barriers. Simultaneously we found an enhancement in growth rate with lower temperatures. 
The wavelengths were shifted from 440 nm to 490 nm while the growth rate was enhanced by a factor of two. The increase of 
growth rate could be found as a consequence of reduced etching rate during growth at lower temperatures. Hence, we have a 

101 



double well width resulting in a lower quantization with corresponding red shift. This is also observed by in-situ control and 
proven by HRXRD measurements where we found the total stack thickness to be about 240nm. In figure 3 a full wafer PL 
map of a MQW structure is depicted. The average emission wavelength is 463nm with a standard deviation of 1.94nm 
(0.4%). By adjusting the well widths of the quantum wells we tuned the emission wavelength of the structures in the range of 
420nm to 530nm. As an example for high wavelength uniformity in figure 4 a comparison of the PL-mappings of six wafers 
grown in the same run are depicted. The mean emission wavelength is about 500 nm. The std. dev. on a single wafer amounts 
to 5nm while the wafer to wafer std. dev. is around 3nm using 2mm rim exclusion, which is comparable to the run to run 
uniformity. For wavelengths from 500nm to 530nm the on wafer uniformity is about 8nm and the wafer to wafer uniformity 
is in the range of 5nm and has to be further optimised. 

4. Conclusion 

In summary we have investigated the influence of growth interruptions at the GaN/InGaN/GaN interfaces of SQW and MQW 
structures. We also studied the wavelength and intensity of the QW emission as function of barrier growth temperature. We 
noticed a drastic improvement of structural and optical layer quality when using growth interruptions in combination with a 
proper thermal management of the reactor. We were able to demonstrate 3nm std. dev. in wavelength on a single wafer and 
about 5nm wafer to wafer uniformity for emission wavelengths around 500 nm. 
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ABSTRACT 

We have used time-resolved photoluminescence (PL), with 400 nm (3.1 eV) excitation, to examine InxGai_ 
xN/GaN light-emitting diodes (LEDs) before the final stages of processing at room temperature. We have found 
dramatic differences in the time-resolved kinetics between dim, bright and super bright LED devices. The lifetime 
of the emission for dim LEDs is quite short, 110 ± 20 ps at photoluminescence (PL) maximum, and the kinetics 
are not dependent upon wavelength. This lifetime is short compared to bright and super bright LEDs, which we 
have examined under similar conditions. The kinetics of bright and super bright LEDs are clearly wavelength 
dependent, highly non-exponential, and are on the nanosecond time scale (lifetimes are in order of 1 ns for bright 
and 10 ns for super bright LED at the PL max). The non-exponential PL kinetics can be described by a stretched 
exponential function, indicating significant disorder in the material. Stretched exponential lifetimes are consistent 
with a distribution of lifetimes. Typical values for ß, the stretching coefficient, are 0.45 - 0.6 for bright LEDs, at 
the PL maxima at room temperature. We attribute this disorder to indium alloy fluctuations. From analysis of the 
stretched exponential kinetics we estimate the potential fluctuations to be approximately 75 meV in the super 
bright LED. Assuming a tunneling based hopping mechanism, the average distance between indium quantum 
dots in the super bright LED is estimated to be 20 Ä. 

Keywords: InGaN, photoluminescence, disorder, indium alloy fluctuations, stretched exponential kinetics 

1.   INTRODUCTION 

Recently there has been world-wide interest in the use of nitride semiconductors (e.g., GaN, InN, and A1N) 
for opto-electronic devices such as lasers and light-emitting diodes. The large changes in physical properties such 
as band gap, crystal structure, phonon energy, and electronegativity difference between GaN and GaAs, 
demonstrate that nitride semiconductors are fundamentally distinct from traditional III-V semiconductors. In spite 
of the impressive progress made in recent years in the development of LEDs and lasers1, significant work needs to 
be done in terms of the optimization of device performance. In order to achieve this goal, the physics underlying 
the operation of these devices must be better understood. Furthermore, new diagnostic techniques for the 
characterization of materials and devices will greatly aid in the long-term commercialization of this technology. 

It has been recognized that under typical growth conditions there is a positive enthalpy for indium mixing in 
GaN2.Electron microscopy and cathodoluminescence of InGaN has demonstrated the existence of nanometer and 
micron scale regions of high indium concentration3. It has been hypothesized that the nanoscale regions of high 
indium concentration are critical to LED operation1. We have previously used time-resolved photoluminescence 
(TRPL) to investigate indium concentration fluctuations, in InGaN/GaN multiple quantum wells and LEDs4'5. In 
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this paper we discuss the result of time-resolved photoluminescence obtained from a set of LEDs with different 
quantum efficiencies. 

2.   EXPERIMENT 

The light emitting diodes were grown by metal organic chemical vapor deposition at EMCORE Corp. The 
average indium mole fraction was about 11 %. LEDs consist often layers of Ino.11Gao.g9N, each 35 Ä thick, and 
nine layers of GaN, each 45 A thick. The whole structure was on c-plane sapphire with 3 microns of 
unintentionally doped (n-type 5xl016/cm3) GaN as a substrate. The LEDs studied in this work were grown under 
slightly different conditions, leading to large changes in brightness. After final processing, the 
electroluminescence from samples was in order of 100 uW, 400 uW and > 2 mW. Based on the 
electroluminescence efficiency we divide samples in three groups: dim, bright, and super bright LEDs. 

An amplified and doubled Ti-sapphire laser from Coherent Corporation operating at 250 kHz was used. 
TRPL measurements were performed with a Hamamatsu streak camera (model C5680). The frequency doubling 
was done using a beta-barium borate (BBO) crystal. The excitation pulse was at 400 nm (3.10 eV) for time- 
resolved PL. Calibrated neutral density filters adjusted the excitation power used in the experiments. The typical 
response time was 60 ps and was determined by electrical jitter in the triggering electronics. The laser power used 
was 1.6 mW, 2.56 uJ/cm2. The experimental setup is illustrated in Fig. 1. 

BBO 
laser 

sample 

filter 

Figure 1. Experimental apparatus 

The choice of using 400 nm (3.10 eV) excitation was deliberate. At this wavelength, there is not sufficient 
energy to excite the GaN barrier layers or the p-type and n-type layers on both sides of the multiple quantum well. 
By selective excitation of the InGaN active layer, we can neglect the important effects of carrier diffusion on the 
time-resolved photoluminescence. We have discussed some of these effects elsewhere . 
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3.   RESULTS AND DISCUSSION 

3.1. Lifetime measurements 

Time-resolved PL data for dim, bright and super bright LED are shown in Fig.l. The lifetime of the emission 
for dim LED is quite short, 110 ± 20 ps at PL maximum, and the kinetics are not dependent upon wavelength. The 
short lifetime and low PL intensity of dim LED are due to fast non-radiative recombination processes, which are 
dominant in this case. This lifetime is short compared to bright and super bright LEDs, which we have examined 
under similar conditions. The kinetics of bright and super bright LEDs are clearly wavelength dependent, highly 
non-exponential, and are on the nanosecond time scale. The lifetimes are on the order of 1 ns for bright and 10 ns 
for super bright LED at the PL max. Such long times are consistent with carrier localization in regions of high 
indium concentration. 

2000      4000      6000      8000     1 

Time [ps] 

Figure 2. TRPL from a) dim, b) bright and c) super bright LED. 

3.2. Stretched exponential decays 

The non-exponential PL kinetics of bright and super bright LEDs, can be described by a stretched 
exponential function, equation 1, where ß is between 0 and 1 and I(t) is the PL intensity as a function of time, x is 
the stretched exponential lifetime and ß is the stretching coefficient. 

/(0 = /0exp(-(V) (1) 

Stretched exponential decays are consistent with disorder and have been observed in wide variety of physical 
systems7'8. There is growing evidence from our group LEDs4'5 and others9'10 that stretched exponential decays 
correctly describe the PL decays from InGaN under a variety of conditions. In the case of InGaN, the dominant 
source of disorder is alloy disorder. Results of fitting the time-resolved PL from a super bright LED to equation 
one are shown in Figs. 3 and 4. Both the stretched exponential lifetime and stretching parameter are dependent 
upon the emission wavelength. The existence of stretched exponential decays is consistent with a broad 
distribution of lifetimes, which must be included in the theoretical modeling of LEDs. The trends observed in 
Figures 3 and 4 are typical of a series of InGaN LEDs examined. The wavelength dependence of ß, the stretching 
parameter for the super bright LED is shown in Fig. 3. We note that ß is maximum at the PL maximum and 
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decreases at both higher and lower emission energies. Similar observations have been made by us in a series of 
multiple quantum wells5. 
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Figure 3. Analysis of the time-resolved PL from super bright LED. The stretching parameter ß 
is clearly wavelength dependent. The stretching parameter is largest at the PL maximum of 480 nm and decreases 

on both the high and low energy sides of the spectra. 
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Figure 4. Analysis of the time-resolved PL from super bright LED. The stretched exponential lifetime 
is observed to dramatically increase as the emission wavelength is varied from 420 to 500 nm. 

The PL maximum is at 480 nm. Note that the vertical axis is a log scale. 

By analogy with previous simulations of localized excited states in other disordered semiconductors, the 
wavelength dependence of ß and t, Figs. 3 and 4, imply that excited state migration is important in InGaN LEDs". 
The same simulations have demonstrated that, without excited state migration, ß would be expected to be 
wavelength independent1'. 

3.3. Distribution of lifetimes 

The occurrence of stretched exponential decays is consistent with a distribution of lifetimes. 
Mathematically, a distribution of single exponential lifetimes is written as a convolution integral, where p(x) 
represents the distribution of lifetimes. 

I(t) =   \dxe -t 115 
P(r) (2) 
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This integral is mathematically equivalent to a Laplace transform. In the case of stretched exponential kinetics the 
equation is written 

exp(-(-)/') = W""Xr) 
is „J 

(3) 

Therefore by using an inverse Laplace transform, one calculates the distribution of lifetimes for stretched 
exponential kinetics. This calculation can be done numerically, and is shown in Figs. 5 and 6. When ß, the 
stretching parameter is one, the lifetime distribution is a delta function. As ß becomes smaller, the distribution 
becomes broader. Note that the probability density, xp(x), for the lifetime distribution is plotted on the vertical 
axis. 
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Figure 5. Distribution of lifetimes for a series of different stretching parameters, ß. 

100 

Figure 6. Distribution of lifetimes for ß = 0.5, note linear vertical scale. This distribution is 
consistent with the room temperature operation of the InGaN superbright LEDs. 
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3.4. Estimate of distance between InGaN quantum dots 

Fig. 3 clearly demonstrates that the stretched exponential lifetime is strongly dependent upon wavelength or 
emission energy. The data can be successfully fit to an exponential dependence oft on emission energy, where co 
is the emission frequency and E0 is a parameter that depends upon the potential fluctuations associated with the 
disorder12. 

r(M*exp(-^) (4) 

For the super bright LED, E0 was found to be 570 meV, which is much greater than the thermal energy. 
Similar results were obtained for several bright and super bright LEDs. It can be shown that equation 4 is 
consistent with a tunneling mechanism12. We conclude that the carriers produced in the TRPL experiments 
migrate between different indium quantum dots by a tunneling mechanism. We can relate E0, an experimental 
parameter, to the average quantum dot size using a simple model. This can be estimated by equation 5 

a = ^((Eb)/me)
U2 (5) 

EQ 

where Eb is the potential difference between the InGaN quantum dot energy and the InGaN conduction band, and 
me is the electron effective mass. By using equation 5, the average tunneling distance can be estimated to be 
approximately 20 Ä12. Therefore the TRPL data confirms the existence and importance of nanometer scale indium 
alloy fluctuations on the operation of super bright LEDs. Similar results have been obtained for a series of LEDs. 

3.5. Temperature dependence 

Often the temperature dependence of a decay rate is given by an exp(-AE/kbT), where AE is the barrier 
height. If the material is disordered, on would expect a distribution of barrier heights. If the distribution of barrier 
heights is sufficiently large, one would expect to observe stretched exponential decays. This can be shown to be 
correct by considering a distribution of barrier heights, which is larger than kT, the thermal energy. In this case, it 
can be shown that stretched exponential decays occur, with ß equal to 

ß = T/T0 (6) 

where T0 is the width of the barrier distribution in units of temperature8. Therefore temperature dependent 
measurements of ß, the stretching parameter, allow for the direct determination of the width of the potential 
fluctuations associated with indium allow disorder. Temperature dependent measurements of ß shown in Fig. 7 
suggest that the potential fluctuations associated with the disorder are approximately 75 meV, which is much 
bigger than thermal energy at room temperature (25 meV). This result implies that the excited states are heavily 
localized in the LED. Furthermore, the magnitude of the potential fluctuations in the super bright LED are much 
larger than the previously examined 300 A InGaN film, 25 meV6. 
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Figure 7. The temperature dependence of ß at the PL maximum for the super bright LED 

3.6. Importance of piezoelectric fields 

It is well known that piezoelectric fields are large in nitride semiconductors and can influence optical 
properties. In a previous study, we examined a series of MQWs with the same physical structure but very 
different PL spectra and dynamics5. Because the piezoelectric fields are determined by physical structure, the 
changes in PL spectra were attributed to the dominance of indium alloy fluctuations in our samples. Theoretical 
calculations suggest that the piezoelectric fields are too small to cause the large PL linewidths in our 
experiments13. Furthermore, the large PL linewidths in the InGaN LEDs are hard to explain with piezoelectric 
fields, especially when compared to GaN, where similar piezoelectric fields are expected. In addition we mention 
that nanometer scale fluctuations in local indium concentration would be expected to produce variations in the 
local strain, thereby producing random local piezoelectric fields that would be another source of disorder. 

4.   CONCLUSIONS 

In summary, we have used TRPL to examine wafers of InGaN LEDs before the final stages of processing. 
We have found that in the bright and super-bright LED examined, PL lifetimes at room temperature were on the 
nanosecond timescale. The PL kinetics were strongly dependent upon the emission wavelength and were well 
described by a stretched exponential. Both observations are strong experimental evidence for the importance of 
disorder in actual light emitting diodes. An analysis of the data based on this hypothesis confirms the existence 
and importance of nanometer scale indium alloy fluctuations on the operation of super bright LEDs. 
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ABSTRACT 

Variable angle spectroscopic ellipsometry (VASE) and micro Raman scattering have been employed to study the optical 
anisotropy and optical constants of A1N films grown at high and low temperatures (HT and LT). The A1N films were grown 

by metalorganic vapor phase epitaxy (MOVPE) and molecular beam epitaxy (MBE) on c-plane sapphire (a-Al203) substrates, 
respectively. Anisotropie optical phonon spectra of A1N have been measured along two directions so that the optical axis 

<c> of A1N is either perpendicular or parallel to the polarization of the incident beam. Nonzero off-diagonal elements Aps and 

Asp of Jones matrix in the reflection VASE (RVASE) measurements indicate that the <c> of A1N is slightly away from 

surface normal due to substrate miscut. The ordinary optical constants of both HT A1N have been determined spectroscopic 
ellipsometry at small angles of incidence so that the extraordinary response is greatly reduced. The film thickness along with 
the surface overlayer was determined via the VASE data analysis as well. 

Keywords: A1N, sapphire, Raman scattering, spectroscopic ellipsometry, optical anisotropy, optical constants. 

1.   INTRODUCTION 

The wide band gap A1N along with GaN and InN, are the important building blocks for both high temperature electronic 
devices and short wave-length optical emitters.1'2 A1N films grown on c-plane sapphire usually have wurtzite crystal structure 
(a-AIN), which is anisotropic (uniaxial). There are some valuable optical property studies have been carried out on textured3 

and single crystal' A1N films by various kinds of techniques. For instance, prism-coupling3,4 can give very accurate values 
of reflective index at several discrete wavelengths but lacks spectroscopic information. Transmittance and reflectance5can 
obtain spectroscopic data but do not have enough sensitivity on surface overlayer since it does not contain the phase 
information. Ellipsometry, on the other hand, is an ideal choice for measuring the spectroscopic optical constants and 
structural parameters of thin films, especially when the films have interface or surface roughness. In this work, the ordinary 
optical constants of both HT and LT A1N thin films were accurately determined by transmission variable angle spectroscopic 
ellipsometry (TVASE) and reflection VASE (RVASE). The extraordinary optical response from the uniaxial A1N films was 
greatly reduced by using small angle of incidence. Small angle of incidence is also good for minimizing the error caused by 
the substrate miscut that can result in non-zero off-diagonal elements of Jones matrix. Surface and interface roughness were 
carefully considered in the VASE model analysis using the effective medium approximation (EMA).6 
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2.   Theory 

2.1 Raman Scattering 

The irreducible representation of Wurtize A1N optical phonons is: 

T = A1(z) + 2B1 + E1(x,y) + 2E2, (1) 
for phonon propagating along or perpendicular to the optical axis <c>. Where x, y, z in parentheses represents the directions 

of phonon polarization. A] and E[ modes are polar modes and each split into a propagation-parallel longitudinal optical 

(LO) and a propagation-perpendicular transverse optical (TO) mode. The A] and E\ modes are both Raman and infrared 

active, two E2 modes are only Raman active, and Bj modes are both Raman and IR silent. Therefore, there are total six 

active Raman phonon modes in the A1N crystal. 

2.2 Generalized Ellipsometry 

The variable angle spectroscopic ellipsometry is designed to accurately determine the values of two standard ellipsometry 
parameters i|/ and A, which are related to the complex ratio of reflection (or transmission) coefficients for light polarized 
parallel (p) and perpendicular (s) to the plane of incidence.8 For isotropic material systems, 

p = -£ = tan(y/)e'A (2) 

The electric-field reflection coefficient at an incident angle of <j> is defined as rp (rs) for p (s)- polarized light. They are the 

diagonal elements of Jones matrix. 

m. sample 

rv    0 

0    rc 
(3) 

The \\i and A are not only dependent on dielectric functions, also on the surface condition, sample structure, and other 
properties such as the optical anisotropy. 

Generalized ellipsometry was first introduced by Azzam and Bashara.9 The recent developments makes this technique more 
complete and powerful.10'" In a word, the Generalized ellipsometry is a technique which can be used to determined all the 
elements of Jones matrix of arbitrarily anisotropic and homogeneous layered systems with nonscalar dielectric 
susceptibilities. 

For the anisotropic material system, the non-diagonal elements of Jones matrix are not necessary to be zero. In the reflection 
VASE configuration, 

[/] sample 

rpp    rsp 
rps     rss 

(4) 

By using the same approach with considerably more algebra involved, we can still predict the \j/ and A values, but the 
Fourier coefficients related to \|/ and A become more complicated.12 The generalized ellipsometric parameters are defined as 
below. 

An£=^ = tan^£efA"£ (5) 
rss 

Aps=-^ = tany/vse   Ps (6) 
rVV 
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ASp - 
'sp 

'ss 
= tanySfr e

iAsp (7) 

where the Aps and Asp describe how much amount p- or s-polarized light becomes s- or p-polarized light after the reflection, 

respectively. If the optical axis is strictly perpendicular (perfect c-plane situation) to the electric field of the incident beam, the 
Jones matrix is stricctly diagonal. While it may not true for real A1N films grown on nominal c-plane sapphire substrates 

since the substrates are usually miscut within 1°. The off-diagonal elements Aps and Asp are dependent on sample positions, 

angles of incidence. 

3.   Experiments 

The Raman spectra were taken at room temperature with a SPEX 1877E triple spectrometer equipped with a liquid-nitrogen 
cooled CCD camera. The excitation light source was the Coherent Innova 300 Ar+ laser operating at 488 nm with the 
output power kept at 150 mW. A back scattering geometry was employed for all the Raman measurements. 

Two identical thin A1N films (about 130 nm thick) were grown at high temperature (1070°C) side by side by MOVPE on 
two c-plane sapphire substrates with polished and unpolished backsides to serve the transmission type and reflection type 
VASE measurements. About 20 nm thick LT (525°C) GaN nucleation layers were deposited before the HT A1N growth. 
Another two films were grown by MBE at high (800°C) and low (400°C) temperatures with different thickness, respectively. 
The very thin (-36 nm) LT A1N film was grown on a one-side polished c-plane sapphire. The thickness of the MBE grown 
HT A1N film is about lum. Both isotropic and anisotropic mode VASE measurements were performed in the energy range 
of 0.75eV to 6.5 eV with a 0.02 eV increment at room temperature. The range of angle of incidence is from 20° to 80° for 
reflection VASE, and 0° to 30° for transmission VASE. 

4.   Results and discussion 

4.1. Optical phonons of A1N films 

Raman scattering is a nondestructive technique used to detect the lattice vibration modes related with crystal orientation and 
symmetry. A series of Raman scattering measurements have been carried out on various kinds of A1N samples. The optical 

phonon spectra of a lum thick A1N film grown on c-plane sapphire at back-scattering geometry Z(Y, Y + X)Z are shown 

in Fig. 1(a). The solid line was obtained from the front surface, in which the optical axis <c> of A1N (and sapphire substrate) 
is perpendicular to the incident polarization (Y). Three A1N related optical phonon were observed under such condition 
including 656 cm"1 E2 (high), 888 cm"1 Ai (LO), and a 246 cm"1 E2 (low) which is not shown in this figure. The other two 
phonons of 577 cm"1 Eg (LO) and 750 cm"1 Eg (LO) are due to the sapphire substrate. The dash line in Fig. 1(a) was 
obtained from the side cross-section surface in which the A1N optical axis <c> is parallel to the polarization of the incident 
laser beam. There are three new phonons appeared, 612 cm"' Al (TO), 670 cm"1 El (TO), and 909 cm"1 El (LO). All the 
above six optical phonons measured from A1N film are in good agreement with the theoretical calculation based on the rigid- 
ion model.13 The comparison is listed in Table 1. Fig. 1 (b) is a phonon line-width comparison of HT and LT A1N films. 
The solid line represents the thin LT A1N (36 nm) grown by MBE; the dash line represents the thin HT A1N (130 nm) 
grown by MOVPE. The broadening of A1N E2 (high) may be due to the high-density structural defects (such as group HI 
vacancies) in LT material and the misfit dislocations due to the large lattice mismatch. It is observable that the A1N E2 

(high) in both thinner films moves to lower frequency comparing with the A1N E2 (high) in Fig. 1 (a). This may be caused 
by the partial strain relaxation in stead of full relaxation in a thin lattice-mismatched film even for a thickness of 130 nm. 

Table 1. Zone-center optical phonons in wurtzite A1N, in cm"1. 

Mode A, (LO) A, (TO) E, (LO) E, (TO) E2 (low) E2(high) 

Theory 885 • 614 923 668 252 660 

This work 888 612 909 670 246 656 
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Fig. 1. Optical phonons of HT and LT AIN films, (a) 1 \im thick MBE grown HT AIN film on c-plane sapphire substrate. Solid line 
and dash line represent that <c> is perpendicular and parallel to the incident polarization E, respectively, (b) HT and LT thin 
MOVPE grown AIN films on c-plane sapphire substrates. Solid line represents 36 nm thick LT AIN film; dash line represents 130 
nm thick HT AIN film. 
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4.2. VASE data analysis 

For ideal c-plane samples, its off-diagonal element of Jones matrix must be zero as we pointed out in the theory part.   But for 
real nominal c-plane samples, since there is a small miscut (usually within 1°) on the substrate, the off-diagonal elements 
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Fig. 3. Anisotropie mode RVASE data of HT AIN/c-sapphire grown by MOVPE. (a) 4* as a function of photon energy at 60° 
angle of incidence; (b) ¥ as a function of incident angle at 2.40 and 5.48 eV. 
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may not vanish completely, as shown in Fig. 2. Fig. 2 (a) is an anisotropic mode RVASE data obtained from a 130 nm 
MOVPE grown AIN/c-sapphire sample. It was taken at 60° angle of incidence, which is near the pseudo Brewster angle. It 
can be seen clearly that the off-diagonal elements Aps and Asp are not negligible. The incident angular dependent 
measurements were made at certain wavelengths (1.4 and 5.48 eV), as shown in Fig. 1 (b). The angular increment was lc. 
The off-diagonal elements are detectable in the angle range of 50° to 70°, but they are negligible at the angle of incidence 
below 40° or above 80°. Therefore, small angle of incidence (<40°) can be used to reduce the cross-conversion of p- to s- or 
s- to p- polarization caused by the <c> axis offset. 

Small angle of incidence is not only good for overcoming the miscut error, but also can greatly reduce the anisotropic effect 
on the diagonal elements as shown in our previous GaN study.'4 By using small angles of incidence, the ordinary dielectric 
functions of anisotropic A1N can be determined from the diagonal Jones matrix element without losing the accuracy. Thus 
standard ellipsometry will be suffice to determine the ordinary dielectric functions and other structural parameters. 

Fig. 3 shows the nominal sample structures and the corresponding VASE analysis models. Fig 3 (a) is the structure for the 
two 130 nm AIN/c-sapphire structures on one-side and double-side polished substrates grown by MOVPE. The nominal 
thickness of the HT A1N and LT GaN nucleation layers are 130 nm and 20 nm, respectively. Fig. 3 (b) is the VASE model 
representing the structure in Fig. 3 (a). At the small incident angle condition, all the layers in the structure are simulated as 

HT A1N 130nm 
EMA (A1N + 37% Void) 18 nm 

HTAlN118.4nm 

LT GaN 20nm LTGaN 6.5nm 

c-plane Sapphire Sapphire 
0.35mm 

(b) 

LT A1N 36nm LT A1N 34.2nm 

10 mins Nitridization      EMA (AIN+9.3% AI2O3) 22nm 

c-plane Sapphire 

"(c) 

Sapphire 
0.35mm 

(d) 
Fig. 3. A1N sample nominal structures and their corresponding VASE model, (a) Sample structure of 130 nm thick HT AlN/c- 
sapphire grown by MOVPE. (b) VASE model of the HT AIN/c-sapphire. (c) Sample structure of 36 nm thick LT AIN/c-sapphire 
grown by MBE.  (d) VASE model of the LT AIN/c-sapphire. 
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isotropic material. The surface overlayer was modeled by an EMA layer to account for the surface oxide and roughness. The 
optical constants of LT GaN and sapphire used in the analysis are from our previous study. Fig. 3 (c) is the nominal 
structure for 36 nm LT A1N grown by MBE. Notice that there is a 10 minutes nitrogenation process before grow the LT 
A1N, and it was represents by a EMA layer as shown in Fig. 3 (d). The optical constants of HT and LT A1N in the model 
were represented by two parametric semiconductor models, which are constructed based on their critical point structures. The 
details about the parametric model is described in reference. 15. The thickness and EMA composition listed in the model are 
the best values from VASE data fitting. 

The VASE data and best fit of HT AIN/c-sapphire are shown in Fig. 4. Fig. 4 (a) and (b) are \|/ and A of TVASE at four 
angles of incidence (0°, 10°, 20°, and 30°). Fig. 4 (c) and (d) are the \|/ and A of RVASE at three small angles of incidence 
(20°, 30°, and 40°). The two sets of ellipsometric data were coupled together during the data fitting to further reduce the 
correlation between the fitting parameters. The resulted A1N layer thickness is 118.4 nm with 18 nm surface overlayer. The 
thickness of overlayer is consistent with previous thermal stability study.16 Fig. 5 (a) and (b) show the RVASE data and 
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Fig. 4. VASE data and best fit of two HT AIN/c-sapphire samples, (a) \|/ data and best fit of TVASE; (b) A data and best fit 
of TVASE; (c) \|/ data and best fit of RVASE; (d) A data and best fit of RVASE. Solid lines represent experimental data. 
Dash lines represent the best model fit. 
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Fig. 5. RVASE data and best fit of LT AIN/c-sapphire. (a) \\i data and best fit; (b) A data and best fit. 
experimental data. Dash lines represent best model fit. 

Solid lines represent 

best fit of the LT AIN/c-sapphire. The resulted film thickness of LT AIN is 34.2 nm which is very close to the nominal 
value 36 nm. A 22 nm interfacial layer was formed due to the 10 minutes nitrogenation. No surface overlayer is needed in 
the LT AIN VASE data analysis. High incident angles used for the LT AIN sample is because the anisotropy of such a LT 
material is not an issue in the material quality study. 

The optical constants HT and LT AIN films obtained from VASE data analysis are shown in Fig. 6. The HT AIN is fully 
transparent below 5 eV, but the absorption of LT AIN starts from below 3 eV. This long absorption tail below the 
fundamental band gap (-6.2 eV) of AIN may be due to the high-density structure defects caused by both low temperature 
growth and large lattice-mismatch between AIN and sapphire substrate, the same reason caused the E2 phonon broadening. 
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The parametric semiconductor model is Kramer-Kronig (K-K) consistent, the K-K fitting is shown in Fig. 7. The solid lines 
are the best ei result from the VASE data analysis, and the dots represent the calculated Ei from the known £2 values using the 
K-K relation. Fig. 7 (a) and (b) are for HT and LT A1N, respectively. The final results of all fitting parameters are given in 
Table 2. The K-K relation used in the calculation is17 

z'=lEi (E) 

,.     6.5eV -corneas t 

+ — P 2    "      J      Ei>-(£)2 dE© 
it 

(8) 

0.75eV 
For a specified material, the K-K integral is numerically evaluated to calculate £\ values from e2.   The model then adds the 

contribution from two non-broadening oscillators and a fixed offset to account for contribution outside the experimental 
measuring range. £,- is the energy location of a non-broadening oscillator that is added to simulate contribution outside the 
integration range; A, is the magnitude of the oscillator located at Ei position. In our calculation one oscillators were used 
outside the measured region. 
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Table 2. K-K fitting parameters for HT and LT AIN dielectric functions. 

Fitting Parameters E, A, _ offset 

Pole (HT AIN) 7.87 eV 17.27 2.29 
Pole (LT AIN) 7.76 eV 13.23 2.17 
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5.   Summary 

The optical anisotropy nature of A1N films grown on c-plane sapphire substrates was revealed by Raman scattering and 
generalized variable angle spectroscopic ellipsometry. Optical phonons measured from a 1 (im thick HT A1N agrees very 
well with the theoretical prediction. Optical constants of HT and LT A1N are determined by TVASE and RVASE along 
with the structure parameters. The broadening in E2 phonon and long absorption tail indicate that LT A1N has very high 
defect density due to low temperature growth and large lattice-mismatch. 
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ABSTRACT 

The optical property and microstructure of InGaN/GaN MQW before and after annealed has been investigated 

by using photoluminescence (PL) and Transmission Electron Microscope (TEM) technique. The 

photoluminescence intensity of InGaN/GaN MQW LED annealed within A1N powder can be enhanced by 5 

times compared with the as-grown one. The diffused Al converted the InGaN/GaN into AlGaN/InGaN. Less 

dislocation density in the annealed film and more carrier collection ability due to the band gap difference 

between InGaN/GaN and InGaN/AlGaN can be applied to explain the astonished result. This simple process can 

improve the optical property of GaN/InGaN QW LED without spending heavy cost in thin film growth. 

Keywords: GaN, InGaN, quantum well, photoluminescence, diffusion* annealing 

1. INTRODUCTION 

Recently, group-IH nitride compound semiconductors have attracted much attention due to its large direct band gap range 

from 1.9eV(InN)' to 6.2eV(AlN)2 . The emitted luminescence wavelength for these compound semiconductor is between 

red to violet spectral region. Thus this unique physical property has provided a widely application in optical and electrical 

devices such as full-color LED displays or high power, high temperature transistor. In 1994 Nakamura announced the first 

high brightness blue GaN based LED3 .since then the enormous fund and colossal research activity are tracked and move 

forward very fast. Since the LED has a longer lifetime, high efficiency, less energy needed. It is expected that the daylight 

lamp will be replaced by LED in the near future. 

In the early research, it is difficult to find out a suitable substrate to grow GaN. Sapphire (A1203) is the most common 

substrate. It have 16% lattice constant mismatch with GaN4. Such a large mismatch causes the stresses existed in the 

interface layer resulted in a high density dislocation in GaN layer. Several researchers try to grow buffer layer with A1N5 

and GaN6 on sapphire in order to reduce the density of the dislocation , however the high density dislocation still can not 

avoid. Kato et al. developed using ELOG method to limit the dislocation in some area and get better quality in selective 

area7. It is reported that the intensity of the blue LED is not directly related with the density dislocation, but the life time of 

the LED will be affected with the dislocation density 8. In this paper, we report a simple process to enhance the optical 

property of InGaN/GaN LED without spending too much effort on sample growth. Even the low quality of the GaN films 
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still can be improved after post annealed. The experiment results show that the optical property can be improved 5 times 

compared with the sample without annealed process. 

2. EXPERIMENT 

The sample used in this study was grown on a (0001) oriented sapphire (A1203) substrate by metalorganic chemical vapor 

deposition (MOCVD) technique. The structure of these samples consist of 4 urn thick GaN buffer layer, 5 pairs of 

InGaN/GaN MOW and a 0.5 urn GaN cap layer. Two different In content were choosen. One is around 17% the other is 

30%. The thermal process was performed in cleaned and etched quartz ampoules (approximately 3.5-4 cm3), evacuated to 

10'6 Torr, under different ambients (Ga, A1N, or no-overpressure), where sufficient gallium(5mg) or AlN(5mg) was included 

to provide an excess overpressure of Column III or column V atoms. The annealing temperatures ranged from 750-950°C 

and the annealing time was fixed at four hours. 

Spontaneous emission under various excitation energy densities were measured at 300K under the excitation of a continuous 

wave He-Cd laser (325nm). In order to compare the relative intensity of each set experiment, the as-grown sample is 

measured first and then the system operating parameters will be maintained to continue the following measurement. 

The specimen for cross-sectional microanalysis was prepared by mechanical thinning and ion milling with Ar+ at 77K. 

Bright field images were observed using a TEM (Jeol 200CX) operated at 200Kev. EDX measurements were performed 

with high resolution TEM (Jeol 3010) operated at 300KeV. 

3. RESULTS AND DISCUSS 

Figure 1 shows a PL spectra(300K) form a InGaN/GaN MQW before and after thermal annealing with different annealing 

temperature in a no overpressure environment. The oscillation interference of the photoluminescence curves is due to the 

roughness of the sample surface. The main PL peak of the as-grown sample is located at 475nm. It was found that the peak 

was shifted to 460 ran (blue shift) after 750 C annealed process. The higher temperature annealed the more shift of the main 

peak. The intensity of the PL was reduced with increasing annealing temperature. The blue shift of the PL can be 

explained with the interdiffusion of group III (Ga and In) took place after thermal annealed in the quantum well region. The 

lower In content in the well, the shorter photoluminescence wavelength was emitted. The degraded intensity of the PL 

spectrum is due to the degraded crystal quality which was damage without any cap layer protection during thermal process. 

The column V atoms can easily leave away the surface and create more nonradiation recombination center. Figure 2 

shows another PL spectra from the same InGaN/GaN sample with different annealing temperature. However, this time the 

annealing environment was changed in a gallium over pressure condition. The blue shift was occurred again. The intensity 

of the PL spectrum was also reduced with increasing annealing temperature. Compared with figurel and figure 2, it was 

found that the displacement of the PL peak energy was retarded when the annealing environment was in the gallium 

overpressure. The similar results have been reported in GaAs/AlGaAs system9. The Column III vacancies played a 

important role. The concentration of the column III vacancy affected the interdiffusion coefficient of the column III atom in 

the well. The more column III vacancies generated from the surface the quick interdiffusion of the column III occurred10. In 

a gallium overpressure condition, the concentration of the column III vacancy is less than that with no over pressure 
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condition. Therefore, it can be expected that the blue shift of the PL peak will has less extent when the annealing process 

was performed in a gallium overpressure condition. 

Figure 3 displays a stack PL spectrum that emitted from a InGaN/GaN MQW after in a A1N annealing environment for 

different annealing temperature. This figure shows the total different result compared with the previous figures. Firstly, the 

main peak of each PL spectra did stay in the same position. Secondly, the intensity of PL for high temperature annealing at 

850°C was increased 5 times compared with the as gown one. The annealing process enhanced the optical property 

dramatically. In order to reveal this unusual result, the structure analysis and the EDX measurement were performed by 

cross-sectional TEM. Figure 4 and figure 5 show the 0002 bright field images of the LD structure which were a as-grown 

one and a thermal annealing under A1N condition respectively. Both of these micrograph were taken from the 

[0 1 10] crystal axis. Apparently, the density of dislocation shown in the figure 4 is higher than those in the figure 5. It 

indicated that the number of the dislocation can be reduced after the thermal process applied. The dislocation in the sample 

that annealed with A1N power became to merge together. It is well known that the dislocation is one kind of defects. It can 

play as a nonradiation center. The less dislocation existed, the more carriers can be applied in a radiation process. The 

decrease of the number of the dislocation would be one of the reasons to explain why the intensity of the PL emitted from 

the InGaN/GaN MQW can be improved after high temperature annealed with a A1N powder. The other reason for 

explaining the enhancement of the PL intensity is that the A1N molecular was broken into Al and N atoms due to the 

thermal energy and then the Al atom diffused into the quantum well. This action converted the InGaN/GaN into 

InGaN/AlGaN. According to the previous report, the energy bang gap of the InGaN and AlGaN can be written as11,12 

EgJn,Ga,.JN (*) = xE
g,InN + 0- ~ X)E g ,GaN ~ bX(l ~ *) 

Eg.MIGal.,N (y) = y£
s,MN+(* - y)E g ,GaN - tyQ- - y) 

The band gap discontinuities of the InGaN/GaN and the InGaN/AlGaN is quite different. Before the thermal process, the 

band gap difference was decided by GaN and InGaN. Once the Al diffused through the interface of the InGaN/GaN. The 

GaN could be added some Al and changed into AlGaN. Small amount of Al can cause the band gap difference have a big 

change. It is noted that the LED structure consisted of 5 pairs InGaN/GaN MQW sandwiched by two GaN layers. These two 

GaN layers have the functions of the optical confinement and the carrier collection. The larger band gap difference between 

the well and the barrier existed, the more superior optical property appeared. In this case, the original barrier layer of this 

LED structure is GaN. After the annealing, the barrier is changed into AlGaN. The increase of the band gap discontinuities 

enhanced the ability of the optical property of this LED. In order to identify the Al atom was indeed diffused into the LED 

layers. EDX measurement for Al atomic percentage was applied. Seven points have been measured. There were two points 

located in the cap layer region, three points were probed in the multiple quantum well region and the other two points were 

shot in the GaN buffer layer. The result was shown in the Table 1. From the Table 1, it was found that the aluminum atom 

distributed uniformly all over the layer and the atomic percentage is around 12. The In atom was not detected in the buffer 

layer. Most of the In atoms stayed inside the quantum well. This indicated that the In had not out diffusion at all. It is very 

common that there will be a impurity concentration gradient existed if any impurity diffusion process is applied. However, 

in this experiment the aluminum distribution is very uniform. There is no concentration difference. The aluminum diffused 
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into the sample through the dislocation will be the better explanation for the results. 

In order to make sure that the experiment of the enhancement of the PL intensity emitted from InGaN/GaN MQW under 

A1N powder annealed can be repeated. Another LED sample that has the same structure but with diffenent In content(30%) 

in the well was employed. The result is shown in the figure 6. The optimum annealing temperature for this sample was at 

900°C. The intensity of the PL peak is twice larger than that as-grown sample. Although the factor of intensity increase is 

not as large as the previous result, the behavior of PL intensity enhancement is very consistent. When the annealing 

temperature reached at 950"C, the PL intensity decreased. It is due to the degraded crystal after thermal process. 

4. CONCLUSION 

The optical property and microstructure of InGaN/GaN MQW before and after annealed has been investigated by using 

photoluminescence (PL) and Transmission Electron Microscope (TEM) technique. The photoluminescence intensity of 

InGaN/GaN MQW LED annealed within A1N powder can be enhanced by 5 times compared with the as-grown one. The 

diffused Al converted the InGaN/GaN into AlGaN/InGaN. Less dislocation density in the annealed film and more carrier 

collection ability due to the band gap difference between InGaN/GaN and InGaN/AlGaN can be applied to explain the 

astonished result. This simple process can improve the optical property of GaN/InGaN QW LED without spending heavy 

cost in thin film growth. 
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Figure 1 Photoluminescence spectra (300K) from an InGaN/GaN.multiple quantum well before and after thermal annealing at different 

annealing temperature (750, 800, 850°C) for 4 hours in a no overpressure enviroment. 
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Figure 2. Photoluminescence spectra (300K) from an InGaN/GaN.multiple quantum well before and after thermal annealing at different 

annealing temperature (750, 800, 850°C) for 4 hours in a gallium overpressure environment. 
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Figure 3 Photoluminescence spectra (300K) from an InGaN/GaN.multiple quantum wells before and after thermal annealing at different 

annealing temperature (750, 800, 850°C) for 4 hours in a Al and N atom rich environment. It is noted that the PL intensity increased 5 

times for annealing at 850°C compared with that the as gown one sample. 
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Figure 6 Photoluminescence spectra (300K) from an InGaN/GaN.multiple quantum wells before and after thermal annealing at different 

annealing temperature (750, 800, 850°C) for 4 hours in A1N annealing environment. The In content in this sample is larger than the 

previous sample. 
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Figure 4 Cross-sectional TEM micrograph of a GaN-capped InGaN/GaN MQW. High density of the dislocation was observed. 

Figure 5. Cross-sectional TEM micrograph of InGaN/GaN MQW annealed with A1N powder at 850°C. The number of dislocation has 

been reduced. Several dislocations merged together and became a thick dislocation.line. 

Table 1 The compositional variation of the InGaN/GaN MQW after 850°C annealed in a A1N rich environment. The aluminum 

content is uniformly distributed. 

EDX point location Al atom. % Ga atom.% In atom.% 
Point 1 (cap layer) 12.08 88.22 -0.30 
Point2 (cap layer) 12.31 87.55 0.14 
Point3 (MQW) 12.02 87.84 0.15 
Point4 (MQW) 11.85 87.59 0.55 
Point5 (MQW) 11.92 87.21 0.87 
Point6 (GaN buffer) 12.27 87.92 -0.19 
Point7 (GaN buffer) 12.49 87.56 0.05 
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Optical Properties of InN Thin Films 
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ABSTRACT 

The basic optical properties of low temperature plasma enhanced chemical reactionary sputtered (PECRS) InN thin films 
are presented. Optical absorption and reflectance spectra of InN polycrystalline films at room temperature in visible and 
near infrared (NIR) regions were taken to determine direct band gap energy (2.03 eV), electron plasma resonances energy 
(0.6 eV), damping constant (0.18 eV), and optical effective mass of electrons (0.11). In addition the UV and visible 
reflectance spectra have been used to reproduce accurately dielectric function of wurtzite InN for assignments of the peak 
structures to interband transitions (1.5-12.0 eV) as well as to determine dielectric constant (9.3) and refractive index 
(>3.0). The revealed reflectance peaks at 485 and 590 cm"1 respectively in IR spectra are connected with TO and LO 
optical vibration modes of InN films. Some TO (485 cm"1) and LO (585 cm"1) phonon features of indium nitride 
polycrystalline films on ceramics were observed in Raman spectra and also discussed. The excellent possibilities of InN 
polycrystalline layers for potential application in optoelectronic devices such as LEDs based InGaAIN and high efficiency 
solar cells are comfirmed. 

Keywords: InN polycrystalline films, optical properties, solar cells 

1. INTRODUCTION 

Escalating interest in recent 10 years to III group nitride semiconductors with direct band gaps (> 6.0 - 2.0 eV) reflects 
their potential application in photonic devices such as LEDs, lasers, full colour displays, and high efficiency solar cells1"6. 
The extensive utilization of InGaAIN film compositions as active layers in high performance photonic devices has 
faciliated these accomplishment due to its tunability of the energy band gap covering the visible to near UV light 
spectrum. Optical properties of InN thin films obtained by different methods have been studied in numerous works8' 10"2j 

including ones of the author. However some optical and electric parameters such as dielectric and optical constants, 
energy gap, effective mass of carriers as well as phonon wavenumbers await for further more accurate definition. A lack 
of single crystalline, stoichiometric samples explains the situation around mentioned above data. Any structural and 
thermal properies of InN have not been studied for epitaxial films on lattice-matched substrates. The development of 
advanced growth techniques (e.g. MOCVD, PIMBE or PLD)1' 6' 16 have resulted in promissing improvements in the 
structural, electrical and optical properties. For this reason presented paper demonstrates some original optical data 
obtained for InN thin polycrystalline films synthesized earlier and nowadays by low temperature plasma enhanced 
chemical reactionary synthesis (PECRS) technique. 

2. EXPERIMENTAL DETAILS 

Since a dissociation temperature of InN is about 650 °C7 therefore a low temperature growth technique is required. In our 
case the PECRS system to synthesize InN thin films was used8. Intensive Ti-wire evaporation used as getter was carried 
out during all the time of deposition process to reduce oxygen contamination inside of reactor as well as in growing films. 
High quality smooth surfaces of Si, quartz, fluorite and compound ceramics were used as substrates. In the time of films 
growth substrates temperature was about 320 °C due to intensive ion bombardment of a top electrode (anode) during 
sputtering process. The surface morphology including a microstructure of cross-section of the films were investigated by 
Philips SEM5V scanning electron microscope and by AFM as well. The film thickness was changing in the range 100- 
1600 nm and was measured by means of optical microscope-interferometer as well as by estimation of fractured edge 
dimension in SEM cross-section image. Auger spectrometer JAMP-10 was used to determine chemical composition of 
sputtered InN films. The crystalline structure parameters of obtained films were determined using of X-ray diffractometer 
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DRON-3 employing Cu(K„) radiation and also by means of standard electronograph EG-100a. The reflectance and 
transmittance measurements in visible and near infrared (NIR) regions (25000-200 cm"1) have been carried out with help 
of Bruker IFS66 Fourier transform spectrometer (FTIR) and Carl Zeiss M40 grating spectrometer respectively. The 
Raman spectrometer Dilor XY equipped with microscope (Olympus BH-6) was used for study of phonon spectra of 
nitride films. A horizontal and vertical polarisation configuration of the incident and scattered Kr+ laser light (647.1 nm) 
with power of 20 mW entering the sample surface were used there. 

3. RESULTS AND DISCUSSION 

X-ray diffraction pattern of IriN layer deposited on ceramic substrate demonstrates that several intensive peaks appear 
there including free In peak and also ones connected with ceramic but most strong diffraction peak corresponding to the 
InN (002) plane suggests some textured crystalline structure of the films where the c axis is perpendicular to the plane of 
substrate. Fig. 1 displays of the RHEED investigation of natural surfaces of InN layers deposited on ceramics versus 
defferent deposition time. 

a) b) c) 
Figure 1: RHEED patterns from wurtzite InN film surfaces synthesized at different deposition time: a) 5 min., b) 8 min., c) 15 min. 

Some textured structure appears soon there (Fig. lc) and characterizes a structural quality of sputtered InN films. These 
results testify that any outsider phases except of InN and In ones were found inside films. Therefore most likely 
explanation of high oxygen concentration presented there is such when some quantity of chemicaly unactive oxygen 
molecules incorporate to voids between graines as shown in9 and other part of oxygen is probably binded in amorphous 
indium oxide. 
The AFM images of natural surface morphology of InN film on ceramics are shown in Fig. 2. 
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Figure 2: AFM images of natural surface of InN films synthesized on ceramic substrates at different deposition time : a) 5 min.; 
b) 10 min. 

It is clear a surface texture with a pyramidal form of grains which are of dimensions about 400 nm across and 1600 nm in 
vertical direction respectively. 
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The transmittance spectra in visible spectral range are used to determine the band gap energy of InN thin films on CaF2 

(fluorite) substrates. In this procedure the band gap energy can be derived from absorption coefficient a of InN by: 

a(E) = a0 ■ (E - Eg), E > Eg (1) 

It is clear that the absorption coefficient or the product a-d should be measured or derived most accurately. For a thin film 
on a substrate this is not as stright forward as it is for a free standing film. In our case we have a highly transparent 
substrate (fluorite - s) and a highly absorbing layer (InN -1) for the situation of our samples at photon energies larger than 
the gap energy. Thus an assumption that multireflections will only occur in the substrate holds and the transmittance may 
be written as the sum of the contributions of this multireflections: 

T =    £ T • 
=    (1-RJ • CD, ■ (1-Rl!5) • <DS • (1-R,) 

+ (1-RO • <£, • (1-R,,S) • <t>s
2n+1 • R? • R,,sn • (1-RS) (2) 

where O^ = exp[a>d/c (iN1>s - KjiS)]. As this is a geometric series eqv. 3 may be written as: 

T = (1-RO • O, • (1-R,,S) • (1-RS) • <DS / 1-RU • Rs. Os
2 (3) 

The transmittance of the bare substrate can easily be derived in the same way ending at the well known correlation: 

T^O-RO2-®,/!-^2-*,1 
(4) 

As the reflectance measurement of the bare substrate yields Rs, if the sample apperture is small enough, the reflectance 
and transmittance measurements of the substrate finaly give Rs and <&s. The later has to calculated from eqv. 3 which has 
to be solved for 4>,: 

«D, = - (1-RO2 / 2TS • R,s
2 + {[(1-R,)2/2T, • R,s

2]2 + 1/RS
2}' (5) 

The derivation of R can not be processed such easily, as reflectance measurements of layered samples still include 
substrate contributions at photon energies near the energy gap of InN, where the thin film still shows some transmittance, 
while at energies above the gap region, knowing that the error introduced by this procedure is small compared to the error 
introduced by just assigning the reflectance of the substrate is low (Ru may well be approximated as R). The result of 
this procedure is shown in Fig. 3. Here the square of a-d is plotted together with an extrapolation of the data near the 
energy gap (Eg= 2.03 eV). Fig. 4 reconstructs the absorption spectrum of InN film deposited on quartz substrate (it was 
measured at room temperature earlier8). 
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Figure 3: Square of ad vs (hv) for InN layer deposited on fluorite. 
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Figure 4: Absorption spectrum of InN film on quartz8. 
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In addition the UV and visible reflectance spectra (Fig 5, 6) have been used to reproduce accurately dielectric function of 
wurtzite InN for assignments of the peak structures to interband transitions (1.5-12.0 eV) as well as to determine 
dielectric constant (9.3), refractive index (>3.0). Also the electron plasma resonances energy (0.6 eV), damping constant 
(0.18 eV), optical effective mass of electrons (0.11) were calculated from visible reflectance spectra (Fig. 7). 
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Fig. 5: UV reflectance spectra of InN film10. 
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Fig. 6: Dielectric function of InN layer1'. Fig. 7: EPR edge spectra of InN8 

Von-Hove point energies which assign the peaks in Fig. 5 as: I (8.8 eV) for T6 - Th II (7.3 eV) for M2,4 - Mu and K3 - K2, 
III (5.8 eV) for U4 - U3, IV,V (5.5 - 5.0 eV) for T5 - T3 interband transitions respectively were used earlier to calculate 
zone band structure of InN12 (Fig. 8). 
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Fig. 8: The band structure of InN computed with the ab initio pseudofunction method12. 

In order to obtain a necessary information about phonon features of InN films as well as to determine precisely some 
optical parameters the Drude-Lorentz formalism was used for dielectric function modeling procedure by use reflectance 
spectra from both InN films surface and bare fluorite substrate. Fig. 9 shows a good agreement between experimental data 
and calculated curve. In addition as shown there the reflectance peaks at 485 and at 590 cm"1 respectively by our opinion 
are connected with TO and LO mode vibration of indium nitride913"14. Moreover calculated here dielectric function of 
InN film was close to ones obtained earlier" as well as the value of electrons effective mass 0.11 determined from plasma 
resonance minimum peak8. The Raman spectra of InN films >1000 nm of thickness on ceramics in spectral region 400- 
700 cm"1 using polarised light were observed at the room temperature. The broadening peak at 485 cm'1 in Raman spectra 
of nitride film on ceramic (Fig. 10) is close to one observed in the reflectance spectra. Accordingly to4 indium nitride has 
12 phonon modes at T-point of Brillouin zone (3-acoustic and 9-optical). But IR active modes are E^LO), Ei(TO), 
A,(LO) and A,(TO). Therefore because of imperfected crystalline structure of used samples we observe only two optical 
phonon modes: Ei(TO) and Ai(LO). An absence of E2(2) phonon peak revealed in15 is probably to be masking by films 
imperfection or substrate influence in our case. For this reason it was difficult to observe here also the main LO phonon 
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mode at 694 cm"1 as was predicted earlier by Osamura et al.13. 
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Figure 9: NIR reflectance spectra of InN film on fluorite 
(dotted curve is model calculation). 

Figure 10: Typical Raman spectra of InN film deposited 
on ceramics. 

Besides that there are two peaks near 445 and 585 cm"1 appear respectively. The first peak belongs to ceramic substrate 
and second one is close to LO phonon mode Ai of InN15. 

4. CONCLUSIONS 

InN thin films synthesized by low temperature PECRS are textured and also demonstrate of prefered <002> orientation 
with c axis perpendicular to substrate plane. Off-stoichiometric In/N ratio with In abundance inside nitride films is 
caused by nitrogen vacancies. A perceptible oxygen concentration has been revealed in the films probably leads to 
amorphous indium oxide forming partialy (binded oxygen). Moreover other part of unactive oxygen molecules 
incorporate to voids between InN grains or are on a surface of films. It was confirmed of direct energy gap 2.03 eV of 
InN polycrystalline films as well as value of electron effective mass 0.11 which were obtained by one of the authors 
earlier from identical InN film samples. Moreover the TO (485 cm"1) and LO (585 cm"1) phonon features observed from 
Raman and NIR reflectance spectra are in good agreement with those obtained by other authors. The comparison of these 
data obtained now with those obtained 20 years ago for indentical samples shows no differences are existed and thus 
demonstrating nowadays a high long term stability of this compound as to optical characteristics. Therefore some 
promising possibilities of InN stable polycrystalline layers for potential application in photonic devices including high 
efficiency solar cells are confirmed. Adequate excellent results will appear with progress in growth techniques for 
monocrystalline, stoichiometric InN samples. 
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ABSTRACT 

Optical properties of undoped InGaN/GaN multiquantum wells(MQWs) have been investigated by photoconductivity, 

photoluminescence, and photoluminescence excitation measurements. We report the first observation of persistent 

photoconductivity (PPC) in InGaN/GaN MQWs and show that the PPC effect arises from In composition fluctuations in the 

InGaN well layer. From the analysis of the decay kinetics, the localization depth caused by composition fluctuations has 

been determined. Compared with the results of complementary absorption and photoluminescence measurements, it is found 

that the quantum-confined Stark effect due to piezoelectric field and composition fluctuations both exist in the InGaN/GaN 

MQWs. These two effects are responsible for the photoluminescence Stokes' shift in the InGaN well layers. Here, we 

provide an unique way to distinguish the individual contribution to the Stokes' shift for the piezoelectric field and 

composition fluctuations. 

Keywords: InGaN quantum wells, localization, Stokes' shift 

1. INTRODUCTION 

The InGaN-based materials have been attracting much interest because of their importance in both scientific and 

technological aspects1"3. Many studies on the characteristics of the InGaN-based quantum wells(QWs) have recently been 

reported. One of the important issues in InGaN material is its phase-separating nature due to a mismatch of 

thermodynamical and chemical stabilities between the InN and the GaN, strain in InGaN caused by lattice mismatch to the 

underlying GaN layer, or threading dislocation(TD) or defect-related driving forces4. Remarkable compositional separation 

and inhomogenieties are reported both in bulk epilayers and QWs. The performance of many conventional optoelectronic 

devices has been limited by the ability to control both point defects and structural defects in these materials. However, 

recent reports suggest that InGaN-based emitting devices are less sensitive to TD( lxlO8 to lxl012cm'2) than conventional 

III-V compound semiconductor-based devices5. Thus, it is interesting to clarify the emission mechanism of InGaN-based 

QWs and double-hetero(DH) structures for further improvement of device performance. 

It is known that group III nitrides have very large piezoelectric constants. Therefore if nitride layers are under biaxial 

strain, large piezoelectric fields can be generated and the quantum confined Stark effect(QCSE) caused by this field can 

strongly effect on the optical properties of the materials. Recently, several experiments have observed the large piezoelectric 

fields6, redshift in the photoluminescence(PL) peak energy6 and blueshift in electroluminescence(EL) peak energy with 
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increasing driving current or excitation intensity7 of the InGaN QWs. These results suggest the existence of a piezoelectric 

field in the strained InGaN layers. 

On the other hand, the importance of localized states caused by potential fluctuations of InGaN alloys in QWs and even 

in bulk has been pointed out by several groups4,8'". In particular, the observation of higher efficiency of the LEDs, with 

increasing strain in the single quantum well(SQW) upon an increase in the In content in the InGaN well layers, cannot be 

explained only by the QCSE induced by the piezoelectric fields89. It is suggested that the localization effects induced by 

compositional fluctuations must overcome these intrinsic limitations due to the piezoelectric field. Thus, the actual 

electronic states in InGaN QWs may be determined by competition between the QCSE and the influence of the potential 

fluctuations of InGaN alloys. Because both QCSE and potential fluctuations contribute to the Stokes' shift, it is very 

difficult to determine the individual contribution. However, in order to completely understand the properties of InGaN- 

based devices, the determination is desirable. 

It has been demonstrated that the localization depth from the flat band edge of localized states due to potential 

fluctuations of alloy system, including InGaN epilayer" can be determined by probing the decay kinetics of the persistent 

photoconductivity(PPC) phenomenon. In this letter, we report the observation of the PPC effect in the undoped InGaN/GaN 

multiquantum wells(MQWs) for the first time. In order to obtain the depth of potential fluctuations, the observed PPC effect 

was investigated with focus on its decay kinetics. Together with the studies on the complementary absorption and PL 

spectra, we are able to separate the effect of the strain and the influence of potential fluctuations on the Stokes' shift in 

InGaN QWs. 

2. SAMPLES AND EXPERIMENTS 

The samples were prepared by metalorganic chemical vapor deposition. A series of MQWs with 10 periods of 4-nm- 

thick In0,,Gao89N wells and 8-nm-thick GaN barriers capped by 20-nm-thick GaN were grown on 2.2-/zm-thick GaN on 

(0001) sapphire. All the grown layers were intentionally undoped. Since the critical thickness of InxGa,.xN/GaN(0<x<0.2) 

samples are reported to be greater than 40 nm12, we assume the coherent growth of InGaN layers in the MQWs. For PL 

measurements under low excitation conditions(less than lW/cm2), we used photons with energy about 3.8eV from a Xe 

lamp, which were dispersed by a 0.27m monochromator. Emitted light was dispersed by a 0.85m focal length grating 

monochromator and detected phase sensitively by a photomultiplier tube. Similar arrangements were used for the 

photoluminescence excitation(PLE) measurements except the dispersed light from the Xe lamp was used as the continuous 

radiation. For the photoconductivity(PC) measurements, ohmic contacts were formed by depositing indium drops to the four 

corners of the sample and annealing the sample at 400°C for 10s. A constant direct voltage was applied and the 

conductivity was measured by Keithley 236 source measure unit. Details of PPC measurement procedure were similar those 

described previously13. All the data obtained under different conditions were taken in such a way that the system was always 

allowed to relax to equilibrium. The measurements were carried out between 10K and room temperature(RT). 
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3. RESULTS AND DISSCUSION 

Figure 1 shows the photocurrent as a function of time and illumination in an undoped InonGaogpN/GaN MQWs with 

monochromatic radiation at a photon energy of 3.3leV taken at 10K. A persistent photoconductivity effect is clearly 

observed, and similar transient behavior was seen when other monochromatic light with photon energy up to 3.81eV was 

used as the illumination source. This behavior clearly indicates that the PPC effect is caused by the carrier generation in the 

InGaN layer. A similar PPC effect has been observed in In^Ga^N epifilm as shown in our previous report". This 

observed PPC effect can be easily understood in terms of the alloy potential fluctuations(APF) in the InGaN alloy. At low 

temperature, the photoexcited electrons and holes are trapped and spatially separated by local potential fluctuations, the 

recombination of electron-hole pairs is inhibited, and hence PPC occurs. 

Time( sec) 

Fig. 1 Typical buildup and decay behavior of PPC in the undoped In0 nGa„g9N/GaN MQWs at 10K. 

The decay kinetics in photocurrent after turning off the illumination shows a stretched-exponential behavior that can be 

expressed as 

Ippc(t)=Ippc(0)exp[-(t/ r)'l (0< ß <1) (1) 

where lppc(0) is the PPC buildup level at the mount of light excitation being removed, r is the PPC decay time constant 

and ß is the decay exponent. Figure 2 shows a representative plot of ln[ln (lppc(0))-ln( Ippc(t))] versus ln(t). The good linear 

behavior of the plot demonstrates that the PPC decay is well described by equation (1). A least-squares fit to the 

experimental data results in a time constant r ~ 400s, which is much shorter than the previous value for an undoped 

In03Ga07N epilayer. This shorter time constant can be easily understood by the fact that the In content in the InGaN/GaN 
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MQWs sample is less than that in the In03Ga07N layer, because the depth of potential fluctuations increases with increasing 

In content. The PPC effect can be observed up to RT characterized by a decay time constant in several seconds. To obtain 

the average depth of potential fluctuations, we perform the temperature evolution of the PPC effect. The carrier capture 

barrier AE, which characterizes the energy difference between the localized states and the flat band edge, can be estimated 

from the temperature of the time constant,   r : 

r = r0exp(AE//cT) (2) 

It was found that AE is about 50 meV as shown in the inset of Fig. 2. Thus, a Stokes' shift of 50 meV in magnitude with 

respect to the flat band edge of InGaN/GaN MQWs sample can be expected if only the potential fluctuations is taken into 

account. 
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Fig 2 Plot of ln[In(lppc(0))-!n(Ipp,.(t))] versus ln(t) for the undoped In„.„Ga„„N/GaN MQWs at 10K. The linear curve indicates that the PPC 

decays according to the stretched-exponential function lppc(t)=lppc(0)exp[-(t/ r )0]. The inset shows the capture barrier AE obtained 

according to r = r „exp( A E / n T). 

In order to further investigate the emission properties of the InGaN/GaN MQWs sample, we performed the PL, PLE and 

PC measurements respectively. Figure 3 summarizes the PL, PLE and PC spectra taken at 10K. The PL spectrum is 

dominated by a single emission band with peak energy centered at 3.2leV and there is no observable deep level emission. 

The full width at half maximum is about 65meV. The PLE measurements for the InGaN-related main PL emission were 

monitored at 3.00, 3.10, 3.15, 3.22, and 3.28 eV, respectively. We only show the PLE spectrum taken at the PL emission 

edge(3.10eV). Similar behaviors were observed for the different detection energies. The absorption of InGaN wells 
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increases monotonically, reaching a maximum at 3.35 eV, and remains almost constant until absorption by the GaN barrier 

occurs at about 3.44 eV. The PC spectrum also indicates the absorption edge of InGaN layer at around 3.35 eV which is 

consistent with the PLE results. Thus, the emission of the InGaN layer shows a large Stokes' shift of 140 meV in magnitude 

with respect to the absorption edge as determined by PLE or PC spectra. The fact that the Stokes' shift is larger in value 

than that of the localization depth determined independently by PPC decay kinetics indicates that additional effects on the 

emission properties of the InGaN/GaN MQWs sample should be taken into account. 
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Fig 3 PL, PLE and PC spectra of the undoped In,, „Ga^N/GaN MQWs sample taken at 10K. 

The discrepancy in value between the localization depth and the Stokes' shift found in this InGaN/GaN MQWs can be 

understood by further considering the strain effect in the InGaN alloy layers. Recently, T Takeuchi et al.6 have shown that 

the PL peak energy of strained mo^Ga^N MQWs was redshifted with respect to that of thick single In^Ga^N layers. 

This phenomenon is attributed to the influence of the QCSE induced by the piezoelectric field, taking into account that the 

quantum size effect cannot cause the PL peak energy of QWs to shift to lower energy than that of thick strained single layer. 

It has been pointed out that to evaluate the redshift strictly, important factors, such as detailed material parameters of InN, 

the amount of screening by photo-generated carriers and the influence of local fluctuations of alloy composition at the 

InGaN layer should be incorporated. Since the MQWs used in this work contain only nominally undoped layers, screening 

of the piezoelectric field in the InGaN wells should be limited and can be ignored under low excitation conditions. Our 

investigations on the PPC effect and the Stokes' shift therefore lead to the fact that the QCSE caused by piezoelectric field 

dominates the emission mechanism of the undoped InGaN/GaN MQWs and contributes a redshift of 90 meV to the total 
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Stoke-like shift, while the contribution of alloy potential fluctuations is only 50 meV. 

4. CONCLUSION 

In summary, we observed the existence of persistent photoconductivity(PPC) effect in the undoped InGaN/GaN MQWs 

for the first time. The decay kinetics of PPC effect is investigated and a localization depth of the localized energy states 

caused by In composition fluctuations in the InGaN well layers is determined. Compared with the results of complementary 

absorption and PL measurements, it is found that the QCSE and alloy potential fluctuations(APF) both exist in the 

In0 nGao89N/GaN MQWs and the QCSE may dominate the emission mechanism. We point out that the piezoelectric field 

and APF can significantly influence the optical properties of the InGaN-based materials and should be taken into account 

for the design and fabrication of group-Ill nitride based heterointerface devices. 
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ABSTRACT 

InAs / InAsSb SQW LED's incorporating AlAs002Sb098 or In083Al017As electron confining barrier layers are reported. 
Devices emitting 108 uW and 84 uW at 300 K with QW emission at X= 4.1 urn and A.= 4.7 um exhibit quantum efficiencies 
that are improved by factors of 7 and 3.4 respectively over control samples without the barrier. The operating wavelength of 
negative luminescent (NL) devices with InAs / In(As,Sb) strained-layer-superlattice (SLS) active regions has been extended 
to X= 6.8 urn. NL performance is limited by leakage currents that originate in the n+ contact layer. 

Keywords: mid-IR, LED, In(As,Sb), negative luminescence 

1. INTRODUCTION 

There is great demand for improved gas sensing and measurement systems for many common gases (C02, CO, N02, S02, 
NH3, 03, CH4) in areas such as pollution monitoring, horticulture, biomedical and petrochemical industries. Improved 
systems could offer superior sensitivity and selectivity, increased portability and reduced maintenance/calibration all at a 
lower overall cost. Spectroscopic methods are particularly effective in the mid-infrared (mid-IR) range (3-10 um) since the 
strongest absorption bands of many gases occur in this region. 

For ultimate sensitivity (ppb and less), selectivity and portability, tuneable laser diode based sources will be used and much 
progress has been made recently in interband and intraband, cascaded and non-cascaded mid-IR laser diodes. 1'2,M In this 
method the laser wavelength is swept through individual vibration-rotation lines within an absorption band. The cost of 
such systems is high due to the requirements of stringent laser diode output specification and sophisticated line stabilisation 
techniques. For many applications the typical gas concentrations to be detected are much higher (100 ppm to 100 %) and 
overall system purchase and ownership cost become the critical factor. Here broadband sources are utilised and the 
integrated absorption over an entire manifold of gas absorption lines used to determine gas concentration.5 

Mid-IR light emitting diodes (LED's) have been considered as alternatives to currently employed incandescent sources 
because they offer increased efficiency, reliability, are more robust and intrinsically safe, can be modulated at high 
frequencies, offer longer lifetimes and may not require "burn-in" before operation. Significant advances have recently been 
made with device output powers up to 1 mW 6|7 at shorter wavelengths (X=4.2-4.6 um). Longer wavelength (Ä.-5.5 urn) 
InSb p-i-n LED's have also been demonstrated with internal quantum efficiencies (riiM) of 5.5 % at room temperature,8 and 
these have been incorporated into prototype N02 gas detection systems.9 

Our previous studies of single quantum well (SQW) LED's that comprise a strained InAsSb QW active region embedded in 
an InAs cladding layer have demonstrated promising results at X~5 urn and X~S urn with room temperature r|im = 1.3 % and 
0.83 % respectively.10 The type-II band offset" found in InAs / InAsSb heterostructures results in an effective bandgap 
smaller than the bulk alloy and facilitates the design of longer wavelength emitters without exceeding the 'strain budget' for 
pseudomorphic growth. 

We have also investigated the use of strain relaxed type-II InAs / InAsSb strained-layer-superlattice (SLS) active regions 
grown on InAs substrates.12 By incorporating an electron confining AlSb barrier layer into this X-4.2 urn emitter the 300 K 
Tiint was increased by a factor of 4 to 2.8 %. In this paper we study the effect of incorporating electron confining barriers 
into our pseudomorphic SQW LED designs. 

* Electronic mail: m.pullin@ic.ac.uk 
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Auger recombination (AR) is a major obstacle to efficient device operation at longer wavelengths. Electron-hole pairs 
recombine non-radiatively in an AR event with the surplus energy transferred to a third carrier which is excited to a higher 
energy state. As such it is an intrinsic process that will occur in bulk material regardless of its quality. AR rates increase 
with carrier concentration, temperature or as the bandgap is reduced and are thought to currently limit both mid-IR LED 
and interband laser diode performance. Bandstructure engineering in semiconductor heterostructures has been proposed as a 
means to reduce AR rates and both theoretical and experimental results support this.1314'15 

A novel route to sources in the mid-IR that avoids some of the above problems associated with AR in high J emitters is so 
called "negative luminescence" (NL). In essence this process involves suppressing a portion of the thermally generated 
radiation an object emits as a consequence of its finite temperature. In a narrow gap semiconductor the physical origin of 
this radiation is the recombination of thermally-generated electron-hole pairs. Carriers are extracted from the active (near 
intrinsic) region of p-i-n structures by a reverse bias, and their reduced concentrations (np«n0p0) result in the net 
absorption of ambient blackbody radiation. The "extraction" process may be limited by leakage currents originating in the 
contacting layers that tend to restore the active region np product to its thermal equilibrium level n0p0, but these can be 
blocked using additional excluding barriers. NL has been demonstrated in InAs,16 InSb and CdHgTe bulk materials 
systems17 and from type II InAs/GaSb18 and InAs/InAsSb superlattice diodes19 utilising carrier exclusion and extraction. The 
NL spectrum is characterised by the product of the emissivity of the material and the Planck blackbody function. For gas 
sensing purposes a NL device is in principle just as useful as a more conventional forward biased LED, since the ability to 
modulate a body's thermally generated radiation in effect allows it to be used as an emission source. 
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Figure 1. Schematic band diagram of pseudomorphic SQW 
LED with electron confining barrier layer. Figure 2. Schematic band diagram of SLS NL device. 

2. EXPERIMENTAL DETAILS 
2.1. Sample design and growth 

All samples were grown by MBE in a VG Semicon V80H MBE system equipped with uncracked As4 and Sb4 sources and 
using Si and Be as the n- and p-type dopants respectively. Five SQW wafers (3 with an electron confining barrier layer and 
2 control samples with no barrier) and one sample designed for negative luminescent operation are studied here. 

We investigated the use of AlSb and InAIAs electron confining barriers in the SQW LED's. AlSb possess the larger band 
gap (Eg

30OK(AlSb)=1.6 eV) but the additional compressive strain and change of group V species may pose growth problems. 
As an alternative we also considered In^ALAs barrier layers with x~17 % (Eg

300K(InAl017As)=0.72 eV). As in previous 
structures, hole confinement is accomplished via a valence band step at the interface of the intrinsic and n+ doped layers 
(Fig. land2). 

All InAs and QW layers were grown at substrate temperatures Tsub= 470 °C using As/In flux ratios of 3-4. A 5 s pause was 
employed at each interface during which the surface was exposed to only the group V fluxes for the subsequent layer 
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growth. The AlSb and InAlAs barrier layers were grown at a higher substrate temperature of Tsub= 500 °C and this 
necessitated a longer pause while the substrate temperature stabilised. For the AlSb layer the interfaces were grown to be 
"Sb-like". 

All SQW samples possessed a mirror-like surface. The SLS sample surface was also shiny although a faint cross-hatch 
pattern could be observed when viewed under a microscope. This is consistent with the expected relaxation of the SLS with 
respect to the InAs substrate. 

2.2. Structural Characterisation 

As-grown wafers were analysed by HRXRD before processing in order to determine QW and barrier layer parameters. 
HRXRD rocking curves of all six samples are shown in Fig. 3, along with numerical simulations for the pseudomorphic 
SQW samples. Sample parameters thus determined are detailed in Table 1. 

SQW Samples SLS NL sample 

Layer IC653 
Al(As,Sb) 

"BARRIER" 

IC675 

"CONTROL" 

IC692 

"CONTROL" 

IC693 
(In,Al)As 

"BARRIER" 

IC694 
(In,Al)As 

"BARRIER" 

IC720 
SLS: 105 A InAs/ 
105ÄInAs0g,Sb0,7 

n+InAs 
UDInAs 
UDQW 

UD InAs 
Barrier" 

p+ InAs 

1 urn 
0.5 um 
240 Ä 

InAso86Sbou 

0.52 urn 
250 Ä UD- 

AlASoo20D098 

0.86 urn 

1 um 
0.5 um 
150 Ä 

lnASo87OÜ0 13 

0.5 um 

1 um 

1 um 
0.5 um 
180 Ä 

InAs0,Sb0, 
0.5 um 

0.2 um 

1.1 (im 
0.9 um 
180 Ä 

InAs09Sb0, 
0.11 um 
220 Ä p- 

IricmAlo 17AS 

0.2 um 

1 um 
0.5 um 
180 A 

lnASo9]OD0o9 

0.5 um 
220 Ä p- 

'^0.83Al0 pAS 

0.2 um 

0.5 um n+ SLS 

4 um UD SLS 

1 um p+ SLS 

0.25 um p InAs 
p+InAs 
substrate 

2xl018cm-' 

Table 1. SQW and SLS NL device parameters as determined by HRXRD analysis. 

Consistent with the mirror like surfaces, the SQW rocking curves all reveal interference artifacts that confirm growth was 
indeed pseudomorphic for these samples, as intended. For the SQW samples IC693 and IC694 incorporating a 
compressively strained In(As,Sb) QW with an (In,Al)As barrier under tensile strain, the corresponding Bragg peaks in the 
XRD spectra occur on opposite sides of the substrate diffraction peak, making numerical simulation straightforward and 
accurate. This is not the case for the SQW LED IC653 with the Al(As,Sb) barrier under similar compressive strain to the 
In(As,Sb) QW (dA/A= 0.022 and 0.019 respectively) and their Bragg angles are also similar. It was found to be impossible 
to get a good numerical fit to the experimental data unless a small amount of As is incorporated into the AlSb layer+. This 
is not unrealistic given that some As will remain in the growth chamber when the As shutter is closed following the growth 
of the preceding InAs layer, even after the "Sb soak" procedure described above. 

IC653, with 4 adjustable parameters for the QW and barrier layers all contributing to what is effectively a single resolved 
layer peak, means there actually exists a region of parameter space all yielding similar numerical simulations. That the 
barrier layer does actually exist however, is confirmed by the rapid oscillations superimposed on top of the main layer 
peaks (shown in inset, Fig. 3) and is consistent with a QW-barrier layer separation of 0.52 urn, close to the nominal value of 
0.5 um, and demonstrates good group III flux calibration in our system. Oscillations of the same origin are more readily 
apparent in the XRD spectra of IC693 where the QW-barrier spacing is approximately a factor of 5 lower. In both cases the 
existence of these Fabry-Perot oscillations demonstrate good planarity of the QW and barrier layers over the ~3mm2 X-ray 
probe beam area. 

' A satisfactory fit could be obtained by employing an AlSb layer thickness < 50 A, but this is unrealistic given the nominal growth thickness of 200 A 
for a layer whose growth is determined by the Al flux 
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Figure 3. HRXRD (004) rocking curves and numerical simulations of SQW and SLS NL device wafers. 

The SLS sample IC720 is relaxed with respect to the InAs substrate and this precludes a simulation using dynamic 
diffraction theory. However the observations of 5 orders of satellite diffraction peaks attest the good structural quality of the 
SLS away from the InAs-SLS interface (where the misfit dislocation density is expected to be high). In conjunction with 
asymmetric (115) reflections the SLS parameters are determined to be 105 A InAs / 105 A InAs083Sb017, somewhat less 
than the target alloy composition of InAs0.75Sb0 25, and the emission will occur at wavelengths shorter than the 300K design 
wavelength of ~8 urn. The SLS is determined to be 70 % relaxed with respect to the InAs substrate. 

2.3. Electroluminescence measurements 

For forward bias electroluminescence measurements 600 urn diameter mesa etched LED's were fabricated using 
conventional wet-etch photolithography and a Cr/Au annular contact evaporated on the top of each device. The etch was 
stopped after the QW layer but before the barrier layer in order to protect these Al-containing layers from oxidation. Later 
experiments indicated that device performance was not sensitive to the etch depth, although no long term trials have been 
performed to date. 

Larger area devices were required for negative luminescence measurements on the SLS sample IC720, and this was 
achieved by cleaving 2x2 mm squares from the wafer after contact evaporation had been performed. The resulting 9x9 
array of annular contacts that formed the top contact probably does not represent the optimal geometry for this large area 
device. No passivation layers or AR coatings were applied to any of the devices studied. 

Packaged devices were attached to the cold finger of a cryostat for measurements in the range 10-325 K. Current pulses up 
to 1.5 A, duration 6 us and PRF 20 kHz were used to drive the devices. Luminescence was passed through a BOMEM 
DA3.02 spectrometer fitted with CaF2 windows and reflecting optics onto either a 77 K CMT Ocutoy= 12 um) photo- 
conductive or 77 K InSb (Ä.cutoff- 5.5 um) photovoltaic detector, depending on the device emission wavelength. 
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Absolute device output powers were determined at room temperature using only the detector (calibrated to a blackbody 
standard) and no other optics in order to avoid spectrometer losses. Emission was spatially and spectrally integrated and this 
reference datum used to scale the cryostat spectra. 

3. DEVICE RESULTS 
3.1. "Barrier"- SQW devices 

Electroluminescence spectra at 10 K from the SQW devices under low forward bias are shown in Fig. 4. The spectra are 
dominated by two distinct emission peaks, the lower energy feature we attribute to recombination in the QW and the higher 
feature at 400-425 meV to recombination in the surrounding InAs region. The lower QW emission energies from the 
sample IC653 and its control sample IC675 are consistent with greater Sb content in the QW. QW emission from the control 
sample IC692 (IC675) occurs at an energy some 37 (45) meV lower than the "barrier" sample IC693 (IC653) despite their 
similar QW parameters. The FWHM of the control samples (IC675, IC692) QW peaks are also much narrower than those 
observed in the corresponding "barrier" samples (IC653, IC693, IC694), and the overall intensities are over an order of 
magnitude lower so that broad impurity related luminescence is visible. The above is all consistent with a lower injected 
electron density in the QW of the control samples compared to the "barrier" samples, indicating that the barrier is effective 
in confining carriers at these temperatures. 
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Figure 4. Normalised 10 K low injection spectra for the SQW 
LED's with Io=100 mA. 
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Figure 5. Electroluminescence spectra (plotted on a semi- 
logarithmic scale) of SQW + AlAsSb "barrier" LED IC653 
as a function of injection current at (a) 10 K and (b) 300 K. 

As the bias current density is increased the "barrier" samples exhibit further pronounced blue shift and broadening due to 
band filling in the QW. Fig. 5(a) showing 10 K spectra of IC653 under increasing bias current, demonstrates that this blue 
shift may be as large as 56 meV (corresponding increase in FWHM from 22 to 70 meV) and shows the QW spectral profile 
becoming more asymmetric. Near the electron subband edge, the QW joint density-of-states is determined by random local 
variations in the QW width and/or alloy composition and this yields symmetric spectral profiles. At higher bias currents the 
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electron quasi-Fermi level moves higher into the electron subband and these band edge states no longer dominate the QW 
spectral profile which becomes more asymmetric as a result. 

The temperature evolution of the device spectra are studied under high pulsed injection currents (I0=600 mA) found under 
typical operating conditions, and these are shown in Fig. 6 (a)-(d). The y-axis scaling is identical for each graph so relative 
emission intensities may be compared. Several initial observations can be made; 
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Emission Energy (meV) 

100     150     200    250     300     350 
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200     250     300    350     400    450 
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Figure 6 (a) -(e). Luminescence spectra from SQW and SLS NL devices as a function of temperature (10-300 K). 

(a) In all cases electroluminescence (both QW and InAs related) from the "barrier" SQW samples (IC653, IC693 and 
IC694) is much greater than that from the control samples (IC675, IC692). 

(b) QW electroluminescence intensity from the "barrier" samples is comparable at all temperatures. Whilst the InAs 
electroluminescence intensity is also similar for the "barrier" samples near room temperature, at low temperatures IC693 
(asymmetric 0.1 um/0.9 um InAs cladding layers) emits significantly less InAs-related luminescence than the other two 
"barrier" samples (both symmetric 0.5 um/0.5 um InAs cladding layers). 

(c) For many of the samples the InAs related recombination exhibits a complex temperature dependence typically 
characterised by a rapid fall as the temperature is initially increased followed by a recovery at higher intermediate 
temperatures. 

(d) It is worth noting that electroluminescence from the lattice mismatched SLS device IC720 exhibits only a single peak 
characteristic of the SLS, and that its intensity is of the same order of magnitude as the QW peaks of the "barrier" devices. It 
suggests good optical quality in the active region and hence that the p-SLS layer is effective in blocking the propagation of 
misfit dislocations from the SLS-InAs interface to the undoped SLS active region. The SLS feature has lower FWHM- 23 
meV (T=10 K) compared to the "barrier" samples, consistent with an absence of band filling in the 4 um-thick undoped 
active region. 
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Figure 7. Internal quantum efficiencies per channel (QW and InAs related luminescence) for the SQW LED's as a function of 
temperature. 

In order to more fully analyse the interdependence between the 2 principle radiative channels in the SQW devices the 
internal quantum efficiency (assumed proportional to the carrier recombination rate in each channel) is calculated for each 
channel. This procedure removes the effect of different photon energies for the 2 emission peaks and peak broadening 
effects as the temperature is increased. Output power is corrected for the 18 % contact obscuration and we assume an 
internal to external efficiency ratio of l/n(n+l)2«72, and neglect free carrier re-absorption effects in the top n+ contact 
layer. A curve fitting procedure is used to separate QW from InAs peaks where they are not separately resolved (typically 
near room temperature) and the quantum efficiency for each channel (riint

QW and r|int
InAs) obtained by integrating over these 

peaks after dividing by photon energy. Results for r)int
QW and T)im

,nAs and the total (summed) efficiency are shown in Fig. 7. 

r)int
QW for the "barrier" samples IC653, IC693 and IC694 all decrease exponentially with increasing temperature, this 

behaviour may be somewhat empirically represented by a parameter T0 (where r|(T)=r|(0)exp(-T/T0)) and we have T0(653)= 
110 K, T0(693)= 93 K and T0(694)= 72 K. Initially r)int

QW for the control samples IC675 and IC692 increases with T, 
probably as the result of increasing diffusion lengths and thus increasing carrier concentration in the QW (supported by a 
rapid broadening in the QW emission profile that is characteristic of band filling effects described earlier). Thereafter the 
control samples -nint

QW both fall exponentially and are described by T0(675)= 89 K and T0(692)= 52 K. 

The higher T0 of the "barrier" SQW devices compared to their respective control samples demonstrates a clear improvement 
in device performance. The T)int

QW for the "barrier" samples are always greater than those for the control samples at a given 
T. The T0 values themselves are the result of a complex interdependence of processes determined by diffusion lengths, 
thermal escape rates from the QW and non-radiative (Auger and Shockley-Read) recombination rates in the quantum well 
and surrounding InAs. That the T0 values for the shorter wavelength (and thus shallower well) control sample T0(IC692)= 
52 K is less than that for the longer wavelength (deeper well) QW T0(IC675)=89 K; that this trend is also mirrored by the 
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"barrier" devices (irrespective of the actual barrier material), and that similar wavelength samples possess similar T0's 
suggest that thermal escape from the QW rather than Auger recombination is the limiting factor for efficient high 
temperature operation at the operating wavelengths considered here. 

Sample IC653 
(BARRIER) 

IC675 
(CONTROL) 

IC692 
(CONTROL) 

IC693 
(BARRIER) 

IC694 
(BARRIER) 

IC720 
(BARRIER) 

T.(K) 110 89 52 93 72 127 

Table 2. T0 parameters determined from exponential decay of QW electroluminescence as a function of temperature. 

Further evidence for thermal escape of carriers from the QW as the temperature is increased is evident from r|im
InAs. The 

mid-T range increase in r|int
InAs is believed to be attributable to carriers having sufficient thermal energy to escape from the 

QW and recombine in the surrounding InAs region. For the deeper well (longer wavelength) samples IC653 and IC675 
(control) this transfer of carriers out of the well begins at higher temperatures (125-175 K) than for the shallower well 
(shorter wavelength) devices IC693 and IC694 (in the range 100-150 K) 

For the shorter wavelength (k~ 4.1 urn) "barrier" samples IC693 / IC694 studied here the total 300 K power output is 108 
uW, corresponding to r\mt= 2.5 % and a factor of 7 greater than the \~ 4.1 urn control sample IC692 with rjint= 0.4 %. Of the 
total EL output 11-14 uW (12-13 % of the total emission) originates from the QW compared to 1.5 uW for the control, a 
factor of 7 improvement. 

Overall 300 K power output from the longer wavelength (k~ 4.7 um) "barrier" sample IC653 is slightly less than the shorter 
wavelength "barrier" samples (84 uW against 108 uW) but the fraction of electroluminescence originating from the QW is 
actually increased at 27 uW (32 % of the total emission). This reflects the beneficial effect of deeper quantum wells in 
reducing thermal escape. For the corresponding X~ 4.7 urn control sample IC675 the total power output is 7.6 uW with a 
similar fraction originating from the QW. The r\int= 2.1 % for the longer wavelength "barrier" sample IC653 is a factor 3.4 
greater than that found in the control. 

3.2. Negative luminescence (NL) devices 

We have previously reported initial NL results from devices containing an InAs / InAsSb SLS active region that emitted at 
4.2 urn.19 These initial devices had relatively short operating wavelengths, thin (1 urn) active regions and NL efficiencies 
TINL < 20 % (where r^ is defined at a given temperature by the ratio of maximum NL power (Fig. 9) to that of a BB at the 
same temperature). Here we extend the operating wavelength and investigate the feasibility of growing thicker (~ 4 urn) 
SLS active regions in order to offset the reduced absorption co-efficient at longer wavelengths. With the SLS composition 
of IC720 yielding an effective 300 K bandgap at ~ 6.8 um the available blackbody emittance is 3.4 mWcm"2. 

Room temperature (FB) positive and (RB) negative luminescence spectra from a 4 mm2 device are shown in Fig. 8 at a bias 
current I0=l A. A contact obscuration factor of 11.5 % has been taken into account, although the non-optimal top contact 
geometry may result in current crowding beneath the contacts that would cause a deterioration from the true spectral 
emittance values shown. The theoretical limit corresponding to a 300 K blackbody has been included for reference. The 
negative luminescence operating wavelength has been extended to X=6 urn. 

A useful feature of negative luminescence operation, namely the increase in output power with temperature, is evident in 
Fig. 9. This contrasts conventional FB operation where the output is seen to decrease with increasing temperature in the 
range 270-300 K (reducing slope of positive luminescence branch of Fig. 9). Temperature dependent variations of output 
power currently constitute a major obstacle to the successful implementation of LED's into low cost gas sensing systems 
where expensive temperature stabilisation hardware must be avoided. AC bias schemes utilising both positive and negative 
luminescent device operation may eventually prove useful in this respect. 

The peak spectral emittance in RB (at A,=6 um) is -0.5 uW/cm2 meV, about the same as the earlier X= 4.2 urn NL device (- 
0.45 uW/cm2 meV).19 The present device is operating at longer wavelengths where more of the 300 K blackbody spectrum 
is available and so there is a consequent reduction in r)^ (1.1 % at the peak of the NL spectrum, climbing to -5% at shorter 
wavelengths) compared to the earlier X= 4.2 um device. However, that the emittance has not decreased despite a substantial 
increase in the operating wavelength highlights the potential of this operating mode. 
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Figure 8. Positive and negative luminescence from SLS NL 
device IC720 at 300K, and negative luminescence efficiency. Figure 9. FB and RB L-I curves for SLS NL device IC720 in 

the temperature range 270-320 K. FB power output decreases 
while RB power increases as the temperature is increased. 

The reduction in r\^ occurs despite the present device incorporating a thicker active region to offset the reduction in 
absorption co-efficient as the active region wavelength is increased. This suggests that the present device T^ is being 
limited by leakage currents that act to reduce the extraction process and limit the reduction in np product in the active 
region. We believe that the dominant mechanism negating the extraction process in RB may be the generation of minority 
holes, possibly by a CHHL Auger process, in the top n+ SLS layer. Suitable wide bandgap n-doped layers, such as short 
period n-InAs / AlSb superlattices, may prove beneficial in reducing this leakage current and improving device 
performance. 

4. CONCLUDING REMARKS 

Further improvements in SQW LED device performance have been realised by incorporating electron confining barrier 
layers. Both compressively strained ALAs002Sb09S and In0g3Al017As barriers under tensile strain have been successfully 
grown into SQW devices whilst maintaining pseudomorphic growth to the available InAs substrates. Room temperature 
quantum efficiencies have been improved by factors by up to 7. 

Negative luminescence operation has been extended to X=6 urn in the InAs / InAsSb SLS system without any reduction in 
emittance compared to earlier K= 4.2 um devices. NL device performance appears to be limited by leakage currents 
originating in the top n+ contact layer that act to limit the extraction process. The use of wide gap n-doped contact layers 
may bring significant improvements in this respect. 
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ABSTRACT 
Native Oxide AlAs layer were employed to block the current injection from the top anode. 

The luminous intensity exceeded 75mcd of the LED chip with native oxide AlAs layer 

sandwiched 5pm AlGaAs current spreading layer under 20mA current injection. Electrical 

and optical properties the LED chip and plastically sealed lamp were measured. Aging of the 

LED chip and lamp were performed under 70°C and room temperature, Experiment results 

shown that there is no apparent effect of the native oxided AlAs layer and the process on the 

reliability of the LED devices. 
Keywords: Native Oxided AlAs, Current blocking layer,     AlGalnP, 

High Brightness Light Emitting Diodes. 

1.INTRODUCTION 
High-brightness visible light-emitting diodes(LEDs) are becoming increasingly important 

and have numerous potential applications, such as in the field of optical display system, traffic 

signal and automobile lamp. The quaternary AlGalnP alloy, which can be precisely lattice 
matched to GaAs substrate, have a direct bandgap ranged from 1.88 to 2.30eVm, with different 

aluminum composition, Mass production of AlGalnP high-brightness LEDs has been realized 
by using multi-wafers metal organic chemical vapor deposition (MOCVD) system recently. One 
of the problem in the InGaAlP LEDs was a restriction of light extraction efficiency caused by 

light absorption of top anode, Because the current injection concentrate under the anode. Thick 
current spreading layer, transparent anode'21 and reverse biased pn junction current blocking 
layer131 were considered to reduce the current injection under anode. But these measurements 
whether lead to large cost or make fabrication process difficulty. In this article native oxide 

AlAs layer sandwiched 5um AlGaAs were employed to block the current injection from the top 
anode, The fabrication process is simple and cost less. 

2.STRUCTURE OF THE DEVICE 
The Schematic cross sectional structure of the device was shown in fig.l, The epilayers were 

grown by LP-MOCVD on GaAs substrate, In sequence the device consist of 0.2um GaAs buffer 
layer, 10 pairs AlAs(525nm)/GaAs(500nm) DBR for reflection of light toward absorptive GaAs 

substrate, DH structure active region with 1pm n-CAloyGao^osInosP lower confinement layer, 
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0.5 um i-(AlxGa1.x)0.5lno.5P and lurn p-(Al07Ga03)05In05P upper confinement layer. For current 

spreading and the blocking of the current injection under the top anode 0.1 um AlAs sandwiched 

in 5um Al08Gao.2As. Contact layer was O.lum p+ GaAs doped lel9cm"3. In the center of the top 

anode lOOum2 square oxidation window were etched. Selective oxided AlAs region is larger 

than the top anode to block current injection shown as the dashed arrow. 

4A native oxide AlAs   4B oxidation window 
49    anode 

48   p+-GaAs 

47   p-Al08Ga02As 

46   p-AlAs 

45    p-Al08Gao2As 

44    p-(Alo.7Gao.3)o.5In0.5P 

43    i-(AlxGa1.x)05In05P 

42   n-(Al0.7Ga0.3)0.5In0.5P 

4C 10 pairs AlAs/GaAs DBR 

41A GaAs buffer layer 

41 n-Substrate 

40   Cathode 

Fig. 1 Schematic cross sectional structure of the device 

3.MATERIAL GROWTH AND DEVICE FABRICATION 
AlGaAs/AlGalnP material were grown on GaAs substrate with orientation (001) off (lll)A 

6° by AXITRON AIX 200 MOCVD system, TMGa,TMAl,TMIn were used as group III 

elements precursors, PH3 and AsH3 were used as group V element precursors. For AlGalnP 

material growth the V/III ratio was 100. DEZn and SiH4 were used as p-typed and n-typed 

dopants respectively. The growth temperature was 700°C-750°C, The total hydrogen flow was 71. 

The oxidation window was formed by lithograph after top anode deposition, Then AlogGaojAs 

current spreading layer was etched with H2S04:H202:H20=3:1:1 solution at room teperature., 

This solution only etch AlGaAs and stop at the surface of AlGalnP. 

Au/Zn/Au was used as p-type , <|>100um circle top anode was formed by lithography. 

AlAs Oxidation process were performed after anode pattern lithograph. High purity N2 

through 80°C deionized water bath were used as oxidation gas, The oxidation were processed 

under 500°C with different time to check the current blocking effect variantion. 

AuGeNi was used as n-type contacts, The wafer was sawn to 300X300um2 square dice 

bounded on copper heat sink for measurement. 

4.DEVICE PROPERTIES AND DISCUSSION 

The device optoelectronic properties are strongly depend on the oxidation time, The 

oxidation speed is slowed down with oxidation time increase (shown in fig.2 ), The oxidation 

pattern is square when the oxidation time is less than 30 minutes, but when the oxidation time 

increased the oxidation pattern is rounded at the corner of the square because of the oxidation 
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speed is slowed down. 
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Fig.3 Luminescence Intensity (20mA)variation 
with oxidation time 

Fig.3 shows the device luminescence intensity variation versus oxidation time, We found 

that the luminescence intensity increases slow at first 20 minutes and tends to saturation when the 
oxidation time is longer than 60 minutes. When the oxidation time is less than 20 minutes the 

oxidation depth is less than 30(im, so the blocking layer is still under the top anode. When the 
oxidation is longer than 60 minutes, the oxidation blocking layer is larger than the top anode, so 

the current injection region is far away from the top anode, Light from active region almost cant 

reach the top anode. 
As the oxidation depth 

increase the hole injection 
from anode need longer path 

to reach active layer combine 
with  electron,   so  the   series 

resistance     increases,     This 
caused  the   device   operation 

voltage   increasing   with   the 
oxidation time increase. 
Fig.4 shows the operation 
voltage under 20mA 

versus oxidation. Compare with 

Fig.3, we think the optimized 
oxidation time is around 60 minutes, 
under this condition the light extraction 
is tend saturation and the operation 
voltage is acceptable. 

Fig.5 compared the reliability for different oxidation time under 70°C 20mA, Experiment 

results shows no apparent decreasing after oxidation process. 
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SUMMARY 

Native Oxide AlAs layer was successfully employed to block the current injection from the top 

anode. The luminous intensity exceeded 75mcd of the LED chip with native oxide AlAs layer 

sandwiched 5urn AlGaAs current spreading layer under 20mA current injection. This result can be 

compared with LEDs which have thick GaP current spreading layer grown by VPE[4). Electrical and 

optical properties of the LEDs, The results show that oxided AlAs depth must be well controlled to 

optimum the operation voltage and light emitting efficiency. Aging properties of the LED shown that 

there is no apparent effect of the native oxided AlAs layer and the process on the reliability of the LED 

devices. 
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ABSTRACT 

Current developments in computer technology give rise to increasing data communication over relatively short distances at 
backplane- and inter MCM interconnect level. It is foreseen that electrical interconnect will not be able to accommodate the 
necessary data traffic in advanced data processing systems in the future and hence a bottleneck will be created. A potential 
remedy for this interconnect problem is the use of parallel optical datalinks. In this paper we propose small diameter step 
index plastic optical fiber ribbons in combination with high efficient resonant cavity LED's as a cheap and feasible option 
for these optical links. A design for such an optical link is presented with special attention for the optical pathway. 
Experimental results on the optical properties of the used POF are shown. We describe the development of RCLED's at 
850nm specially designed for efficient coupling into POF. We measured a RCLED to POF coupling efficiency up to 40%. 
Additionally we report on the technologies used for the fabrication and assembly of the optical pathways and finally some 
experiments were carried out on the first realized assemblies. 

Keywords: Resonant Cavity LED's, Plastic Optical Fiber, Parallel Optical Datalink, 

1. INTRODUCTION. 

Increasing component density, chip size and clock frequencies may create a bottleneck in electrical interconnections of data 
processing systems over a few years. Parallel optical interconnect with direct access to any location within a CMOS chip, 
has been proposed as a solution to the problems inherent to the electrical interconnect '. Resonant Cavity LED's are suitable 
light sources for that kind of interconnect systems since they can be integrated into large 2D arrays. Moreover, they have a 
high efficiency at low current (no threshold), a low thermal and electrical resistance and they emit light vertically. In addition 
they are reliable, eye-safe, and relatively cheap. The cost of the optical link is indeed a dominating factor in realization of 
such optical interconnect systems. Therefore the use of polymer optical fibers (POF's) is extremely attractive: it is a very 
cheap product and moreover a quick end facet termination technique has been developed: the POF's are simply cut with a 
hot knife. In this way time the time consuming (and hence expensive) process of polishing the end facet, necessary in the 
case of glass fibers is avoided. In addition POF's exhibit smaller bending losses due to their large numerical aperture. 
Consequently compact optical links are possible. Moreover the large numerical aperture allows to capture a relative large 
part of the emitted light of the RCLED. Nowadays POF's with a diameter of 125nm are available what permits us to use the 
standard channel pitch of 250nm. Compact optical connections using a 4 X4 POF array bent over 90° have been reported 2'3. 
The fact that POF has a higher loss than glass fiber is of little importance since we consider interconnect distances that vary 
between a few centimeter and 1 meter. In this paper we propose the use of 850nm substrate removed RCLED's in 
combination with small diameter (63/125p.m) step index POF for parallel optical links on backplane- and inter MCM 
interconnect level. We illustrate the optical properties of POF with some experimental results. We describe the development 
of these RCLED's specially designed for a maximal power coupling into the POF. In addition the power coupling between 
RCLED's and POF is studied wit special attention for the alignment tolerances. Further on the realization of the optical 
pathways in the optical links is discussed. The design of these optical pathways is based on plates with grooves in which the 
POF's are fixed. These grooves are made with laser ablation in polymethyl metacrylate (PMMA) plates. After fixing the 
POF's in the grooves, the plates are aligned and stacked in order to create a 2-dimensional POF array. We developed a 
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versatile and flexible alignment method we called "virtual" alignment. First experimental results on the assembly are shown 
and discussed. Large part of the work has been done in the framework of the European Community ESPRIT-OIIC project4,s. 
The aim of this project is to realize several demonstrators in which parallel optical links interconnect FPGAs (Field 
Programmable Gate Arrays). In this way a 3D stack of interconnected gates with low latency and large programmability 
flexibility is realized. 

2. 63/125 um STEP INDEX PLASTIC OPTICAL FIBERS. 

Since step index POF has been reported for the first time in 1968 by Dupont it has been evolving rapidly 6. Nowadays low 
loss graded index fibers are introduced in WDM systems7, home networks8 and automotive systems9. Most of the available 
POF has a large core (>300p,m) what results in low loss (and hence cheap) connectors. However for compact parallel chip- 
to-chip interconnect links a standard pitch of 250)xm is adequate. Hence a POF with a core diameter of 63fim and an overall 
diameter of 125nm is a compatible choice. Moreover, reducing the core diameter allows the use of smaller detector 
diameters what increases the data transmission speed. For that purpose PMMA POF has been purchased at ASAHI chemical 
and the geometrical and optical properties were studied. In addition extensive work was done on the end facet termination of 
POF ' . Several techniques were studied and evaluated. All the samples used for the experimental work reported in this 
paper are terminated with "hot knife cutting": a 110°C warm knife edge is used to cut the POF's. 

2.1. Geometrical properties. 

The POF's have been measured on their core an cladding diameter: we found an average core diameter of 63^m with 
standard deviation of 2.36|am. This variation on the core diameter can cause some limited losses on the transmission 
efficiency while coupling a POF to a RCLED/detector or to another POF. For example, even in the case of perfect alignment 
two butt-coupled POF's will still suffer an average transmission loss of 0.18dB caused by difference in core diameter. For 
the overall diameter a value of 122.6 jam was found, with a standard deviation of 5.8pim. How this will influence the 
coupling efficiency has not been investigated yet, but it will depend on the shape of the grooves in which the POF's are 
fixed. Also the core-cladding concentricity will influence the coupling efficiency, but it has not been investigated neither. 

2.2. Absorption losses. 

18 
16 
14 

Absorption losses are one of the main drawbacks of the use of POF. As opposed to glass fiber having losses of few dB per 
kilometer, POF's have losses in the order 
of few dB per meter, (fig 1). Moreover 
the low loss wavelength domain is 
situated between 400 and 850nm.This is 
one of the reasons why we chose 850nm 
as the emitter wavelength. However, for 
optical links of maximal 1 meter the 
absorption losses are acceptable. The 
absorption loss at 850nm has been 
measured with a cut back method: a 
value of 2.8dB/meter was found. 
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Fig. 1: Absorption spectrum for a PMMA step index fiber. 
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2.3. Numerical aperture and bending losses. 

The numerical aperture of the POF is specified at 0.5. This has been verified experimentally: the numerical aperture was 
calculated from a far field emission pattern of a 1 
meter long POF. A value of 0.5 was found 
indeed. A high numerical aperture decreases the 
bandwidth of the link. But here again for small 
distances this is irrelevant. On the other hand this 
relatively high NA permits low bending losses. In 
order to verify this, POF's were bent and the 
transmission losses were measured. Bending radii 
down to 2 millimeter did not cause any losses. 
Moreover we looked at the influence of bends on 
the mode distribution in the POF. Therefore a 
360° bend (radius 2mm) was introduced in a 
50cm long POF. As can be seen from figure 2 the 
far field emission pattern is only slightly 
disturbed. This implies that the efficiency of the 
POF to detector coupling at the end of the optical 
link is independent of any bends in the POF. 
Neither is there any risk of crosstalk at detector 
level induced by bends. 

Fig 2: Far field emission pattern of a 50cm long POF. The curve with the 
squares gives the field without a bend, the curve with the triangles gives the 
field after a 360 degrees bend. 

3. 850nm SUBSTRATE REMOVED RESONANT CAVITY LED'S. 

Standard planar LED's have a low efficiency due to the total internal reflection at the semiconductor-air interface. However, 
if the active layer is sandwiched between 2 mirrors, the resonant cavity effect alters the radiation pattern, resulting in a more 
directed beam and smaller emission spectra n"13. These devices are called RCLED's. Compared to standard LED's, more 
power is emitted within the solid angle of escape, resulting in increased extraction efficiency. This effect has been used to 
increase the total extraction efficiency, up to values of 22 % for 980 nm RCLED's14. Other techniques for increasing the 
efficiency of LED's include the use of surface roughening as in the case of the non resonant cavity LED. Over 17% overall 
efficiency at high speed has been reported15. For the considered POF based optical link, RCLED's at 850nm were 
developed. This emission wavelength has the advantage of allowing the detection by integrated Si detectors. However, the 
GaAs substrate of the through-substrate emitting devices has to be removed completely, as it is highly absorbing. This 
substrate removal is achieved by a combination of a mechanical polish and a wet chemical etching technique. The RCLED is 
designed is such a way that a maximum amount of power is launched into the numerical aperture of POF, at the lowest 
possible drive current. 

3.1. Structure and performance of the RCLED's. 

The RCLED structure is shown in fig 3. The active layer (3 GaAs quantum wells embedded in Al2oGa80As barriers) is 

gold mirror/ 
p-contact p++ GaAs contact layer 

phase matching layer 

A120Ga80As cavity 
with 3 GaAs 
quantum wells 

üHv-rz*   

.  , . ,-t ,:iiSßK.--- 
AlAs/GaAs DBR 

(removed substrate ) III 

Fig3: The bottom emitting 850nm RCLED. 

Fig 4: Flip-chipped 8X8 RCLED array. 
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sandwiched in between a metal (gold) top mirror and DBR outcoupling mirror. The cavity thickness is chosen to match the 
cavity resonance wavelength with the intrinsic spontaneous emission wavelength. The active layer is placed at the anti node 
position of the internal standing wave profile. Simulations were done to optimize the layer structure of the RCLED for 
coupling to POF and to determine the optimal cavity detuning and number of DBR pairs. 
In a first run, a AlAs/GaAs DBR was chosen, to minimize the penetration depth of the outcoupling mirror and thus maximize 
the extraction efficiency. The devices were realized in 8x8 array and flip-chipped on glass and semiconductor carriers (fig4), 
then they were characterized. The overall extraction efficiency was rather poor: only 5 % was achieved. This was 
contributed to the absorption losses in the GaAs-Iayers of the DBR. The bandgap energy of GaAs is about 870nm, and the 
emitted 850nm light is absorbed very fast. Therefore, a new experiment was started, with a All5Ga85As/AlAs DBR. The 
layer structure was again optimized for maximal coupling to POF. The design also includes a high Al content layer, to be 
oxidized selectively to form a current window. Figures 5 and 6 show the measured optical power and voltage drop as 
function of the current, for 50|i,m diameter RCLED's (70|0.m mesa diameter). The 8x8 array was highly non-uniform. This is 
contributed to a non-optimized substrate removal process. However, some important conclusions can be made. The best 
overall quantum efficiency was about 9 %. Only one device did not work at all, but only 33 % of the devices had the large 
efficiency. Three devices have a very small saturation current (max efficiency at 2mA), and also a larger voltage drop. This 
can be explained by cracks in the RCLED-film. The voltage drop over the LED's after the substrate removal process 
increases, for example from 1.8 to 3.1 V at 2mA drive current. This is contributed to an increased lateral resistance, because 
of the absence of the substrate. A 2\xxa All5Ga8JAs layer under the etch stop layer can enhance the mechanical stability 
(cracks) and the current spreading. Currently we are investigating this solution as well as an improved etching mechanism. 

Figure 5 : Measured (P,I) curves of 50 um RCLED 
(70um mesa). 

Figure 6 : Measured (V,I) curves of 50 um RCLED 
(70um mesa). 

3.2. Coupling efficiency and alignment tolerances. 

The coupling efficiency of RCLED's to POF was experimentally tested. RCLED's with a mesa of 70um were butt coupled 
with the 63/125iim POF. Up to 40% of the emitted power is coupled into POF. This can be explained by the fact that since 
the substrate is removed, the end facet of the POF is very close to the emitting area of the RCLED. Hence almost all the light 
emitted by the RCLED falls on the end facet, and all the light within the NA of the POF is captured. A maximal ratio 
coupled power in POF/drive current of 16uWatt/mA was found (at 1.8mA drive current) 
Another key element in the design of an optical link is the alignment tolerance of the RCLED to POF coupling. Therefore a 
RCLED with a mesa of 52|j,m was butt coupled with the 63/125|jm POF and a lateral offset was introduced (fig 7). As can 
be seen from figure 8, a misalignment of +/- 15pm is allowed with negligible penalty. For higher offsets the efficiency 
decreases dramatically. 
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Fig 7: Lateral offset of a RCLED to 
POF coupling. 
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Fig 8: Coupling efficiency for a butt coupled POF and RCLED (mesa 52um). 

4. OPTICAL PATHWAYS. 

Besides the development of RCLED's a lot of our research work has been focused on the development of the optical 
pathways for the parallel link. 2D-arrays of POF's need to be assembled in order to interconnect 2D arrays of RCLED's and 
detectors. Alignment structures need to be developed for efficient coupling of these POF arrays to the RCLED/detector 
arrays. The construction of these structures is based on PMMA plates with grooves at a pitch of 250nm in which the POF's 
are fixed (fig 9,10) By stacking the plates at a pitch of 250p:m a 2D POF array is created (fig 11). These grooves are made 
with laser ablation (ArF excimer laser, 193nm). During the stacking the plates are aligned with a method we called "virtual" 
alignment. No master tool is needed and hence the method is versatile and can be used to align devices with different shapes 
without having to adapt the alignment setup. In a first step we develop a 4X8 POF patchcord (fig 12). In a further step we 
will develop more complicated structures containing a router function. 

jm 

Fig 9: PMMA plate with grooves at 250p.m. Fig 10: POF's are fixed in grooves. 

Fig 11: Plates are stacked at 250p.m. Fig 12: A 4X8 POF patchcord. 
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4.1. PMMA plates with POF's. 

4.1.1. Laser ablation. 

Laser ablation can be defined as controlled local removal of material through laser pulse - substrate interaction. A substrate 
is irradiated with a high power (0.07 - 4 J/cm2) laser beam. The light interacts with the material and particles are ejected 

/I w/ 
/ 

Fig 13a: Material 
is irradiated. 

Figl3b: Light is 
absorbed locally. 

^E7 

Figl3c: Particles 
are ejected. 

Figl3d: Microhole 
is realized. 

(figl3). In this way a microhole is created. This technique has several 
advantages: it is a non-resist technique, it does not require severe 
conditions, nor on the ablation environment and neither on the 
substrate. However the material should be highly UV absorbing. 
Finally, it is a very versatile and fast prototyping technique. Different 
materials were irradiated with two different excimer lasers (193nm 
(ArF), 248nm (KrF)). PMMA plates irradiated at 193nm generated 
the best results. Very steep sidewalls (78°) and low RMS roughness 
(0.33|J,m) at the bottom of the grooves were obtained (fig 14). The 
grooves are ablated with mask method; the laser light passes a mask 
containing the pattern of four grooves. While the laser is irradiating 
the material with consecutive pulses (frequency lOHerz), the sample 
is translated. Since a large area is irradiated and since 4 grooves are 
ablated simultaneously the whole procedure takes only about 
15minutes for a plate with 8 grooves of 1cm long. 

H m * MdMiäL, 
:,;X58,,500Wm,; .12   2?   SEI 

Fig 14: Laser ablated grooves in a PMMA plate. 

4.1.2. POF's in grooves. 

In a second step the POF's need to be fixed in the grooves. Therefore a special setup has been build (fig 15). A 1X8 array 
POF's is tended at pitch of 250)^m by two MT ferrules. These are standard commercially available ferrules for 1X8 glass 
fiber arrays. Two plates are positioned on a translation table. The table is moved upwards and the POF's are pushed into the 

MTferrule 1X8 POF array 
Plates with grooves. MT ferrule 

t 

Fig 15: Setup for fixing the POF's in the grooves. 
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grooves, then the POF'S are fixed with UV-curing glue. Finally the 
POF's are cut with a hot knife (110°C) (fig 16). Critical points in the 
procedure are the actual pushing of the POF's in the grooves: the 
POF's need to be positioned at the bottom of the groove. Otherwise 
the precision of the ablation technology will be lost. Also the hot 
knife cutting needs to be done with great care in order not to destroy 
the ablated structure. 

Fig 16: POF's glued in plate with grooves. 

4.1.3. Experimental results. 

Measurements were done on some plates with fixed POF's: the position of the fiber cores was determined with a scanning 
experiment. By scanning the POF'S with a RCLED and measuring the transmitted power through the fiber on can find the 
position of the fiber core. We found an average pitch of 248|im with a standard deviation of 6pm (fig 17). The average Y 

o Q o^yo o o o e Average 
Y position 

Y axis 
Xaxis 

Fig 17: Position of POF cores in plate. 

position was calculated. The average distance between the POF cores and this average Y position was 1.3|0.m with a standard 
deviation of 4.8p.m. These deviations seem quite large but one should consider that the core-cladding non-concentricity and 
the variation on the core diameter contribute to this 
phenomenon to a considerable extent. 

4.2. Creating 2D POF arrays. 

4.2.1. "Virtual" alignment. 

Camera 1 Camera 2 

After fixing the POF's in the grooves the plates need to 
be stacked at a pitch of 250um. A special setup has been 
built for this purpose, (fig 18) Essential are the precise 
translations of the object table and the use of two 
independently movable cameras. This allows us to avoid 
the use of master tools. The principle of "virtual" 
alignment is explained in figure 19. Important for a good 
functioning is a good adjustment of the setup before the 
actual alignment is done. E.g. the crosshairs of the 
cameras need to be parallel with the translations (x,y) of 
the objecttable. This has to be adjusted with high 
precision. After the plates are aligned they are fixed with 
UV-curing glue. 

Holder 
(x,y,z,a) 

Objecttable, precise x,y 
translations, a rotation 

Fig 18: "Virtual" alignment setup. 
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Fig 19a: The plate positioned at the objecttable 
is looked at with the two cameras. 

Fig 19b: The comers of the plate are positioned 
on the crosshairs. 

.250um 

Fig 19c: The plate is moved over an exact 
distance of 250um. 

Fig 19d: The second plate (on the holder) is brought 
in the vicinity of the first plate. 

Fig 19e: The second plate is positioned on the 
crosshairs and hence it is at 250um of the first plate. 
Afterwards the plates are glued. 

Fig 19f: By repeating the procedure an m X n array 
is obtained. 

4.2.2. Experimental results. 

Some plates were stacked and glued as can be seen in figure 20. Since the 
plates had a thickness of about 270|im we stacked them at 280^m. Then the 
position of the POF cores was determined with the same scanning method as 
described above. Following results were found (fig 21): the distance between 
the average y positions of both rows of POF cores (yav) was 279.5nm. The 
angle between both POF rows was 0.15°. The offset between two adjacent 
POF's on the same vertical line (Ax) was 4jirn with standard deviation 7[mi. 
Here again one should consider that the geometrical properties of the POF 
themselves contribute to the results of this experiment. 

Fig 20: Stacked plates with POF's. 
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Fig 21: Distances between POF cores in 2 stacked plates. 

167 



5.CONCLUSIONS. 

We developed RCLED's with promising characteristics for the use in POF based parallel optical links. However some 
improvement needs to be done on the substrate removal technique in order to obtain a better yield. We posses adequate 
techniques for the fabrication of parallel optical links, but the uniformity of the experimental results needs to be enhanced. 
63/125(im Step index POF is a suitable candidate for the optical transmission medium although a more controlled geometry 
would certainly increase the precision and uniformity of the optical pathways. As an overall conclusion we can state that the 
combination of substrate removed 850nm RCLED and 63/125^111 step index POF seems to be a promising option for the 
realization of chip-to-chip parallel optical datalinks. 
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ABSTRACT 

We present detailed studies of polymer light emitting diodes fabricated from ionically self-assembled monolayer thin films. 
The ionically self-assembled monolayer (ISAM) films are created with a new thin film fabrication technique that allows 
detailed structural and thickness control at the molecular level. The ISAM fabrication method simply involves the dipping of 
a charged substrate alternately into polycationic and polyanionic aqueous solutions at room temperature. Importantly, the 
ISAM technique yields exceptionally homogeneous, large area films with excellent control of total film thickness. Our 
studies concentrate on improving the performance of ISAM light emitting diodes that include poly(para-phenylene vinylene) 
(PPV). The individual thickness of each monolayer and the interpenetration of adjacent layers can be precisely manipulated 
through the parameters of the electrolyte solutions. The effects of the pH and ionic strength of the immersion solutions, the 
total film thickness, and the PPV thermal conversion parameters on the photoluminescence and electroluminescence yields 
have been systematically studied. Through the ISAM process we can also deposit well-defined thicknesses of different 
polymers at the indium tin oxide and aluminum electrode interfaces. The interface layers are found to affect the 
electroluminescence efficiency. 

Keywords: polyelectrolytes, ionically self-assembled monolayers, polymer light emitting diodes, poly(paraphenylene 
vinylene) 

1. INTRODUCTION 

The first demonstration of a light emitting diode fabricated from a conjugated polymer1, has generated continued interest in 
developing new materials and improving the efficiency of the devices. Conjugated polymers are characterized by a 
delocalized 7t-electron system along the polymer backbone, which gives them the semiconducting properties. The advantages 
of using polymers for the fabrication of optoelectronic devices consist in their ease of fabrication, processability, and the 
possibility of designing new materials with various bandgaps and electron affinities. For display applications, the most 
heavily studied polymer has been poly(para-phenylene vinylene) (PPV)2'3 along with its derivatives4,5. The typical process of 
forming thin films of these materials is the spin coating technique. Our approach is to fabricate homogeneous thin films 
through the ionically self-assembled monolayer (ISAM) technique, developed by Decher and coworkers6,7 and demonstrated 
for light emitting diodes (LED) applications by Rubner and coworkers8,9. The technique allows for detailed structural control 
of materials at the molecular level combined with ease of fabrication and low cost. The ISAM method involves the alternate 
dipping of a charged substrate into an aqueous solution of a cation followed by dipping in an aqueous solution of an anion at 
room temperature. Since the adsorption is based on the electrostatic attraction of interlayer charges, each layer is self-limiting 
in thickness and uniform at the molecular level. This occurs because the film molecules are free to adjust their positions to 
improve the overall packing since they are not covalently bound to the substrate. Sequential layers are rapidly fixed by drying 
at room temperature and in air. The typical bilayer thickness is on the order of a nanometer and can be precisely controlled 
(0.5 to > 5.0 nm) by the parameters of the dipping solutions. Multilayer films several microns in thickness are easily 

In Light-Emitting Diodes: Research, Manufacturing, and Applications IV, H. Walter Yao, Ian T. Ferguson, 
E. Fred Schubert, Editors, Proceedings of SPIE Vol. 3938 (2000) • 0277-786X/00/$15.00 169 



fabricated by repeating the dipping process with no practical limit to the number of layers that can be deposited. The resulting 
pliable films are mechanically very robust. The advantages afforded by molecular control on the subnanometer level provide 
opportunities for dramatically enhanced photonic10, electronic, and optoelectronic" devices. 

2. EXPERIMENTAL DETAILS 

The materials used for the fabrication of the emissive ISAM films were cationic precursor poly(para-phenylene vinylene) 
(PPVpc), prepared by the classic route8'12 and poly(methacrylic acid) (PMA) purchased from Polysciences. For the interface 
study we used several polymers. The polythiophene acetic acid (PTAA) was prepared according to Reference 13. 
Poly(allylamine hydrochloride) (PAH) was purchased from Aldrich, poly(sodium 4-styrenesulfonate) (PSS) was purchased 
from Polysciences, and the polymeric dyes poly S-l 19, and poly R-478 were purchased from Sigma. The pH and the ionic 
strength were adjusted accordingly for the different studies as described in the sections below. The films were prepared at 
room temperature and in air. After the deposition of the films on glass slides and indium tin oxide (ITO) coated glass slides, 
the films were thermally treated under dynamic vacuum at 300 °C for approximately 8 hours. Absorption spectra were taken 
with a Jasco spectrophotometer and fluorescence spectra were taken with a Perkin Elmer fluorescence spectrometer. For the 
electroluminescence spectra we used an Ocean Optics spectrometer. The I-V curves were obtained using a Keithley source 
unit, and the luminance values were read with a Minolta luminance meter. All measurements were carried in air at room 
temperature. Evaporated aluminum was used as the top electrode of the devices. 

3. OPTIMIZATION OF THE ABSORPTION 

In the initial study, we optimized the parameters of the dipping solutions for the absorbance of the films and thus, the 
thickness of the films. Two basic variables have been studied that control the amount of PPV precursor adsorbed into each 
monolayer: the presence of salt in the PPVpc solutions, and the pH of the PPVpc solution. The polyanion PMA dipping 
solution was adjusted to 10 mM concentration, pH=3.5 and salt concentration of 0.05 M. For the first series, the precursor 
PPV was 0.3 mM, 0.05 M salt, and the pH values were 3.5, 6.5, and 8.0. The films with the same number of bilayers were 
deposited on glass and we recorded the absorption spectra of the films for the three values of the pH, after the thermal 
conversion of the PPV. As seen in Figure 1 (left), the best (PPV/PMA)20 (where the subscript indicates the number of 
bilayers deposited) film is obtained for pH=3.5. The high pH values of the PPVpc solution decreased the amount of PPVpc 
that adsorbed to the slides. In order to examine the light emission of the films, we also performed fluorescence measurements 
on the same films. The excitation wavelength was 360 nm. Figure 1 (right) shows the fluorescence spectra obtained for films 
made for the pH study, after the thermal conversion. The trends of the fluorescence spectra follow those of the absorption. 
The slide with the highest fluorescence intensity had the pH of 3.5, having the photoluminescence peak around 485 nm. 
These results indicate that the films fabricated from PPVpc solution with pH 3.5 had the largest amount of PPVpc adsorbed 
to the substrate. 
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Figure 1. Results of the effects of pH on absorbance (left) and photoluminescence (right) of (PPV/PMA)20 films on glass substrate. The 
absorption spectra (left) from bottom to top are for pH values of 8.0, 6.5, and 3.5. The post-conversion photoluminescence spectra (right) 
from bottom to top are for pH values of 8.0, 6.5, and 3.5. 
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The next study examined the adsorption of the (PPV/PMA)2o films on glass as a function of the ionic strength of the PPVpc 
dipping solution. All solutions had pH adjusted to 3.5, and the salt content for the PPV varied as shown in Figure 2 where the 
absorption spectra were taken after the thermal conversion of the PPVpc. The absorbance of the films increases with 
increased ionic strength of the solution, up to 0.5 M, after which the absorbance decreases with increased ionic strength. 
However, the salt concentration does not seem to affect the position of the peaks, as all are at approximately 370 nm. This 
indicates that the conjugation length distribution of the PPV is unchanged. The fluorescence measurements (Figure 3) for this 
series also follow the trend observed in the absorption. The excitation wavelength was 360 nm. The spectra show increasing 
luminescence up to 0.5 M and decreasing luminescence beyond that point, similar with the absorbance results. The fixed 
position of the peak for all spectra confirms that the conjugation length distribution of the PPV is unchanged. 

280 380 480 580 
Wavelength (nm) 

680 780 

Figure 2. Absorption spectra of (PPV/PMA)2o films with different salt content. The spectra from bottom to top are for salt concentrations 
of 0.0 M, 1.0 M, 0.05 M, 0.1 M, 0.75 M, 0.25 M, and 0.5 M. The curve with highest absorbance was obtained for 0.5 M salt. The inset 
shows the absorption peak (at 370 nm) vs. the salt content. 
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Figure 3. Photoluminescence spectra for post-conversion slides with a pH of 3.5 and varying salt molarity. The spectra from bottom to top 
are for salt concentrations of 1.0 M, 0.75 M, 0.25 M, 0.1 M, and 0.5 M. The highest intensity in the photoluminescence was obtained for 
0.5 M salt. The inset shows the PL peak intensity at 485 nm vs. salt concentration. 
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4. PPV/PMA LED DEVICES 

The device configuration is typical for a polymer LED device. On top of an indium tin oxide (ITO) coated glass slide we 
deposited the ISAM (PPV/PMA)X film, where x denotes the number of bilayers, and on top of the film we deposited the 
aluminum electrodes by resistive evaporation. Figure 4 contains the absorption, photoluminescence, and electroluminescence 
spectra for typical ISAM (PPV/PMA)X device. The photoluminescence spectrum was obtained using the excitation 
wavelength of 440 nm, where the maximum for absorption occurs. The electroluminescence spectrum has the maximum at 
506 nm and has similar features with the photoluminescence spectrum, as expected for a good thermal conversion of the 
PPVpc to the fully conjugated form. Typical current-voltage and light-voltage curves for the films are presented in Figure 5. 
The low luminance values are due to the fact that we used a low concentration for the PPVpc dipping solution and therefore 
obtained very thin films. More recent results from devices prepared with more concentrated solutions, yielding thicker films, 
showed an increased value for the luminance. 
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Figure 4. Absorbance, photoluminescence, and electroluminescence spectra for a typical ISAM (PPV/PMA)20 LED device. 
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Interesting results were obtained from the measurements of small (0.6 cm x 0.3 cm) and large (0.6 cm x 0.7 cm) area devices, 
which were fabricated on the same ITO coated glass slide. The device size is determined by the size of the deposited Al 
electrodes. The films had 20 bilayers of (PPV/PMA). Figure 6 (left) shows that the small devices had a higher current density 
for the same applied voltage, and both types of devices had the threshold voltage at around 3.5 V. Figure 6 (right) shows that 
the luminance values of the devices are similar for current densities below 200 mA/cm2. Beyond this value, the large area 
device failed during testing, while the small device sustained much higher current densities. The higher heat generation 
combined with the larger number of defects present in the large area devices may cause the device failure. Our smallest 
devices are still much larger than the typical devices described by other groups8, which used 0.2 cm x 0.2 cm polymer LEDs 
that yielded higher luminances. 

(PPV/PMA)x20 

• 
h   500- • 
<: • 
E  400 - • 
£. 
f 300 - • 
c • 
Q   200 ■ 
c 
£   100 - 
zs .•■" 
ö       0^ ;■■■»«■■*   , , , 

• #1 (small area) 

■ #10 (large area) 

5 10 

Voltage (V) 

15 

(PPV/PMA)X20 

y=0.0029x 

y=0.0022x 

• #1 

a #10 

■ •Linear(#1) 

-Linear(#10) 

200 400 600 

Current density (m A/cm A2) 

Figure 6. Current density vs. voltage (left) and luminance curves (right) for the small (#1) and large (#10) are devices made with 
(PPV/PMA)20. 

5. CONTROL OF POLYMER-ELECTRODE INTERFACES 

The interface study was aimed at finding ways to improve the ISAM thin film (PPV/PMA)X device performance by inserting 
different layers between the emissive ISAM film and the anode (ITO) or the cathode (aluminum). By manipulating the 
interface layers it is possible to modify the injection of the carriers at the electrodes, and ultimately to control the efficiency 
of the devices. It has been shown previously14 for MEH-PPV spin coated devices that the efficiency can be controlled by 
inserting conducting, semiconducting or insulating polymer self-assembled layers between the organic emissive layer and the 
anode. Onitsuka et al.15 also demonstrated that the efficiency of the self-assembled light emitting diodes could be influenced 
through manipulation of the thin film/electrode interface and through use of various polyanions in combination with the PPV. 

The materials that we used for the interface study were polyallylamine hydrochloride (PAH) as the polycation, and for 
polyanions several polymers were employed: poly(sodium 4-styrenesulfonate) (PSS), polythiophene acetic acid (PT), poly S- 
119, and poly R-478. The two polymeric dyes, poly S-119 and poly R-478 are water soluble polymeric dyes and are 
compatible with the ISAM technique. All ISAM interface layers were made of three bilayers, using the same polycation, 
PAH. The parameters, (concentration, pH, and ionic strength) of the dipping solutions are listed in Table 1. The films were 
deposited on ITO coated glass slides, in the combinations shown in Table 2. Aluminum electrodes were then deposited on top 
of the ISAM layer. 
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Table 1 Polymers and the solutions parameters used the interface study of ISAM LEDs 

Concentration pH Salt 
PPV 1.8 mM 4.5 0.3M 
PMA lOmM 2.5 0.1M 
PAH ImM 3.0 0.1M 
PSS lOmM 3.0 0.1M 
PT 6.6 mM 5.5 No NaCl 

R478 ImM 3.0 0.1M 
PS119 ImM 3.0 0.1 M 

Table 2. ISAM films used for the LED interface measurements 

(PAH/PT),(PPV/PMA)20 (PPV/PMA)2n(PAH/PT)3 

(PAH/PSS)3(PPV/PMA)20 (PPV/PMA)20(PAH/PSS)3 

(PAH/R478)3(PPV/PMA)20 (PPV/PMA)20(PAH/R478)3 

(PAH/PS 119MPPV/PM A)20 (PPV/PM A)2(1(PAH/PS 119)3 

(PPV/PMA)20 

In previous work, we have studied these polymeric dyes for nonlinear optical applications and demonstrated that they exhibit 
reasonably large second order nonlinear susceptibility values, comparable to that of quartz10'1 . The chromophore is attached 
to the polymer backbone and the resulting ISAM film has the dipole moments aligned perpendicular to the film substrate. 
Depending on the chromophore incorporated into the polymer, the dipole moments can point towards or away from the 
substrate. Using this property of the film, we investigated the possibility of modifying the work function of the ITO and/or of 
the top electrode, respectively, by inserting a thin ISAM layer between the PPV containing layer and one of the electrodes. 
Initially, we measured the work function of the two polymeric dyes using a Kelvin probe experiment17. The resulting value is 
reported with respect to a gold electrode. The ISAM polymeric dyes were deposited on a 200 nm vacuum-deposited 
aluminum layer. The results indicated that when bare aluminum was measured against the gold, the difference in the work 
functions was 0.8 eV, in agreement with the difference between the known work functions values for the Al (4.25 eV) and 
Au (5.10 eV). When the polymeric dyes were deposited on top of the aluminum, the Kelvin probe measurements yielded 0.67 
eV for poly R-478 and 0.82 eV for poly S-119, indicating that the resulting "work function" of the aluminum/dye film was 
changed to 4.38 eV and 4.23 eV, respectively, from the initial value of 4.25 eV. We thus expected to be able to tailor the 
injection of either carrier from its respective electrode by using an appropriate material between the organic layer and the 
electrode. We present here preliminary results of the interface study, with the specification that there is work in progress in 
synthesizing new polymeric dyes specifically designed for the efficiency control of the devices. 

For an accurate comparison of the data, the entire set of films for the interface study was prepared from the same batch of 
PPVpc solution, which was more concentrated than the films described in the previous sections. The pH of the PPVpc 
solution was adjusted to 4.5 and the ionic strength to 0.3 M. For the polyanion, we used PMA with 10 mM concentration, 
pH=2.5 and 0.1 M NaCl. The absorption spectra of the films are similar, indicating that the introduction of the interface 
layers did not modify the position of the absorption peak. In Figure 7 we present the absorption spectra of all slides, after the 
thermal conversion of the PPVpc. The peak of the absorption is around 450 nm, demonstrating a good conversion of the 
PPVpc to the conjugated form. As observed from these absorption spectra the absorption peak of the polymeric dyes does not 
show in these curves, since we only deposited 3 bilayers, compared to the 20 bilayers of (PPV/PMA) film. Poly S-119 has 
maximum absorption at wavelength 475 nm and poly R-478 has the maximum absorption at 519 nm. 
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Figure 7. Absorption spectra for the films used in the interface study. 

The current-voltage, luminance-current, and power conversion efficiency curves for the devices prepared for the interface 
study are presented in Figures 8-13. All devices have an active area of approximately 0.6 cm x 0.3 cm. As it can be seen from 
these graphs, when (PAH/PT)3 is deposited between the ITO and the (PPV/PMA)2o layer, the device has similar performance 
as the device with (PPV/PMA)2o only. For the device configuration with the interface layer between (PPV/PMA)20 and the 
aluminum electrode (Figure 9), the (PAH/PT)3 layer appears as a wide band gap insulator, and we observe a much higher 
turn-on voltage of approximately 13 V. Figure 9 shows that all devices that had the interface layer between the organic and the 
aluminum electrode had the turn-on voltage at higher values (around 13 V) than the device with (PPV/PMA)20 only 
(approximately 7 V). It should also be noted that the current observed at 2-4 V in the film with no interface layers is due to a 
short-circuit defect that burnt out at 4 V. The luminance-current plots for both cases are shown in Figure 10 and Figure 12. The 
device with the (PAH/PT)3 layer between the ITO and (PPV/PMA)2o indicates improvement in the efficiency of the LED, 
compared to the device where there is no interface layer towards the ITO. Similar improvement in the device efficiency can 
be noticed for the (PAH/PSS)3 layer placed on the ITO side. The devices with the polymeric dyes incorporated in the ITO 
interface layer have poorer performance than (PPV/PMA)2o. 

In the case when the interface layer was placed between (PPV/PMA)2o an aluminum, the devices sustained larger current 
densities than in the case where the interface layer was between ITO and (PPV/PMA)20, although the luminance values were 
significantly lower than the luminace values for the devices with the interface layer towards ITO. This indicates that the 
presence of the layer at the aluminum side increases even further the energy gap between aluminum and the (PPV/PMA)20 

layer, thus blocking the electron injection from the aluminum. This assumption is confirmed by the sharp rise in the current 
density for the devices with the interface layer at the aluminum. The improvement in the luminance for the devices with the 
(PAH/PT)3 and (PAH/PSS)3 layers at the rTO suggests that the presence of these layers improves the device efficiency, as 
can be seen from the slopes of the luminance-current curves. 

The power conversion efficiency curves (Figure 11 and Figure 13) indicate that the efficiency of the devices reaches a 
maximum around 6 V when the interface layer is placed on the ITO, similar to the (PPV/PMA)20 device with no interface 
layer (Figure 11). When the interface layer is placed towards the aluminum (Figure 13), the maximum power conversion 
efficiency varies from device to device, from 6 V for the (PPV/PMA)20 to 15 V for (PPV/PMA)20(PAH/PSS)3, and 16 V for 
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(PPV/PMA)2o(PAH/PT)3. The devices with the polymeric dyes included in the interface towards aluminum do not show the 
decrease in the power conversion efficiency, although the performance of these devices was not as good as of the other 
devices. In general, the power conversion efficiencies are larger when the interface layer is placed at the ITO rather than the 
aluminum electrode. Although the luminance values are relatively large at high values of the applied voltage, the power 
conversion efficiencies of many of these devices are already reduced in the high voltage regime. 
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Figure 9. Current-voltage characteristics for the ISAM LED devices with the interface layer placed between (PPV/PMA)20 and the 
aluminum electrode. 
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Figure 13. Power conversion efficiency for devices with the interface layer placed between the emissive (PPV/PMA)2o layer and aluminum 
electrode. 

CONCLUSIONS 

The ionically self-assembled monolayer (ISAM) technique can successfully be used for the fabrication of polymer light 
emitting diodes, yielding homogeneous deposition and buildup of monolayers. The amount of deposited PPV can be 
controlled through pH and salt concentration. Lastly, the efficiency of the devices can be improved through manipulation of 
the interface layers. The ISAM technique is appropriate for this procedure, allowing for detailed structural and thickness 
control at the molecular level. 

178 



ACKNOWLEDGMENTS 

The authors would like to thank Winston Matthews for the help in the preparation of the samples. This research was 
supported by the U. S. Navy under contract no. N00014-98-C-0161 and in part by the U. S. Department of Energy under 
contract No. DE-FG02-99ER86091, whose support does not constitute an endorsement by DOE of the views expressed in the 
article. 

REFERENCES 

1. J. H. Burroughes, D. D. C. Bradley, A. R. Brown, R. N. Marks, K. Mackay, R. H. Friend, P. L. Burns, and A. B. Holmes, 
Nature, 347,539 (1990). 

2. P. L. Burns, A. B. Holmes, A. Kraft, D. D. C. Bradley, A. R. Brown, and R. H. Friend, J. Chem. Soc, Chem. Comtnun., 
32 (1992). 

3. A. R. Brown, D. D. C. Bradley, J. H. Burroughes, R. H. Friend, N. C. Greenham, P. L. Burn, A. B. Holmes, and A. 
Kraft, Appl. Phys. Lett., 61, 2793 (1992). 

4. D. Braun and A. J. Heeger, Appl. Phys. Lett.,5%, 1982 (1991). 
5. N. C. Greenham, S. C. Moratti, D. D. C. Bradley, R. H. Friend, and A. B. Holmes, Nature, 365, 628 (1993). 
6. G. Decher and J. D. Hong, Makromol. Chem., Makromol. Chem. Symp., 46, 321 (1991). 
7. G. Decher, J. D. Hong, and J. Schimitt, Thin Solid Films, 210/211, 831 (1992). 
8. A. C. Fou, O. Onitsuka, M. Ferreira, M. F. Rubner, and B. R. Hsieh, J. Appl. Phys, 79,7501 (1996). 
9. J-K. Lee, D. Yoo, and M. F. Rubner, Chem. of Materials, 9, 1710 (1997). 
10. J. R. Heflin, Y. Liu, C. Figura, D. Marciu, R. O. Claus, Proc. SPIE, 3147, 10 (1997). 
11. S. L. Clark, E. S. Handy, M. F. Rubner, and P. T. Hammond, Adv. Mater., 11, 1031 (1999). 
12. F. R. Denton III, P. M. Lahti, F. E. Karasz, J. Polym. Sei. Part A: Polym. Chem., 30, 2223 (1992). 
13. A. T. Royappa, M. F. Rubner, Langmuir 1992,8, 3169. 
14. P. K. H. Ho, M. Granstrom, R. Friend, and N. Greenham, Adv. Mater. 10, 769 (1998), and references within. 
15. O. Onitsuka, A. C. Fou, M. Ferreira, B. R. Hsieh, and M. F. Rubner, J. Appl. Phys. 80,4067 (1996). 
16. J. R. Heflin, C. Figura, D. Marciu, Y. Liu, R. O. Claus, Appl. Phys. Lett. 74, 495 (1999). 
17. Stephen D. Evans, Surface Potential, "Characterization of Organic Thin Films", editor Abraham Ulman, Materials 

Characterization Series, Butterworth-Heinemann (1994). 

179 



LED backlight: design, fabrication, and testing 

Daniel M. Brown8, Robert Deanb, Jeremiah D. Brown" 

aMEMS Optical, LLC, 205 Import Circle, Huntsville, AL 35806 

bCenter for Advanced Vehicle Electronics, 200 Broun Hall, Auburn University, AL 36849 

ABSTRACT 

This paper reports on work to determine the feasibility of fabricating a liquid crystal display 
(LCD) backlight using an array of LEDs. The purpose of this backlight is to overcome the 
efficiency loss of the absorptive color filters in the LCD. Two types of arrays were fabricated 
and tested. An array of white LEDs was designed for use with an interference color separation 
filter. An array of red, green, and blue LEDs was designed for use with a cylindrical lenslet 
array which focuses the three colors onto the appropriate color apertures of the LCD. Although 
promising results were achieved with standard off-the-shelf LEDs, significant improvements in 
surface radiance uniformity and efficiency could be obtained with special beam-shaping lenses 
on the LEDs. 

1. INTRODUCTION 

A typical color liquid crystal display (LCD) consists of an array of rectangular apertures, with 
each pixel containing three apertures overlaid with red, green, and blue color filters. A 
broadband diffuse light source is generally placed behind the LCD. Due to the color filtering 
and the opaque conductor areas surrounding the apertures, only a small fraction of the generated 
light is directed toward the observer. Gunn and Halstead[1] estimate that less than 7% of the 
generated light is transmitted out of the LCD. Increasing the power efficiency of LCD displays 
is desirable for applications such as laptop computers and avionic systems. 

One method currently under development for improving the power efficiency is to use an 
echelon grating[2] [3] multiplexed with a focusing lens. Such an element is sometimes referred to 
as an interference color separation (ICS) filter. The ICS filter splits the incident white light into 
three color bands and focuses the bands onto the appropriate apertures at each pixel, thus 
eliminating the need for an absorptive color filter. However, the backlight source must be 
collimated, typically to within 2 to 3 degrees, to realize efficiency improvements with an ICS 
filter. This paper reports on an investigation of the feasibility of using white LEDs to form a 
compact, collimated backlight source suitable for use with an ICS filter. 

A second proposed method to achieve color separation without absorptive color filters is to use 
arrays of red, green, and blue LEDs. The three colors can be sequentially pulsed in 
synchronization with their coresponding color apertures, as proposed by Hewlett Packard.t4] 

Alternatively, lenslet arrays can be used to focus each color onto the appropriate apertures. 
Instead of an ICS filter, which tends to be difficult to fabricate, a simple cylindrical lenslet array 
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focuses red, green, and blue lines onto their coresponding apertures, 
fabrication and testing of such a backlight. 

We also report on the 

Since the purpose of this project was to demonstrate feasibility of the concept at minimal 
expense, we chose to use off-the-shelf LED components. Ideally, bare LED die or specially 
fabricated LEDs would be used in a beamshapper configuration to obtain a uniform radiance 
over the backlight. 

2. OPTICAL DESIGN 

Standard off-the-shelf three millimeter diameter LEDs were selected as the light source. In order 
to obtain a beam divergence of 3 degrees or less, the effective focal length of the collimating 
lens needs to be at least 29 mm. However, since the radiance in exit pupil of the LED is not 
uniform it can be slightly less than this. Fig. 1 shows the layout of one LED and its fresnel 
collimating lenslet. 

Fig. 2 shows the beam profile from a 
typical LED. To maximize efficiency the 
lenslet should capture all the light emitted 
by the LED, which from the figure would 
require that it have an NA of about 0.77. 
However, the radiance across the lenslet 
must also be relatively uniform to serve as 
an acceptable backlight. This means that 
the intensity of the LED should be 
constant over the entire surface area of the 
lenslet, which, as the figure shows, is not 
the case. Ideally, the lens on the LED 
would form a tophat beam profile. As a 

compromise, we arbitrarily set the NA of the lens across the diagonal to be 0.34, which allows 
no more than a 30% rolloff in intensity from the LED. For lenslets in a square packing this then 
sets the lenslet array pitch to 14 mm center-to-center, and likewise for the LED array. The 
collection efficiency can then be determined by the ratio of the integrated irradiance over the 
surface of the lenslet to the total emitted flux; 

Fig. 1 - Fresnel lenslet collimator and LED 

E = 
5$I(xy) cos* Qdxdy 
f22n$I(6)sin9d6 (1) 

cos6>=   ,       ?      - 
where/= intensity, \x +y +J    , f= focal length. 

Calculating these integrals for the above parameters indicates that only about 20% of the LED 
light is collimated by its corresponding fresnel lenslet.  The remainder is captured by adjacent 
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Fig. 2 - - Typical intensity profile of LEDs. 

lenslets and scattered into eight 
distinct off-axis spots surrounding the 
main lobe. A special beam shaping 
lens on the LED would no doubt 
improve the efficiency. 

The spatially separated three-color 
LED design is shown in Fig. 3. Each 
fresnel lenslet collimates the light 
from a triplet of red, green, and blue 
LEDs. The three colors are angularly 
separated in collimated space, which, 
when incident onto a secondary 
cylindrical lenslet array, are focused 
onto the appropriate color apertures of 
the LCD. The cylindrical lenslet array 
has the same pitch as the LCD. 

Fig. 3 - Three colored LEDs collimated with fresnel lens and focused with 
cylindrical lenslet array. 

3. LED BOARD DESIGN 

The color LED board is a double layer printed circuit board with a 100 element, 10 by 10, array 
of RGB LED triads. Fig. 4 shows a photograph of the LED board. Each LED triad consists of a 
red LED (Sun LED LMR32DG), a green LED (Sun LED LMG32D) and a blue LED (Sun LED 
LUB32D). Each LED in a triad is spaced 3mm apart and each LED triad is spaced 14mm apart. 
The board requires +5V to bias the three power amplifiers, and +5V and -5V to power the 
amplifiers and LEDs. 

Three power amplifiers provide power to the LEDs, one amplifier for all LEDs of the same 
color, which allows for color balancing. Also, the three LED types require different drive 
voltages. Each LED is connected in series with a current limiting resistor to limit the maximum 
possible current to 25mA and prevent damage to the device. Since the 3 types of LEDs required 
different drive voltages, different values of current limiting resistors are used for each type of 
LED: 127 Ohms for the red LEDs, 113 Ohms for the green LEDs, and 20 Ohms for the blue 
LEDs.  Since it is desirable to have equal luminous intensity from all LEDs of the same color, 
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1% resistors are used for the current limiting resistors. The voltage output of each amplifier can 
be independently adjusted to balance the intensity between the three colors. 

Uää&i^l 

Fig. 4 - Photograph of the color LED board. 

Experimental data suggests that the optimum drive voltages for the three types of LEDs are: 
1.7V for the red LEDs, 2.3V for the green LEDs, and 3.3V for the blue LEDs. A schematic 
diagram of the power amplifier that powers the red LEDs is shown in Fig. 5. The value for 
resistance R2, 3010 Ohms, sets the reference voltage for the amplifier at 1.16V. This results in 
an output voltage range for VR of 0V to 2.32V Pot R4 sets the gain of the amplifier from 0 to 2. 
Therefore the maximum output voltage is 2.32V Each red LED has a 127 Ohm resistor in series 
with it, resulting in a drive current of approximately 4.8mA per LED, because the voltage across 
the LED is 1.7V Similarly, the power amplifiers for the green and blue LEDs use 6340 Ohms 
and 5620 Ohms, respectively, for their equivalent of R2 to generate output voltages of 3.88V and 
3.60V, respectively. This sets the maximum drive currents at approximately 14mA for the green 
LEDs and 15mA for the blue LEDs. Therefore, at maximum brightness, each RGB triad requires 
approximately 120mW of power. The entire array then requires approximately 12W of power, 
excluding the minimal power required to bias the 3 power amplifiers. However, experiments 
showed that the array could be driven at much lower power levels and still produce more than 
adequate intensity. 
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Fig. 5 - Schematic Diagram of the Red LED Array Power Amplifier. 
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Fig. 6 - A Photograph of the White LED Board. 

The white LED board, shown in Fig. 6, uses the same printed circuit board as the color LED 
board, except that each RGB LED triad is replaced by a single Kingbright L2310BSPW white 
LED. Only one power amplifier is used on this board. Experiments showed that this LED 
performs best with a drive current of no more than 30mA, which occurred at a drive voltage of 
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approximately 3.4V. Therefore a 20 Ohm resistor is used as the current limiting resistor and the 
power amplifier is biased to produce a maximum voltage of 4.0V. The array of 100 white LEDs 
then requires approximately 12W of power at full brightness, although experiments showed that 
it can be driven at much lower power levels and still produce adequate brightness. 

4. FABRICATION 

An 11-by-11 array of fresnel lenslets was fabricated onto a 6-inch fused silica plate using gray 
scale mask photolithography and reactive ion etching. The surface profile was measured using a 
Zygo New View 5000 optical profilometer. Fig. 7 shows the Zygo measurement of one of the 
lenslets. The smooth zone profiles are characteristic of the gray scale mask fabrication method. 
The deep etch depth required about 18 hours of etch time and is thus an unsuitable fabrication 
method for mass production. Plastic injection molding could provide a more cost-effective 
solution. Cylindrical lenslet arrays were also fabricated in photoresist but not etched. Fig. 8 
shows a profilometer measurement of the cylindrical array. 
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Fig. 8 - Surface profile measurement of cylindrical microlens array. 

5. TESTING 

Measurements showed the radiance of the white LED backlight to be 13 times brighter than a 
typical CRT computer screen and 24 times brighter than a typical laptop LCD screen, which is 
not unusual given the backlight's high degree of collimation. With the addition of the polarizers, 
lightvalves, and interference color separation filter we estimate the surface radiance would be 
reduced by a factor of 9, making it only about two to three times as bright as a laptop screen. 
The total area was 196 square centimeters and power consumption was 0.9 watts. 

The three-color LED board was also tested with the fresnel lenslet array and cylindrical lenslet 
array. Inspection at the focal point of the cylindrical lens with a microscope showed clearly 
separated lines of the three colors. Power consumption was 2.8 watts for a total area of 196 
square cm. 
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6. CONCLUSION 

The main culprit for the loss of surface radiance in a color liquid crystal display is the absorptive 
color filters at each pixel. The many recent advancements made in LED technology provide 
reason to believe that LEDs will become the light source of choice for LCD backlights in 
overcoming this efficiency loss. However, it would be premature at this point to predict which 
LED method will prevail. Three potential methods of using LEDs to overcome the current LCD 
efficiency loss include; a) white LEDs with an ICS filter, b) spatially separated color LEDs 
focused into the appropriate apertures, and c) time multiplexed color LEDs. Our preliminary 
investigations into the feasibility of the first two methods indicate promising results, although 
more development is needed. Perhaps other methods of using LEDs as LCD backlight sources 
will also surface in the near future. 
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ABSTRACT 

We have developed and demonstrated a reflection-mode optical fiber-based instrument for in situ monitoring and feedback 
control of thin film dielectric deposition processes. The instrument operates in single-wavelength or multi-wavelength mode. 
One end of the fiber is placed in the deposition zone, close to the samples being coated. Single or multi-wavelength light is 
sent down the fiber and the reflected light from the end being coated is analyzed for intensity vs. wavelength. The fiber end 
being coated features an easily replaced tip to prevent loss of resolution when the coating becomes too thick. 

For processes in which the index of refraction or composition of the thin films is fixed, the less expensive single wavelength 
instrument is sufficient and measures thickness of the films by counting interference fringes. For processes in which film 
composition or index of refraction are variable, we use a white light source and compact spectrograph to measure reflectance 
vs. wavelength. For critical applications like diode laser facet coating where yield loss is significant cost driver, this monitor 
measures the thickness and index of refraction of single and multi-layer thin films as they are deposited. More importantly, it 
measures the critical parameter of interest: reflectance at the actual laser emission wavelength. This instrument replaces 
quartz crystal oscillators and other, more complex instruments. 

Keywords: thin film deposition monitor, optical fiber sensor, laser facet coating 

1.   INTRODUCTION 

Thin-film deposition is an important step in the fabrication of virtually every advanced optoelectronic or photonic device. 
This is true regardless whether the films are deposited by chemical vapor deposition (CVD), metalorganic CVD (MOCVD), 
or physical vapor deposition techniques (including molecular beam epitaxy, sputtering, and electron-beam or thermal 
evaporation). In each of these methods, at the research, development, or production level, the need for control over the 
growing film is great. Improved knowledge of a film's structure, defect density, and composition leads directly to lower cost, 
speedier development of new devices, and improved quality. 

In the case of diode lasers for optical fiber communications, the reflectivity of the lasers' front and rear facets must be 
controlled using thin film coatings in order to achieve optimum device characteristics. The quality of the optical coatings and 
the precise thickness and index of refraction thus directly affects laser performance, manufacturing yield and cost. By the 
time a diode laser advances to the facet coating step, it is a high value-added item. Any yield loss at that point is expensive. 
Further, customers are demanding progressively more advanced devices which require increasingly stricter control over the 
properties of these coatings. This is therefore an important area for laser manufacturers. Any technology that can improve 
process control in existing facet coaters could have a potentially large financial impact for the company. 

Methods now employed to make real-time, in situ measurements of thin film characteristics include reflection high-energy 
electron diffraction (RHEED), time-of-flight ion-beam surface analysis, quartz crystal monitors, and optical probe techniques 
including ellipsometry, spectral ellipsometry and interferometry. By far the most common technique in the semiconductor 
and optics industries, and the only one permitting wide-band thickness measurement, is the quartz crystal oscillator. This is a 
micro-mechanical "tuning fork" which changes its characteristic frequency in response to the addition of mass as material 
deposits on its surface. There are tens of thousands of these in use in labs throughout the world. They provide no 
information on film quality, refractive index, or surface roughness, but give only thickness, and then only when film 
thickness at the crystal location can be reliably related, through an empirically-determined "tooling factor," to film thickness 
deposited on the working substrate. 

Thin film optical coatings are deposited at Lasertron using e-beam evaporation of various oxide materials. The deposition 
rate and final layer thickness are currently controlled by quartz crystal monitors, which measure the change in resonance 
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frequency of a piece of quartz due to the mass of depositing material. This conversion from frequency shift to mass to 
thickness is prone to numerous errors due to subtle changes in material properties (strain, density, age of crystal, temperature 
of sensor) and is completely insensitive to index changes. Furthermore, the quartz crystal monitors need to be placed a few 
inches away from the part to be coated to avoid shadowing effects. This results in a difference in deposition rate, which can 
fluctuate from run to run and lead to unpredictable changes in final thickness. 

Optical probe techniques, like interferometry and ellipsometry, have been under development for many years and these 
techniques offer the promise of substantially more information on as-growing films. (Indeed, these techniques are probably 
the most common diagnostics for examining and evaluating as-deposited thin film coatings outside of the deposition chamber 
and after the fact.) One inescapable fact for optical techniques is that an optical probe beam must get into the deposition 
region and it must get back out of the deposition region. This means the use of optical windows: and in all real-life 
deposition systems, material is deposited not just on the desired substrate but on chamber walls, fixtures, liners, and 
windows. The optical probe beam samples both the window and the substrate so that incidental deposits on the window 
confound the optical signal from the substrate. This problem, colloquially "the window crud problem," has stymied many 
efforts to implement real time optical monitors. 

Measurements must be made through windows located at positions which depend on the type of measurement, and for phase 
and polarization sensitive measurements, the apparatus must sometimes be reproducibly mounted to within a fraction of a 
wavelength of light. In addition, and this is no small detail, windows through which interferometric or ellipsometric 
measurements are made must be coating-free. Although this condition can be met in a (very expensive and very slow- 
growing) molecular beam epitaxy (MBE) system, even with shields and shutters it is virtually impossible to achieve in the 
relatively high-throughput CVD reactors and physical deposition systems characteristically employed in production 
situations. In these systems, where most thin-film semiconductor materials are grown, the environment is inherently "dirty" 
and it is extremely difficult to keep windows from becoming coated. 

We have developed and demonstrated a reflection-mode optical fiber-based instrument for in situ monitoring and feedback 
control of thin film dielectric deposition processes. The method is called "fiber-optic reflectometry" and was conceived by 
one of the authors (T. Morse) and his research group while still at Brown University. The method resembles optical 
reflectance spectroscopy (ORS), though without the need for precise optical alignment. It consists of inserting an optical 
fiber into the region where material is being deposited on a substrate, and locating it so that the end of the fiber will be coated 
as well. In essence, this simple invention has turned the "window-crad problem" upside down - instead of confounding the 
optical measurement on the substrate, the material deposited on the optical fiber provides the measurement. 

2. SENSOR DESIGN 

When light is projected down the fiber, it reflects from both the fiber tip and the free surface of any film covering the tip. The 
film then becomes, in essence, a Fabry-Perot cavity, and the back-reflected interference pattern contains information on film 
thickness and composition. The technique's fundamental premise is that deposition on the end of the optical fiber correlates 
with deposition on neighboring surfaces. This has proven to be the case for in situ monitoring in reactors in research and 
production settings, where thickness projected by the monitor has, for a variety of materials, agreed well with post-deposition 
measurements obtained from ellipsometry and TEM. 

A block diagram showing the components and characteristics of an elementary system designed to take advantage of this 
effect is given in Figure 1. The basic reflectometer consists of signal processing electronics and a readout, a light source, a 
fiber-optic probe, mounting and feedthrough hardware, signal detection and readout electronics, and software to interpret the 
signal and archive it. The light source can be either single wavelength, such as a diode laser, or multi-wavelength, such as a 
light bulb. The detector then is usually either a photodiode or a spectrograph with photodiode array, respectively. The fiber 
itself is multimode for maximum throughput and can be either a single fiber or multi-strand bundle. The fiber tip is designed 
to be easily replaced in a few seconds with one hand during sample loading/unloading between depositions. The tips can 
then be disposed of or cleaned ex situ and re-used. 

We have built two prototype fiber reflectometers. The first is a single wavelength sensor that uses a diode laser and silicon 
photodiode with armored multi-strand, multimode fiber and is shown in Figure 2. The diode laser operates at 670 nm and 
can run pulsed or cw. The second prototype uses a tungsten (white) light bulb and an Ocean Optics (Dunedin, FL) miniature 
spectrograph with silicon photodiode array detector. It operates in the wavelength range 500-1100 nm and can monitor 
multiple wavelengths simultaneously. 
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Figure 1 The fiber-optic reflectometer concept is shown schematically in this block diagram. Light from a single 
or multi-wavelength source is directed down the fiber to the tip which is next to the samples and is coated 
at the same time. The reflected signal is monitored by either a photodetector or spectrometer. 

Figure 2 Single wavelength reflectometer features 670 nm diode laser; armored multi-fiber bundle, which 
enters the vacuum coater inside a flexible bellows thus allowing the fiber end to be located right next 
to the samples being coated; a replaceable fiber tip; and silicon photodiode detector. This design 
maximizes signal-to-noise by minimizing losses at intermediate connectors. 

For the fiber-optic monitor to be of use in an industrial environment, it is necessary that a clean deposition surface be 
provided after every run, or after a number of runs which will be empirically determined. One way would be to deposit 
directly on the cleaved end of a fiber and provide a freshly cleaved surface between each run. However, obtaining a well- 
cleaved surface requires practice and skill and it would be difficult to inspect without removing the fiber to a microscope. 
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We therefore developed two designs for a replaceable fiber end which could be changed by one operator, on the production 
floor, with no tools and in a matter of seconds, as shown in Figure 3. One uses a short (-1.5 inch) clear fused silica light pipe 
(-0.2 inch diameter) in a stainless steel sheath. It is press-fit into a nut which threads on to the fiber end. It is rugged and the 
deposits can be removed by etching or re-polishing the light pipe's end. The second design uses a GRIN collimating lens (Oz 
Optics, Ontario, Canada) at the end of the fiber and a replaceable window/substrate. This window can be any material 
transparent to the measurement wavelength such as clear fused silica, sapphire, or calcium fluoride. 

Figure 3       (a) Replaceable or refiirbishable fiber tip is a stainless steel-clad silica light pipe.   Both ends of the 
light pipe are polished.   One end is threaded on to a common fiber bundle containing hundreds of 
fibers, and the other is placed in-plane with the target substrate. After a run the tip is easily replaced, 
and  can   be   re-polished  and re-used.      (b)   Fiber  end  using  GRIN  lens   and replaceable 
window/substrate. The window can be easily replaced between batches. 

3. THEORY OF OPERATION 

Consider a fiber optic waveguide in which light propagates through the fiber by total internal reflection. When light reaches 
the fiber tip, the difference in index of refraction between the fiber core («=1.458) and air or vacuum (w=l) causes about 4% 
to be reflected back into the fiber at the freshly cleaved tip, according to the formula for normal Fresnel reflection: 

R = 
(n-Yf 
(« + 1)2 (1) 

The index, nfi of the fiber is generally a function of wavelength, X, however, in the spectral region produced by a white light 
source (400 run to 1050 nm), the wavelength dependence (dispersion) is quite small and can be neglected. 

Suppose we now place one end of the fiber in the deposition zone of an evaporator or sputtering unit so that whatever films 
are being deposited also accumulates on the end of the fiber, as shown in figure 4. Then as the thin film of index nx 

accumulates onto the fiber tip, reflection from the fiber tip is modified by the interference of light from the fiber-film and 
film-vacuum interfaces. For a single layer of thickness d on a substrate (or fiber), the complete expression for the reflectance 
is given by:1 

R 
(n2

f +nx
2)(n\ +n0

2)-4n0nl
2n/ + (n2

f -ii,
2X«2i - »0

2) cos(2<?) 

(n2
f +n2)(n2

1 + n0
2) + 4n0n

2nf +{n2
f -n,2)(«2, - n2) cos(2<5) 

(2) 

where nf, nx and n0 are the fiber core (substrate), thin film, and air indices, respectively, and 5 = Inn^dlX. This expression is 
for the (artificially) simple case where all layers are transparent, of uniform refractive index, and ideally flat.  For real-life 
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systems with multiple layers and interfaces which scatter, 
reflection and transmission are computed numerically in 
terms of a product of optical transfer matrices for each layer. 
These calculations are typically made with an optical thin- 
film software package such as FilmStar (by FTG Associates). 

The reflectance R will reach a maximum or minimum when 
the film's optical thickness is a multiple of one-quarter of the 
light wavelength:2 

n. d = m— 
4 

(3) 

where m is a positive integer. If m is even, the coating is said 
to be neutral and the reflection equals that of the bare 
fiber/vacuum interface (at that one particular wavelength); if 
m is odd, the reflection will be either maximized (if the film 
index is higher than the substrate index) or minimized (if the 
film index is lower). 
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Figure 4   Multiple thin films deposited on the end of the 
fiber/lightpipe. 

There are two ways to measure these interference effects. At a single fixed wavelength, the growing film will cause 
reflectance to go through periodic maxima and minima, between the value corresponding to the bare substrate and a second 
value, either greater or smaller, dependent on both indices. Alternatively, a complete spectrum can be taken at a given 
thickness, and peaks and valleys in the reflectance observed for those wavelengths where condition (3) is met. The multi- 
wavelength measurement has the advantage that it can determine index of refraction as well as film thickness. If two 
wavelengths \\ and X2 both achieve a maximum (or minimum) at the same thickness, one with a value m and the other with 
w+1, then from (2), the index n will be given by3: 

1 

\K   Kj 

(4) 

In the case of alumina films, which are commonly used for laser 
front facet coatings, the refractive index is very close to 1.6 at 
visible wavelengths. With an index value for the fiber core of 
1.458, the following expression is obtained: 

R = 
1.75- 0.68 cos(2£) 

31.43-0.70cos(2<5) 
«0.0557-0.0216 cos(2(5) 

(5) 

Thus, reflectance has a sinusoidal dependence on wavelength. 
Notice that the modest difference in refractive index between the 
glass fiber and alumina films provides a very stringent test for our 
prototype because of the small reflection signal (-5%) which is 
expected. Figure 5 shows a FilmStar calculation of the time- 
dependence of reflection at two wavelengths, 670 nm and 1300 
nm. More rapid interference cycles are observed at shorter 
wavelengths, where higher measurement precision is obtained. 
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Figure 5 Films deposited on the end of the 
fiber/lightpipe give rise to interference 
fringes in the measured reflectance. 
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4. SENSOR EXPERIMENTS 

Benchtop Tests 

The (bifurcated) multiple fiber bundle to vacuum feedthrough to fiber to tip configuration (figure 2) was assembled and 
tested on the benchtop in Ion Optics' facilities. Reflection from the coating on the replaceable tip was simulated by placing 
the tip in intimate contact with a front-surface gold-coated mirror. We found that even in the absence of a reflection from the 
replaceable tip, we still were seeing a lot of reflected signal. We determined that the 4 glass-to-air interfaces at the vacuum 
feedthrough were giving unacceptably high reflection. In fact, in this configuration, the difference between no reflection and 
complete reflection from the replaceable tip was only 25-30% of the total reflected signal. We therefore decided to eliminate 
the windowed feedthrough and design a feedthrough that would allow us to use a continuous fiber bundle while maintaining 
ruggedness and leak tightness. The result is a continuous (armored) fiber bundle passes through the flange and is contained 
in a 3 ft long flexible bellows tube with a vacuum tight (Swagelok) fitting that seals to the end of the bundle at the point 
where the replaceable tip attaches. This greatly reduces unwanted reflected signal. Bench tests with this configuration 
showed that the difference in reflectance between a coated and uncoated tip was now 90% of the total measured signal. 

We have also developed a single multimode fiber version of the probe. For this version we have demonstrated a simpler 
vacuum feedthrough using a Conax compression fitting. We have tested this arrangement using an optical fiber patchcord 
outside the chamber, and a polyimide coated fiber protected by a Teflon sleeve inside the vacuum. A low vapor pressure 
epoxy was used to glue the parts of the vacuum feed through, and no outgassing was detected. Both the multi-fiber bundle 
and single fiber versions have shown to be vacuum tight to at least 10"7 torr. The single fiber version is however slightly less 
expensive than the fiber bundle. 

One area of concern was that since the fiber end was pointed toward the evaporator sources, short wavelength thermal 
radiation from these crucibles would be transmitted through the depositing film and add to the reflected signal thereby 
confounding the reflectance measurement. We tested this by shining a flood light onto the end of the fiber and indeed 
recorded a large increase in returned signal. To correct this, we made two changes to the probe's design. First, in the single 
wavelength version, we added a narrow band filter centered on the diode laser wavelength to the front of the photodiode. 
This ensured that the photodiode would only see the wavelength being reflected. Second, we decided not to operate the 
probe in a cw or dc mode, rather we modulated the light source, either with a vane chopper or by electrical pulsing of the 
diode current. We then incorporated a phase sensitive detection subroutine into the Lab View .vi or "virtual instrument" that 
recorded the data. The result was that the reflected signal became immune to interference from external sources, even when 
pointed directly at a 150W flood lamp. 

In Situ Deposition Measurements 

We measured deposition of a an alumina film designed to simulate a diode laser front surface mirror. The demonstration was 
performed in situ in a production vacuum coater in Lasertron's facilities using our single wavelength prototype. The end of 
the probe, i.e. the replaceable fiber tip, was located right next to the rotating sample stage. The results presented in figure 6 
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Figure 6 Single wavelength measured reflectance (a) and calculated fit (offset for clarity) for alumina film 
deposition measured in situ in a production vacuum coater used for diode laser facet coating. Resulting 
thickness calculated (b) at 774 nm and showing constant growth rate. 
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clearly show the sinusoidal oscillation in the reflectance intensity predicted above. We are also able to fit the measured data 
using the equation shown in (5) and to extract the thickness and growth rate vs. time, as shown in figure 6b. In this case, we 
can see that the facet coater used by Lasertron easily maintains a constant deposition rate from start to finish. Our fiber 
sensor measured film thickness as 774 nm; the nearby quartz oscillator measured thickness as 580 nm. This suggests that 
deposition inside the chamber is non-uniform and reinforces the importance of measuring film reflectance directly, possibly 
in multiple locations. 

We performed similar measurements for alumina deposition using the multiwavelength, spectrometer-based unit. In this 
case, tests were performed in an e-beam evaporator at a university research facility. Rather than track all 2048 channels 
available with the spectrometer which makes for cluttered data, we chose to monitor only three individual pixels (pixels 200, 
800 and 1600) as functions of time. Their corresponding wavelengths are 564.61 nm, 781.22 nm, and 1042.02 nm. During 
the deposition run, the deposition rate was increased after about 30 minutes. As seen in figure 7, the fiber sensor easily sees 
the change in growth rate as an increase in oscillation frequency. One other thing to note from the figure, the measured data 
at 1042 nm shows more oscillation than expected and more than a fit calculated from equation (5) with k = 1042 nm would 
indicate. In fact, the measured curve vs. time is a superposition of two signals: one with X = 1042 nm and one with a 
wavelength half that, i.e. 521 nm. This means that we must incorporate an order sorting filter into the final design. 
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Figure 7      Multi-wavelength recording for reflectance (a) measured in situ during alumina film deposition. Resulting 
calculation (b) of thickness vs. growth time. Final layer thickness: 1672 nm. 

We also used the multiwavelength deposition monitor to measure CVD growth of a Bragg reflector from alternating layers of 
silicon nitride and silicon-rich silicon nitride. The Bragg mirror consists of 60 pairs of A/4 layers consisting of silicon nitride 
(n = 1.8, d= 116 nm) and silicon-rich silicon nitride (n « 1.9, d= 110 nm). The measured reflectance peak (figure 8) occurs 
as expected at 840.7 nm with FWHM = 17.8 nm. 

5. DISCUSSION & CONCLUSIONS 

We have developed and demonstrated a reflection-mode optical fiber-based instrument for in situ monitoring and feedback 
control of thin film dielectric deposition processes. We have incorporated a number of design features into the system in 
order to improve repeatability, eliminate interference from the system being measured, and improve usability. For example, 
for repeatability and ease of use by our customers, we have designed two different types of replaceable fiber tips which can 
be changed by an operator in seconds using only one hand. This ensures a repeatable starting point for each deposition run. 
We have also incorporated vacuum feedthrough techniques which reduce the number of fiber couplings and thereby eliminate 
reflectance from those couplings so that most of the reflected signal comes only from the fiber tip in the deposition zone. 

The instrument operates in single-wavelength or multi-wavelength mode. In single wavelength version, a diode laser 
provides the light source and the reflected signal is measured with a photodiode. For the multiwavelength version, we use a 
white light source (tungsten lamp) and miniature spectrograph with 2048 pixel photodiode array covering the range from 500 
to 1100 nm. The signal is recorded by computer running a custom Lab View .vi. The single wavelength version is useful for 
processes in which the index of refraction or the composition of the deposited film is fixed. In this case, the reflected signal 
varies sinusoidally as layer thickness increases and it is relatively simple to convert reflectance value to thickness. The 

194 



16 

~   14 
I   12 
.g   10 
co     8 

6 
4 
2 
0 

A 

i   A  ft f 
»«WVVi «WfW HAA/V\ vwv k/WV vW V V V/V^ A^ ,"'wv 'v/VN' "^^ ^ 

    
400 500 600 700 800 900 1000 1100 1200 

wavelength (nm) 

Figure 8 Multi-wavelength reflectance spectrum measured in situ for a Bragg reflector deposited on window in figure 3b. 
The Bragg mirror consists of 60 pairs of A/4 layers consisting of silicon nitride (n = 1.8, d = 116 nm) and 
silicon-rich silicon nitride (n a 1.9, d= 110 nm). Reflectance peak occurs at 840.7 nm with FWHM = 17.8 nm 

multiple wavelength version is useful for processes in which the index of refraction varies or is unknown. With only two 
different wavelengths, it is possible to calculate from the reflectance spectrum both thickness and index of refraction of the 
deposited film(s). When multiple wavelengths are used, resolution is enhanced at the shorter wavelengths where more 
interference fringes are seen, as long as the film is still transparent. 

In order to reduce interference from light transmitted into the fiber from the coating chamber, we modulate the light source, 
either by chopping or in the case of the diode laser source by pulsing the diode current, and use phase sensitive detection. 
For the single wavelength version of the fiber probe, we also take the added step of employing a bandpass filter on the 
detector to ensure that it sees only the source wavelength. 

The single wavelength version is especially useful for monitoring deposition of diode laser front facet coatings where yield 
loss is a significant cost driver. It has the advantage of being able to measure film reflectance directly which is the most 
important quality of the facet coating. Values of 5%-25% are typical at the diode emission wavelength. 

The multiple wavelength version is particularly useful for monitoring the deposition of anti-reflection coatings, notch filters, 
and Bragg reflectors. As we can see in figures 7 and 8, not only can we monitor interference fringes from the deposited film 
in order to determine index and thickness, but we can also measure reflectance vs. wavelength to verify and perhaps control 
the center wavelength and peak reflectance (or transmittance) value. 

In summary, we have demonstrated a reliable and accurate measurement instrument for monitoring the deposition of 
dielectric thin films in situ. The instrument is useful in a variety of applications including diode laser facet coating and the 
production of anti-reflection coatings, notch or bandpass interference filters, Bragg reflectors and even thermal control 
coatings on plate glass. This instrument replaces quartz crystal oscillators and other, more complex in situ monitoring 
instruments and has the advantage of measuring not just thickness but reflectance vs. wavelength directly. 
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ABSTRACT 

We report on the realisation of red micro cavity LED's on germanium substrates, offering a significant cost advantage 
compared to GaAs wafers. The MCLED structure, grown by LP-MOVPE, consists of 3 GalnP quantum wells within a 
(detuned) 1-X. AlGalnP cavity, enclosed by A^GaAs/AlssGaAs DBR's, with a current spreading layer on top. MCLED's 
with a 200um aperture, exhibit a quantum efficiency up to 4.35% (at 10mA) and an optical power higher than 4mW (at 
80mA), without any packaging. The optical spectrum was centered at 650nm, with a FWHM of ±13nm. Because of the 
detuning the opening angle of these structures was as much as 120°. Rudimentary packaging resulted in a luminous intensity 
of 2.5cd at 30mA, with an opening angle of ±13°. Initially the electrical performance was not optimal, but additional tests 
and a new processing have indicated that forward biases as low as 2.0V (at 20mA) can be obtained for LED's on Ge- 
substrates. The new processing further resulted in an improved optical output with 5mW at 80mA. 
We feel there is room for further improvement, but already we have demonstrated the feasibility of germanium substrates 
for commercial red (to orange/yellow) LED applications. 

Keywords: Ge, germanium, micro cavity, LED, light emitting diode, AlGalnP, GalnP 

1.   INTRODUCTION 

The impact that germanium has on today's information society, is often underestimated. Although Ge was discovered more 
than 60 years later than silicon, the starting shot for the multi-billion dollar semiconductor industry, was the demonstration 
in 1947 of the very first transistor, which was made of germanium. Also nowadays germanium is used in large quantities in 
different branches of information technology. About 40% (on weight basis) is used for the fabrication of optical fibres, 
where the germanium is used as a dopant to form the fibre core [1]. In view of turn-over however, the most important 
application is substrates for GaAs-based solar cells, offering the most economical solution for a satellite's power supply. 
Also within the world of infrared optics, germanium finds applications in windows and lenses, but also as a photodetector 
material. 
Germanium is the mostly used substrate in the world of MOVPE [2], due to the success of germanium wafers within the 
fabrication of solar cells. We investigate whether Ge can also replace GaAs wafers in other application domains. 
Germanium indeed offers some advantages which can make it a valuable alternative: first of all it is significantly cheaper 
(e.g. half of the price for a 100mm wafer). It is also mechanically stronger, allowing the substrates to be made thinner, 
which can be a weight advantage or a cost advantage (e.g. no thinning required for packaging). Next, germanium wafers are 
nowadays of splendid quality: epi-ready wafers up to 150mm, exhibiting zero EPD (etch pit density) have already been 
demonstrated. The lattice constant of germanium is very close to that of GaAs, making it not too difficult to apply the same 
epitaxial growth processes on the 'new' substrate. There are however some crystallographic differences between both 
materials, which require an adequate buffer layer in order to obtain decent material quality [3-7]. 
Previously we have already reported on successful implementations of AlGaAs-based 850nm and 980nm LED's and laser 
diodes on germanium, which were the first significant proofs of concept that Ge could be employed instead of GaAs wafers 
[8]. Also high performance Hall-sensors and magnetoresistive sensors on Ge-substrates have been realised [9-10]. 

Everybody agrees that the future of visible LED's looks very bright, mainly because of the fact LED's promise to be more 
cost-efficient compared to incandescent lamps in wide ranges of applications. Although the LED fabrication cost may still 
be higher, issues as lifetime and luminous efficiency can result in an overall cost reduction. More specific for high 
efficiency red LED's, applications include traffic lights, brake and tail lights for cars, indication panels and large screen 
displays. But also in the world of printers, scanners and fax machines, dense LED arrays have a great potential. 

In Light-Emitting Diodes: Research, Manufacturing, and Applications IV, H. Walter Yao, Ian T. Ferguson, 
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It is thus not surprising that industrial alliances have been formed, in order to acquire as much as possible market share. Of 
capital concern is the LED fabrication cost, to which wafercost contributes significantly, being the reason why one could 
choose for germanium substrates. We report on the realisation of red micro cavity LED's on germanium substrates, because 
MCLED's can offer some advantages compared to alternative structures. 
In general MCLED's consist of an active region which is well positioned within an optical cavity, with dimensions in the 
order of the wavelength of the light [11]. This can result in enhanced spontaneous emission in certain directions, whereas in 
other directions it can be suppressed, resulting in an enhanced optical output in the direction of choice, or if desired in a 
narrow output beam. Although MCLED's do not promise record high efficiencies such as the 55% by HP (inverted 
truncated pyramid [12]) or the 40% by IMEC (surface roughening + bottom mirror [13]), they do offer one important 
advantage: they do not require a complicated processing in order to obtain their high efficiency, opening the way to low 
cost, high efficiency devices, especially when combined with germanium substrates. 

2.   FABRICATION 

1.   Growth of (Al)GalnP materials on Germanium 
All device layers were grown by means of metal-organic vapour phase epitaxy (MOVPE) in a closely spaced vertical 
reactor. The 3-inch n-type germanium wafers (supplied by Union Miniere) were in a central position on a single wafer 
susceptor. Pure AsH3 and PH3 were used as group-V sources, and TMI, TMG and TMA were the group-Ill precursors. All 
device layers were grown at a pressure of 76 Torr and mainly at a temperature of 730°C. The GaAs buffer layer, which 
accounts for the transition from the Ge to the GaAs-material, is grown at 700°C and is only a few lOOnm thick. Prior to the 
growth of this buffer layer, the wafer is baked out at 700°C under an AsH3 overpressure. 
Compared to the (In)(Al)GaAs material system, which is quite 'easy' to grow, the (Al)GalnP material system requires some 
very specific growth conditions (growth temperature, V/III-ratio) in order to obtain the preferred 'disordered' material. 
Mainly the high growth temperature results in additional difficulties since the indium tends to desorb from the grown 
material with increasing temperature. This makes the process very dependent on growth temperature and its uniformity. 
By tuning the temperature distribution inside the reactor it was possible to obtain very nice wavelength and intensity 
uniformity. In Figure 1 we show the PL-mapping of a quantum well calibration run on a 3-inch germanium wafer. The 
standard deviation on the wavelength is only 0.3nm. 
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Figure 1: PL wavelength mapping of GalnP/AlGalnP 
quantum wells grown on a 3-inch Ge wafer. 

Figure 2: the AIGalnP material should be slightly 
compressively strained to the Ge substrate. 
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Finally, (Al)GalnP materials are quite sensitive to strain, therefor it is important that the In-fraction of the (Al)GalnP 
materials is slightly increased when growing on Ge-substrates, compared to growth on GaAs wafers. In Figure 2 we show 
an DCXRD rocking curve where one can observe the layer peaks from the Ge-substrate, the GaAs buffer and the AlGalnP 
layer, the latter being slightly compressively strained to the Ge. 

2.    Calibration prior to the actual device run 
As already mentioned, the working principle of micro cavity LED's is based on cavity resonance. This implies that careful 
calibration is necessary in order to have DBR, cavity and quantum well emission tuned to each other. It further also implies 
that uniformity over the wafer should be fairly constant, in order to have acceptable yields. 
If growth conditions are well controlled, the tuning of the DBR and the cavity can be obtained in a single growth run. It can 
be easily understood that an exact l-X cavity, applied on top of a DBR, taking into account the right changes in refractive 
indices, will show as a dip inside the DBR spectrum in a reflection measurement. This is illustrated in Figure 3. The side 
walls of the DBR peak can be used to extract the central DBR wavelength, while the dip in the spectrum, originating from 
the 1-X. cavity, can give the exact growth velocity of the spacer layer material. 
Figure 4 shows the PL-measurement for the last quantum well calibration prior to the growth of the MCLED's. 
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Figure 3: reflection measurement on structure with DBR + 
1-X cavity, for accurate tuning before the MCLED growth 

Figure 4: PL-measurement of the quantum well 
calibration prior to MCLED growth 

3.    Device growth and processing 
Three different device structures were grown (Figure 5): 
I:     a standard microcavity LED, with a 26.5period bottom DBR and a 5 period top DBR. 
II:    a microcavity LED, identical to structure I, but including a 5 urn Alo.ssGaAs current spreading layer on top. 
Ill:   a reference LED, without any mirrors, but including the same 5um current spreading layer. 

Both DBR's consisted of alternating Al0.9sGaAs and Alo.ssGaAs layers, with abrupt interfaces for the n-type part, and with 
graded interfaces (lOnm) for the p-type part. To prevent oxidation of the top Alo.ssGaAs layer the last DBR-layer (or the 
current spreading layer) was ended on 5nm p+-GaAs, which was also believed to improve contact resistance (but as we will 
show later was not very successful in doing so). 
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Figure 5: different (MQLED structures used within this study 

The active region consisted of 3 compressively strained Ga0.44Ino.s6P quantum wells (5nm) embedded within 8nm 
(Alo.5oGa)InP barriers. The spacer layers needed to define the l-X cavity consisted of the same material, and were 
intentionally detuned (in total the cavity was aimed to be ±8nm thicker), in order to improve the optical power output. 
SiH4 was used as dopant for both the n-DBR and the n-type spacer, while Cp2Mg was used as dopant for the p-spacer and 
DEZ for the p-DBR and current spreading layer. A SEM picture of the type-II LED layer structure is shown in Figure 6. 

Figure 6: SEM-picture of cross section of structure II, 
showing both DBR's and the micro cavity in between 

Figure 7: SEM-picture of processed MCLED's 
with different apertures (largest one is 200/im) 

The devices were processed to circular mesa-type LED's using H2S04-based chemical etching. This etching was for all 
three structures carried out completely through all top AlGaAs layers (current spreading and/or DBR) and was stopped on 
the AlGalnP spacer layer interface. Ti/Au was used as the p-type contact and AuGe/Ni as the back side contact. The top- 
contact was electroplated with Au to improve serial resistance and overall strength. The LED's had apertures of different 
sizes, up to 200um, with a mesh structure inside the window to improve the current spreading (Figure 7). 
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3.   RESULTS AND DISCUSSION 

1.    Spectral measurements 
In Figure 8a-c we show the optical spectra of the LED's made from the three different structures, all being 200um aperture 
devices, measured at 20mA current. The spectrum from structure III (Figure 8c) is more or less the spontaneous emission 
we can expect from a non resonant device, except for some very slight resonance modes originating at the semiconductor/air 
interface. The measured FWHM is 18nm. For structure I the design was such that the top DBR and the semiconductor/air 
interface act together as 1 mirror, which explains the narrow spectrum (Figure 8a). The FWHM of the emission peak is only 
7nm, a nice illustration of the micro cavity effect. The central wavelength is 652nm, which is very close to the expected 
650nm. This illustrates that the calibration procedure prior to the MCLED growth was very accurate. 

Figure 8a: optical spectrum originating from structure I 
(i.e. MCLED without current spreading layer) 

Figure 8b: optical spectrum originating from structure II 
(i.e. MCLED with current spreading layer) 
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Figure 8c: optical spectrum originating from structure III 
(i.e. non resonant LED with current spreading layer) 

Figure 9: influence ofanti reflection coating 
on optical spectrum of LED with structure II 
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The optical spectrum of the LED originating from structure II (Figure 8b) shows a lot of different peaks, originating from 
the parasitic reflection at the semiconductor/air interface (at the top of the current spreading layer). It is however possible to 
suppress these extra resonance modes, by applying a suitable anti-reflection coating. In Figure 9 we show the influence of a 
95nm Hf02 coating (hafnium oxide). The spectrum does not get as narrow as for structure I, but the 13nm is still narrower 
than the non resonant LED. There was also a slight improvement on the total optical output. 

2.    Optical power 
All optical power measurements were performed by placing a large area Si-detector (of an optical power meter) as close as 
possible to the LED (which was contacted by probing needles). Since not all light is captured and a significant part of the 
light is incident under an angle (and hence reflected), the resulting figures are an underestimate. 
In Figure 10 we show the optical power as a function of the current for 200um aperture devices fabricated from structures I, 
II and III. In Figure 11 we give the according external quantum efficiencies. Although, from a purely optical point of view, 
the standard MCLED without current spreading layer (structure I) should have higher performance compared to the 
MCLED with current spreading (structure II), it appears to be significantly inferior. This is explained by the poor current 
spreading in the 5-period DBR, which is only p-doped to about lxl018/cm3. The best optical output is clearly obtained by 
the MCLED with current spreading layer, which has an increase in output power of roughly 5 times compared to the 
reference non resonant LED. The external quantum efficiency reaches 4.35% at 10mA, and a total power of more than 4mW 
is obtained at 80mA. Please note that all these results are for unpackaged devices. 
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Figure 10: Optical power versus current 
for the three different LED structures 

Figure 11: External quantum efficiency versus current 
for the three different LED structures 

As we will indicate in section 4 (electrical behaviour), there is still quite some room for improvement of the devices. Both 
MCLED devices exhibit a strange behaviour in the low current regimes (mA and sub-mA range): initially the light is very 
localised at one or more spots within the LED window, which move around with increasing current. In a voltage driven 
mode the devices emit no light unless a certain (quite high) voltage is applied, which suddenly switches on the LED. This 
phenomenon is however not observed for the reference LED (structure III). 

3.    Far field radiation pattern 
In Figure 12 we show the radiation pattern for a 200um aperture LED, based on structure II (i.e. the MCLED structure with 
a current spreading layer). It is clear that this is a different pattern than what one would expect from a standard LED, but it 
is what one can expect from a detuned MCLED. The maximum intensity occurs at an angle 36° away from the normal angle 
and has a FWHM of ±120°. The luminous intensity in the normal direction was ±55mcd (30mA). It should be clear that 
these figures can be altered by a different tuning of the cavity thickness, which will of course also influence the total emitted 
power. 
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Figure 12: farfield radiation pattern from unpackaged 
MCLED origination from structure II 

Figure 13: farfield radiation pattern from 'packaged' 
MCLED, origination from structure II 

(hardly visible near the center, we have plotted in grey 
the pattern from the unpackaged LED in the same scale) 

So far we have concentrated on unpackaged devices. Packaging allows for a better focussing of the light, but more 
importantly it can give a better index matching (combined with the shaping of the top lens). We don't have any facilities to 
do professional packing, but we were anyhow able to do some rudimentary experiments. Some LED samples were mounted 
into a TO-can, and commercially available UV-hardening glue was applied into the can (and on top of the LED) until a 
certain lensed shape was obtained. The influence of this 'package' was quite remarkable. In Figure 13 we show the radiation 
pattern of a similar 200um aperture LED after this way of packaging. The resulting opening angle reduced to only 13° and 
the luminous intensity reached ±2.5cd at 30mA. In the same picture also the pattern of the unpackaged LED is shown. It is 
clear that a well designed package should result in even better figures. 

4.    Electrical behaviour 
Although optically we have some quite good LED's, electrically there appears to be room for improvement. The I-V curve 
for the optically well performing 200um aperture MCLED with current spreading layer, is shown in Figure 14 (a&b). The 
current was measured for both increasing and decreasing voltage. It appears that there is an important hysteresis effect, or 
perhaps the word 'thyristor effect' describes the phenomenon better. A certain voltage is necessary to switch the LED on 
(both current -wise and optically), but then the voltage can drop again to lower values, without switching the LED off. Even 
in the 'best' part of the hysteresis curve the I-V curve is not quite good: more then 4V is necessary to sustain a current of 
5mA. 
We realise that this electrical behaviour is not acceptable for commercial applications, and we have been digging to find the 
origin of this phenomenon. Three different problems were identified. 
In Figure 14 we also show the I-V for the reference non resonant cavity LED, which does not show the thyristor effect, 
indicating that a problem is present within the layer structure. It has been found that the interface between the top 
(Al50Ga)InP layer and the first Al95GaAs DBR layer tends to behave as a barrier to the electrical carriers. Apparently the 
phenomenon can be prevented by changing the composition of one of both layers, e.g. Al55GaAs instead of AlgsGaAs or 
(Al70Ga)InP instead of (Al50Ga)InP. 
The I-V curve for the non resonant LED however indicates that the turn-on voltage, even for this simple structure, is too 
high (more than 3.5V required to obtain 5mA). Further tests have indicated that both metallic contacts could be improved. 
The main problem of the forward voltage is related to the Ti/Au contact on top of our Al55GaAs material (covered with 5nm 
p+-GaAs). It appears that this combination results in a schottky like behaviour, leading to high serial resistance and poor 
current spreading through the mesh. Preliminary tests have indicated that AuZn contacts do exhibit ohmic behaviour and 
that they would give us a significant reduction in forward bias. 
A last, but minor problem is situated at the backside: the AuGe/Ni n-type contact on the germanium substrate was found to 
become less resistive by adapting the alloying time. Although the contact resistance decreased roughly 2 orders of 
magnitude to l~2xlO"4Q.cm2), it might only have a minor effect on the demonstration LED's, since the whole backside of 
the sample (few cm2 area) is metallised. 
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Figure 14a: Illustration of the thyristor like I-V behavior for 
the LED from structure II (black). In grey we show a more 

normal behavior for an LED from structure III. 

Figure 14b: Linear scale 

Based on these findings, a new processing was performed with the improved metallisation scheme. In Figure 15 we show 
the I-V curves for LEDs processed from structure II (MCLED with current spreading) and III (reference LED). We only 
show the reverse path for structure II; of course the thyristor effect still exists since it is inherent to the layer structure. We 
do however notice that the forward voltages have reduced significantly: for a 20mA current we only need 2.7V for structure 
II and only 2.0V for structure III. This indicates that the growth on germanium as such, is not hindering in obtaining low 
bias voltages. A next observation is that the differential resistance for both structures is very similar (13.On for III, 13.7 Q. 
for II), indicating that the DBRs in the MCLED do not contribute significantly to the serial resistance. Or in other words this 
indicates that the difference in turn-on voltage is almost entirely caused by the problem at the layer interface. 
As expected, the better electrical behaviour of the contacts also results in an improved optical output, as illustrated in Figure 
16 for the MCLED with current spreading layer (II). The main influence of the new contacts is less saturation, resulting in 
output powers of 3mW at 40mA, and 5mW at 80mA, for unpackaged devices. 
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Figure 15: A processing with new contacts results in a much 
better serial resistance. The thyristor-like behaviour still 

exists, we only show the reverse curve for structure II. 

Figure 16: As expected, the new processing also resulted in 
increased optical power output, illustrated here for the 

MCLED with current spreading layer (str.II). 
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4.   CONCLUSION 

In this paper we have demonstrated that high efficiency red (MC)LED's on germanium substrates are feasible. Micro cavity 
LED's including a current spreading layer exhibited an external quantum efficiency of 4.35% (at 10mA) and an output 
power of 3mW at 40mA and 5mW at 80mA, for devices with a 200um aperture. The optical spectrum indicated that the 
structure was indeed matching to the design specifications, thanks to an accurate calibration procedure prior to the device 
growth. Parasitic reflections on the semiconductor/air interface are visible in the optical spectrum, but can be eliminated by 
applying a suitable AR-coating. Also in the far field radiation pattern the micro cavity effect was prominent, with maximum 
intensity occurring at an angle of 36° from the main axis, and an opening angle of 120°. By applying a rudimentary 
packaging we could boost the LED performance to a luminous intensity of 2.5cd, with an opening angle of ±13°. The 
electrical behaviour of the original devices was initially rather poor, but further tests and a new processing have indicating 
that LEDs could be fabricated on germanium with a turn-on voltage as low as 2.0V (20mA). 
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ABSTRACT 

The reliable n+-ZnSSe metal-semiconductor-metal (MSM) blue-green light 

emitting diodes (LEDs) have been fabricated. The contact metal was CuGe/Pt/Au. 

The current transport mechanisms agree very well with the back-to-back tunneling 

diodes. The kink phenomena were observed in the MSM current-voltage curves. In 

the metal-semiconductor interface, the element Zn in ZnSSe can be replaced by Cu 

results in some acceptor levels as radiative recombination centers in the MS interface. 

The peak wavelength in the LED electroluminescent (EL) spectra was strongly 

dependent on the injection currents from 5 to 40 mA. The peak wavelength and full 

width at half maximum are 510 and 10 nm, respectively, at 10 mA injection current. 

When the injection current increases to 15 mA, the peak wavelength shifted to 530nm 

due to different recombination centers. Further increasing the injection currents, the 

peak wavelength shifted slightly to the long wavelength side. 

Keywords: II-VI, ZnSSe, MSM light emitting diodes. 
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The wide bandgap ZnSSe compound semiconductor is a promising material for 

optoelectronic devices. Due to a large bandgap with 2.7eV at room temperature, 

ZnSSe can emit at blue-green spectrum. Since the first blue-green laser diode has 

been made in 1991 by 3M Haase et al. [1]. The most difficult problem is the lack of 

low resistance ohmic contact to p-ZnSe. Over the past years, the optimized contact 

structure is the ZnSe: N/ZnTe: N superlattice (SL) which is developed by Sony 

groups [2][3]; this contact was used in a ZnCdSe/ZnSSe/ZnMgSSe single quantum 

well (SQW) separated confinement heterostructure laser diode (SCH LD) whose 

lifetime was over 400h [4]. 

We found the CuGe/Pt/Au contact onto p-ZnSe and p-ZnMgSSe which showed 

good ohmic contact characteristics, and the specific contact resistance is as low as the 

order of 10"5Q-cm2. In this part we will apply this contact mechanism to n+-ZnSSe 

and attempt to fabricate the metal-semiconductor-metal (MSM) blue-green 

light-emitting diodes (LEDs). The HP-4156A semiconductor parameter analyzer was 

used to identify the electrical characteristics, and electroluminescence spectra 

revealed the optical properties. 

The n+-ZnSSe with layer thickness about 1/mi was grown on GaAs (100) 

substrate by molecular beam epitaxy (MBE) and doped by the ZnCh with donor 

concentration about 10I9cm'3. The schematic diagram of the MSM LEDs is shown in 

Fig.l. After the surface cleaning, the 200/mix 80/mi metal mesa was first defined, 

and the CuGe/Pt/Au was deposited onto the sample with total thickness about 200nm. 

Then the pattern with dimension of 220/mix 120//m for etching was transferred into 

the ZnSSe sample. After etching processes of 60nm depth, the active region appeared. 

Figure 2 shows the energy band diagram of MSM light emitting diodes at (a) thermal 

equilibrium, (b) low electric field condition and (c) high electric filed condition. 
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When  the   CuGe/Pt/Au  was   deposited  onto  the  n+-ZnSSe,  the  back-to-back 

metal-semiconductor (MS) tunneling diodes were formed in the semiconductor 

surface. The element Zn can be replaced by Cu that result in some p-type acceptor 

levels, i.e. EAI and EM- This in turn will increase the hole concentration at the MS 

surface as indicated in Fig.2. It will be noticed that highly doped n+-ZnSSe have a 

degenerated Fermi leval near the conduction band. At cathode side with reverse 

biased condition, the MS contact behaves as a tunneling diode. The electrons that 

transit from the cathode metal tunnel through the interface (See Fig. 2(c)), so the MS 

tunneling diode at cathode side behaves linear current-voltage curve that the dominant 

mechanisms are electrons tunneling. At anode side with forward biased condition, the 

result is very different. When the applied voltage was small, the electrons will transit 

from the n+-ZnSSe layer to the acceptor vacancy in the anode MS interface. The 

larger the bias, the higher the conduction band in the n+-ZnSSe. When the lowest 

conduction band in n+-ZnSSe layer becomes higher than the energy levels of the 

acceptor vacancies in the interface, at this time, no acceptor vacancies exist for 

electrons to reach, so the current decreases. The current-voltage (TV) characteristic is 

shown in Fig.3. Since there are multi-acceptor levels in the MS interface, the I-V 

curve shows several kink phenomena. The tunneling current increases when the Fermi 

level on the n+-ZnSSe can match with the acceptor levels in the MS interface by 

increasing forward biases. Otherwise, the current will decrease. But at high electric 

field conditions, the currents increase rapidly. Because the transition mechanisms 

changed to the thermionic emission prdcess at anode side, and at the same time the 

reverse bias of the MS contact at cathode side gives rise to large amount of tunneling 

currents as shown in Fig.2(c). The electrons on the conduction band and the holes on 

the valence band (or in the acceptor level) will recombine and emit the light at anode 

side as shown in Fig.2(c). 
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In order to reduce the threshold current of the MSM light emitting diodes, an 

extra procedure was added to improve the MSM structure as shown in Fig. 1(a). After 

the mesa etching, the CuGe/Pt/Au was deposited as passivation onto the large area 

beyond the previously deposited metal region in the MSM structure. The etched mesa 

structure with the threshold current density less than one order compared to the 

un-etched sample. The light efficiency will thus increase. Also, the confinement walls 

were formed between the large area CuGe/Pt/Au and the original metal contacts, as 

shown in Fig. 1(b). In order to identify the I-V characteristic of MS tunnel diode, we 

replaced the CuGe/Pt/Au on the large area by Ti/Pt/Au, because Ti can form really 

good ohmic contacts. The I-V curve is shown in the Fig.4. The standard I-V 

characteristics of tunneling diodes were observed as expected. 

When the applied voltage increased over 1.5V, the light emits from the 

forward-biased junction near anode side. The room temperature continuous-wave 

electroluminescence (EL) spectra are shown in Fig.5. When 10mA injection current 

for MSM LED was applied, the peak emission wavelength was 510nm whose 

corresponding energy is 2.43eV (conduction band to EAi), and the full width at half 

maximum (FWHM) is lOnm. When the injection current increased to 15mA, the 

wavelength red shifted to 530nm (i.e. 2.34eV, conduction band to EM), and when the 

injection current further increases to be larger than 15mA, the emission spectra further 

shift to the long wavelength side duo to the increasing thermal energy. Also, the 

FWHM broadened with increasing injection current. These phenomena agree with the 

prediction of multi-acceptor levels existing in the MS interface as shown in the band 

diagram of Fig.2 and also agree well with the results from the I-V measurements. At 

low injection currents (0-lOmA), only low acceptor level (EAi) was filled with holes, 

and the electron-hole recombination with 510nm green light occurred between 

conduction band and EAi level. At high injection currents (15-40mA), all acceptor 
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levels, EAI, EM were filled with holes, and the dominant recombination changed from 

EM to EA2 or higher levels, then 530-534nm light were emitted. 

In this paper, the reliable n+-ZnSSe metal-semiconductor-metal blue-green light 

emitting diodes have been fabricated with very easy techniques and simple structures. 

Low cost, simple processes and high brightness are possible. The contact metal was 

CuGe/Pt/Au. The current transport mechanisms agree well with the back-to-back 

tunneling diodes. Several kink phenomena were observed in the MSM I-V curves. 

After passivation onto the large area beyond the metal contact region, the threshold 

current can be reduced. In the metal-semiconductor interface, the element Zn in 

ZnSSe can be replaced by Cu that results in some acceptor levels as recombination 

centers, which were studied in detail. One is 2.43eV and the others are 2.32-2.34eV 

measured from the conduction band to the acceptor levels. The electroluminescent 

spectra were studied in detail. When the injection current increases from 10 to 15 mA, 

the peak of the EL spectrum shifted from 510 to 530nm due to different 

recombination centers, EAI and EA2 respectively. Further increasing the injection 

currents, the peak wavelength showed slightly red-shift phenomena. 

Acknowledgement: This work is supported by the National Science Council of 
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ABSTRACT 

We have found that the electrical and optical properties of GaN epilayers strongly depend on buffer TMGa flow rates and 
NH3 flow rates. At low flow rate of 4 seem, the buffer layer quality was good so the concentrations of undoped GaN 
epilyaers decreased and a stronger band-edge emission of 362 nm can be observed in photoluminescence spectra. The 
carrier density of the films can be reduced from 1018 to 1017cm"3 by increasing the NH3 flow rate from 0.5 up to 1 SLM and 
comparatively increased the near-band-edge emission. So, with a NH3 flow rate as high as 1 SLM, the GaN epilayers with 
good optical quality can be obtained. The excitation power density of He-Cd laser influences the photoluminescence 
property of GaN epilayers. At high excitation power density of 637 W/cm2, the near-band-edge luminescence (362 nm) is 
dominant and the deep level luminescence (near 550 nm) appears very weak. But at low excitation power density, the 
luminescence from defect yellow band levels is stronger than the near-band-edge transitions. 

1. INTRODUCTION 
Gallium nitride (GaN), a III-V compound semiconductor with direct energy gap near 3.4 eV has attracted a great deal of 
attention due to its application as a light-emitting device in the blue to violet region [1]. For the fabrication of these optical 
devices, high quality GaN films are required. It has been difficult to obtain high-quality GaN epilayers on sapphires because 
of the large lattice mismatch and the large difference in the thermal expansion coefficients between GaN and substrates. 
Since Akasaki [2] and Nakamura [3] adopted the low-temperature buffer layer technique for growth on mismatched 
substrates like sapphire, the device quality of GaN grown at a higher temperature has improved tremendously. As a result, 
high-brightness light emitting diodes [4] and continuous-wave laser diodes [5] have been demonstrated. So, the quality of 
the buffer layer plays a very important role in growing a good epitaxial GaN film [6]. In present time, GaN and A1N or their 
combination are mainly used serving as buffer layers [7-9]. 

2. EXPERIMENTS 
GaN films were grown by metalorganic chemical vapor deposition on lxl cm2 sapphire (0001) substrates with a H2 carrier 
gas. Ammonia (NH3) and trimethylgallium (TMGa) were used as source materials. The growth was conducted in a vertical 
rotating disk reactor. The group III and group V elements are injected separately into the reactor through a water cooled 
showerhead to avoid undesired upstream pre-reactions. A tungsten resistance heater is used to raise the temperature of a 
graphite susceptor up to 1200°C. The rotation speed of the susceptor was 100 rpm. Deposition was performed under low 
pressure of 100 Torr. 

The substrates were degreased in organic solvents (acetone, methanol) and etched in HC1. Before growth the substrates were 
baked out at 1060°C in a hydrogen atmosphere. After the bake-out the substrate is flushed with NH3 to nitride the surface. 
The growth of GaN is performed as a two step process. In the first step a nucleation layer is grown at a low temperature 560 
°C. Then the temperature of the substrate is raised to 1100°C with a increasing rate of 150 °C/min. During the raising period 
the nucleation layer recrystallizes and on this improved nucleation surface the GaN epilayer is deposited. For GaN epilayers 
the standard flow rates that were applied for carrier, NH3 and TMGa are 0.5 L/min, 1 L/min and 16 cc/min, respectively. For 
GaN buffer layers all the flow rates are the same as epilayer, except for those of TMGa varying from 4 to 6 cc/min to obtain 
good quality GaN epitaxy. 
♦Correspondence: E-mail: fsjuang@ksmail.seed.net.tw 
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Several growth conditions were varied to optimize the growth process. GaN films were characterized by Hall measurements 
to examine the electrical properties. Optical characterization was performed by photoluminescence (PL) measurement, 
where the 325 nm line of He-Cd laser with 20 mW powers was used to excite the samples. A focus lens with 10 mm focus 
length was used to adjust the excitation power density of W/cm2 unit. 

3. RESULTS AND DISCUSSIONS 
Figure 1 shows the effects of buffer layer TMGa flow rates on the mobility and concentration. At high flow rate of 6 seem, 
the buffer layer quality was poor so the concentrations of undoped GaN epilyaers increased. The room temperature PL 
spectra from GaN films grown with different TMGa flow rates for buffer layer growths are shown in Fig.2. At the low flow 
rate of 4 seem, a stronger band-edge emission of 362 nm can be observed. These phenomena agree with the results obtained 
from the concentration measurements. 

We examined carrier transport properties of undoped GaN films under different NH3 flow rates of 0.5 and 1 SLM, 
respectively. Figure 3 shows the influence of NH3 flow rates on the epilayer carrier density and mobility. The results 
indicate that the carrier density of the films can be reduced from 1018 to 10l7cm'3 by increasing the NH3 flow rate from 0.5 
up to 1 SLM. The comparison of room temperature photoluminescence (PL) spectra for GaN films grown with different 
NH3 flow rates is shown in Fig.4. For the sample grown with higher NH3 flow rate of 1 SLM, the near-band-edge emission 
(362 nm) appears in the PL spectra but comparatively very weak emission for 362 nm bands was obtained in the low NH3 

flow rate of 0.5 SLM. A near band edge emission is clearly observed in the sample with 1 SLM NH3 flow rate. So, with a 
NH3 flow rate as high as 1 SLM, the GaN epilayers with good optical quality can be obtained. 

In the range of 5000-6000Ä, it shows a yellowish emission peak attributed to the defects such as N vacancies or carbon 
contamination [10]. The origin of yellow band is believed to be associated with crystal defects. For NH3 flow rate of 0.5 
SLM, yellow band becomes dominant, suggesting the presence of a large amount of crystal defects. There appears a 
shoulder at around 3690 A that may be due to the localized defect levels like the N vacancies [11]. 

Figure 5 shows typical PL spectra of the GaN epilayers excited by He-Cd laser with different power density from 1 to 637 
W/cm2. It is clearly seen that the near-band-edge luminescence (362 nm) is dominant and deep level luminescence (near 550 
nm) very weak at high excitation power density of 637 W/cm2. As the excitation power density was decreased, the 
excitation energy was absorpted more easily by the defect levels than the near-band-edge transitions. As shown in Fig.5, the 
yellow band luminescence in the range of 5000-6000Ä becomes the dominant feature in the PL spectrum at excitation 
power density as low as 1 W/cm2. 

Figure 6 shows the excitation power density dependence of the 362 and 550 nm peak intensity of the photoluminescence 
peaks. The 362 nm peak intensity increases but the 550 nm decreases with increase of the excitation power density. 
Increasing the excitation power increases the near-band-edge emission and decreases the yellow-band emission. The 
increase of the 362 nm peak indicates that at high excitation power density the near-band edge transitions are easier to 
occur. Contrastly, at low excitation power density, it is diffcult to excite the near-band edge transitions but the large amount 
of defect levels are easily photo-excited to emit the luminescence. 

4. COCLUSIONS 
We have found that the electrical and optical properties of GaN epilayers strongly depend on buffer TMGa flow rates and 
NH3 flow rates. At low flow rate of 4 seem, the buffer layer quality was good so the concentrations of undoped GaN 
epilyaers decreased and a stronger band-edge emission of 362 nm can be observed in photoluminescence spectra. The 
carrier density of the films can be reduced from 1018 to 1017cm"3 by increasing the NH3 flow rate from 0.5 up to 1 SLM. 
With a NH3 flow rate as high as 1 SLM, the GaN epilayers with good optical quality can be obtained. It was also found that 
the excitation power density of He-Cd laser influenced the photoluminescence property of GaN epilayers apparently. 
Increasing the excitation power increases the near-band-edge emission and decreases the yellow-band emission. Contrast, at 
low excitation power density it is difficult to excite the near-band edge transitions but the large amount of defect levels are 
easily photo-excited to emit the luminescence. 
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ABSTRACT 

This research attempted to use metals with lower work functions, such as Ti, Al, to form ohmic contacts to n-GaN. Then we 
used metals with higher work functions, such as Ni, Pd, Pt, and Au to form ohmic contacts to p-GaN. The work functions of 
these metals indeed influence the performance of ohmic contacts, indicating that the Fermi level of GaN is unpinned. The 
specific contact resistance measured and calculated by TCL model, was 2.35><10"3Qcm2 for as-deposited Ti/Al on GaN. 
After RTA processes at different temperatures in the range of 400~900°C, the minimum pc of 7.4 xlO"5 ficm2 can be 
obtained for RTA temperature of 600°C • The oxidized Ni/Au contact exhibited the lowest contact resistance of 1.02x 10"2 Q 
cm2, among Ni/Au, Pd/Au, Pt/Au contact schemes on p-GaN. It was also observed that the I-V curves of the triple-layer 
contact, Pt/Ni/Au, was near-linear while the others were rectifying even after annealing. 
Keyword: Ohmic Contact, GaN, TCL, RTA 

l.INTRODUCTION 

1.1. Properties and applications of GaN 

Gallium nitride (GaN) is a wide bandgap semiconductor in the III-V nitride family with a wurtzite structure being the stable 
phase at room temperature and pressure, and a zincblende structure which is metastable. The bandgap of the wurtzite form 
is reported to be 3.4 eV at room temperature, while the bandgap for the zincblende structure has been reported to be 3.2 
eV.'11 Both the wurtzitic and zincblende phases demonstrate direct gap transitions, which is a prime reason that GaN is an 
excellent candidate for optoelectronic applications.'2' 
GaN also forms a continuous range of alloys with A1N (6.2eV) and InN (1.9eV). Thus, optoelectronic devices with energy 
bandgap from visible to deep ultraviolet regions are theoretically possible by using group Ill-nitrides. The wide bandgap of 
group Ill-nitrides and their strong atomic bonding force make them possible for the application of high-power and 
high-temperature devices. 
Consequently, a great deal of effort is being expended on synthesis and characterization of these materials, and processes 
necessary to develop devices based on them.'3"51 Digital storage may especially benefit from short wavelength coherent 
sources, lasers, based on III-V nitrides, because the diffraction limited optical storage density can be increased quadratically 
as the probe laser wavelength is reduced. 
GaN has been used to fabricate a number of devices. For example, Khan et al. reported the first GaN based metal 
semiconductor field effect transistor (MESFET) in 1991.'61 Because of its large bandgap, GaN has the potential to operate at 
temperatures above 850K, as compared to the maximum operating temperature for a GaAs device of 350K.'71 In addition, 
nitride-based devices may be able to operate in caustic environments.'7' 
GaN-based light emitting diodes (LEDs) are now being produced commercially'81 with efficiencies and brightness greater 
than competing SiC and ZnSe based devices. In addition, Nakamura et al.'91 have announced the successful fabrication of an 
electrically injected diode laser from a GaN-based structure. These diode lasers are expected to have longer lifetimes than 
ZnSe-based diode lasers because of the higher resistance to defect degeneration.'101 LEDs and diode lasers are possible in 
the GaN-based system since GaN forms a continuous direct gap alloy with A1N and InN, allowing the use of bandgap 
engineering to create quantum well and other heterostructures which are critical for high performance diode lasers.'"1 
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1.2. Ohmic Contacts to GaN 

The wide-bandgap GaN and related materials have been extensively investigated in recent years, due to their exciting 
applications in visible and ultraviolet (UV) lasers and light-emitting diodes (LEDs) for display and data storage, field-effect 
transistors (FETs) for high-temperature and high-power electronics, and solar-blind UV detectors.[,3] These exciting 
applications present numerous challenges in making high-performance metal contacts to GaN-based materials, which is 
crucial for device performances. In general, making low-resistance ohmic contact is difficult for wide bandgap 
semiconductors, especially for p-type GaN due to the difficulty in doping. This difficulty has been one of the major 
obstacles in fabricating efficient nitride lasers and LEDs, and it is yet to be overcome completely. Furthermore, conventional 
metallization schemes may not have the adequate thermal stability when devices operate at high power and high 
temperatures. 
It is often said that due to the substantial ionic component of the bonds in III-V nitrides the Fermi level at the nitride surface 
and at the metal-nitride interface should be unpinned; the barrier height should consequently depend on the work function or 
the electronegativity of the contacting metal.1'31 Schottky barrier heights of a variety of elemental metals including Au, Ti, Pt, 
Pd, Ni and Cr have been reported.'14"161 We note that the Schottky barrier height, <j>B (on n-GaN), indeed varies with the metal 
work function within experimental scattering. The strategy to form ohmic contacts on n-GaN is to use a metal with a small 
work function such as Ti; and to use a metal with a large work function such as Pt to form Schottky barriers on n-GaN. In 
the following we will discuss several aspects of the metal-GaN contact technology. 

2.Theory and Measurement of Ohmic Contact 

2.1. Schottky Barrier Formation 

The work function <J>m of a metal is the amount of energy required to raise an electron from the Fermi level to a state of rest 
outside the surface of the metal (the so-called vacuum level). Any modification in the surface electron charge distribution, 
for example by absorption of gas atoms on a clean metal surface, will lead to a change in the dipole layer and hence in <£m. 
The height of the barrier $b measured relative to the Fermi level is given by Ob = (t>m - %s. In most practical metal- 
semiconductor contacts, the ideal situation is never reached because there is usually a thin insulating layer of oxide, about 
10-20Ä thick, on the surface of the semiconductor. But this equation is still a very good approximation. In obtaining it, a 
number of important assumptions have been made, namely that the surface dipole contributions to Om and xs do not change 
when the metal and semiconductor are brought into contact(or, at least, that the difference between them does not change), 
that there are no localized states on the surface of the semiconductor, and that there is perfect contact between the 
semiconductor and metal, i.e., no intervening layer. 
According to Schottky-Mott theory, an ohmic contact can be produced between a metal and a semiconductor if the work 
function of the metal is less than that of the semiconductor. [1?1 However, Fermi level pinning at the semiconductor surface 
can lead to a contact barrier height which is insensitive to the metal work function as described by Bardeen.[l7] For a large 
number of important semiconductor, Si and GaAs included, the dependence of barrier height on work function difference 
has not been observed, a result attributed to the existence of surface states which pin the Fermi level at the interface."81 

To predict the barrier of metal-semiconductor contacts, Kurtin et al.[,9] have related the contact properties of different metals 
on semiconductor surface to a basis on the type of bonding in the semiconductor. The former were reported to be susceptible 
to surface Fermi level pinning and insensitive to work function difference between the metal and the semiconductor; 
however, the latter did not suffer from this Fermi level pinning phenomenon. 
The electronegativity difference for GaN is 1.87eV. p0] This puts GaN above the knee of the curve implying that the 
properties of metal-GaN contact can be predicted base on Schottky-Mott theory. The work function of GaN has been 
measured to be 4.1eV. [2'! Therefore, any metal with a work function equal to or lower than that of GaN should form 
essentially ohmic contacts to n-type GaN and any metal with a work function higher should form rectifying contacts to n- 
type GaN. 
One could expect that metals with small work function such as Al, Ti, In, Ta, and Cr are the good choices for the formation 
of ohmic contacts to n-GaN, and metals with large work function for example: Pt, Au, Pd and Ni are suitable for high 
Schottky barrier formation to n-GaN. 

2.2. Transmission Line Model (TLM) 

For the determination of specific contact resistance of ohmic contact systems in semiconductor devices, test patterns of 
either rectangular of circular geometry are commonly used. By forcing a constant current through the adjacent pairs of 
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rectangular contact pads, with different spacings, d, the voltage drop AV across the same pads can be plotted versus d and 
this would result in a straight line with slope proportional to the semiconductor sheet resistance (Rs) and an intercept 2LT to 
the negative d-axis, where LT is the transfer length. The potential distribution V(x) undeMhe pad, for the rectangular 
geometry, obtained from the transmission line model (TLM) can be expressed in the manner,[221 

v(xy- i0R,Lr 

L-r 

cosh(X/Lr) 

smh(fV/Lr) 

Where LT is the transfer length or inverse of attenuation constant given by 

R, 
When W» LT, the voltage drop under one of the contact pads becomes, 

As the voltage AV drop is measured across both pads it can be written as, 

&V =i0R, 
2Lr 
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(3) 

(4) 
UZ       Z   ^ 

In the rectangular contacts, the current flow at the contact edge can significantly affect the results of contact resistance 
measurement unless mesa structures are fabricated in order to eliminate the unwanted current flow patterns. In circular test 
patterns this complication can be totally avoided without making mesa structures. However, errors can occur due to finite 
radius of the contact patterns as may be seen from the following equation'231 for the voltage drop across the separation d: 
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where I0,1, and K0 and K, are the modified Bessel Functions and r0 and r, are the radius that define the separation d. when r0 

and r, are greater than LTat least by a factor of 4, then both VI, and K0/K, approximate to unity. '241 Thus, equation (5) 
becomes 
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Note that if r,»d the above reduces to equation (4) with 27tr,=z. 

3.Results and Discussion 

As for ohmic contacts to n-GaN, Ti- or Al-based metallization schemes (e.g., Al, Ti, Ti/Al, Ti/Au, Ti/Al/Ni/Au, and Pd/AI) 
have been widely investigated. In such metallization schemes, low contact resistances ranging from ~10"5 to ~10"8 Qcm2 

have been reported, and these resistance values are good enough for the operation of the optical and electronic devices.'25"271 

For the ohmic contacts to p-GaN, however, there are two main obstacles making it difficult to develop devices with good 
quality ohmic contacts on p-type GaN. The first arises from a difficulty in growing a heavily doped p-GaN (>10'8cm"3). The 
second results from the absence of appropriate metals having work functions larger than that of p-type GaN(~7.5eV). These 
problems have led to contact resistances of ^ 1(T2 Qcm2. Trexler et al.'281 investigated Ni/Au, Cr/Au, and Pd/Au 
metallization schemes for P-GaN (9.8x 1016cm"3) ohmic contacts and showed that only the Cr/Au contact was ohmic with a 
specific contact resistance of 4.1 x 10"' Qcm2, when the sample was annealed at 900°C for 15s. Jang et al.'2"1 investigated 
ohmic contacts on p-GaN by using a Ni/Pt/Au metallization scheme and the results showed that the metal contact was 
ohmic with a contact resistance of 2.1*10"2 Qcm2, when the sample was annealed at 500°C for 30s in a flowing Ar 
atmosphere. Mori et al.'301 investigated electrical properties of ohmic contacts on p-GaN using Pt, Ni, Au, and Ti single 
layers, and they reported a specific contact resistance of 1.3* 10"2 Qcm2 for the as-deposited Pt/p-GaN contacts. 
Formation of low resistance ohmic contacts to p-GaN is complicated due to the nature of the semiconductor. In general there 
are two methods of forming an ohmic contact to a p-type semiconductor. The semiconductor can be degenerately doped to 
decrease the depletion distance and allow tunneling to occur or a large work function metal can be used to decrease the 
potential offset at the metal/semiconductor interface. In GaN the Fermi level is believed to be unpinned leading to the 
potential barrier being work function dependent. However, in p-GaN neither of these methods is presently viable. GaN tends 
to auto-dope n-type and has only been reliably doped to the mid 1018cnr3 p-type with Mg. This is due to the problems with 
activation of the deep Mg acceptor and the formation of H-Mg complexes which decrease the number of active carriers. 
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Concerning the second approach, GaN, with a band gap of Eg = 3.4 eV and an electron affinity of % = 4.1eV, requires a 
metal with a work function of ~7.5eV to provide zero offset at the interface. Unfortunately, metal work functions are never 
much larger than 5eV!31> so there will still be a noticeable energy barrier to conduction. 
The contact schemes investigated here were chosen on the basis of their large work functions and their ability to react with 
GaN to provide the opportunity for doping of the near surface region which would increase the probability for tunneling to 
occur. The work functions are Au:5.1eV, Ni:5.15eV, Pd:5.12eV, and Pt:5.65eV. All metals were deposited on MOCVD 
grown GaN doped p-type with Mg acceptors to a carrier concentration of 2xl0'7cm3. The thin film metallizations were 
deposited in an electron beam evaporator with a base pressure under 3><10s Torr for all depositions. Before insertion into the 
vacuum chamber, the samples were degreased in HC1: DI water (1:1) solution for 3 minutes to remove possible native oxide. 
After metal deposition, the circular transmission line model (c-TLM) patterns were defined by metal wet etching. It is due to 
the difficulty to define these patterns by conventional lift-off process. Auger electron spectroscopy (AES) depth profiles 
were used to study the interfacial reactions between the contact metals and the p-GaN. The electrical properties were studied 
on as-deposited and annealed samples using room temperature current-voltage (I-V) measurements by HP4156 
semiconductor parameter analyzer. 

3.1. Ti/AI Ohmic Contact to N-type GaN 

In this study, the GaN film was grown on c-face sapphire substrate by metalorganic vapor phase epitaxy (MOVPE). 
Trimethylgallium (TMGa) and ammonia (NH3) were used as the sources for Ga and N, respectively. Si2H6 was employed as 
the n-dopant. The GaN films were grown at 1050°C. The Si-doped GaN epitaxial layer was 2.5um thick. Hall measurement 
revealed that the film has a bulk carrier concentration of around 7xl0'7cm"3 and a mobility of about 250 cm2/V-s. 
Before loading the GaN samples into the evaporation chamber, they were treated in TCA, acetone (ACE) and methanol 
(CH3OH) by ultrasonic vibration for 5 minutes, respectively. Then they were dipped in HC1 : H20 (1 : 1) solution for 30 
seconds, rinsed in de-ionized water, blown dry with nitrogen, and immediately transferred into the evaporator for 
metallization. The Ti/Al (250Ä/1000Ä) metal layer were deposited sequentially by electron beam evaporation under a base 
pressure of ~3 * 10"6 Torr. 
A lift-off process was employed to define circular structures for measuring specific contact resistance by the transmission 
line model   (TLM) method. Circular contacts with a ring-shaped gap between them were formed using contact lithography. 
The circular contact design avoids the need to isolate the metallization structures by implantation or etching. This contact 
method is especially useful for GaN because it is relatively difficult to use pattern-requiring plasma processing to achieve 
significant etch rates. The outer circular contact had a constant radius of 200um and gaps between inner and outer contacts 
are 5, 10, 15, 25, 35, 45um, respectively. After lift-off, the samples were annealed by rapid thermal annealing (RTA) in 
nitrogen atmosphere. 
The current-voltage characteristics of as-deposited Ti/Al contacts on n-GaN are shown in Figure 1. Samples annealed at 600 
°Cand 900°C for 30 seconds were also compared as shown. The as-deposited Ti/Al was observed to be slightly rectifying, 
while the annealed samples exhibits ohmic behavior. Besides, we found the contact resistance of 600°C -annealed sample 
was smaller than that of 900°C -annealed sample. It might be attributed to oxidation of Ti/Al contact at this higher 
temperature. The similar results were observed at different annealing temperatures. 
Figure 2 shows the specific contact resistances of Ti/Al contact scheme as a function of rapid thermal annealing temperature. 
The annealing time was 30 seconds. The specific contact resistances were 2.35xl0"3 Qcm2 for as-deposited Ti/Al, and found 
to decrease as annealing temperature increased until a minimum  pa 7.4xl0"5 Qcm2, was obtained at 600°C. Further 
increases in the annealing temperature degraded Ti/Al metallization as shown. 
The low specific contact resistance of Ti/Al bilayer metallization was believed due to the formation of a highly n-type doped 
GaN layer and a thin TiN interfacial layer from the reactions between Ti and GaN. It was estimated that only two 
monolayers of TiN are needed to form in order to generate a 100Ä layer of GaN with an electron density of 1020 cm"3.[321 

This highly doped GaN interfacial layer shall facilitate current tunneling through the barrier, and the TiN interfacial layer 
may also lower the effective barrier height, facilitating current conduction through the junction. 
Figure 3 shows the current-voltage-temperature characteristics of Ti/Al (250Ä/1000Ä) contact annealed at 600°C for 30 
seconds. It is clear to find that the I-V characteristics were almost the same as temperature varied from 150K to 450K. Thus, 
the current conducting mechanism in this study is assumed to be dominated by tunneling due to highly doped surface at 
metal-GaN interface as mentioned above. 

3.2. Ohmic Contact to P-type GaN 

Ni/Au 
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Figure 4 shows the I-V characteristics of Ni/Au (400Ä/500Ä) contact scheme annealed at different atmosphere, nitrogen and 
air. It can be observed that the as-deposited Ni/Au contact exhibits very rectifying behavior in the -10V-10V range while 
the annealed samples exhibit more ohmic. It is also observed that the Ni/Au contact annealed in air behaved more linearly 
than that annealed in nitrogen. The same results were obtained when air is replaced by pure oxygen. The lowest specific 
contact resistance is 1.02xlO"2Qcm2 when the contact was annealed in air for 10 minutes. 
To observe the AES depth profile of as-deposited and annealed Ni/Au (300Ä/200Ä) contact, we found, before the annealing, 
no inter-diffusion was observed and clear interfaces between Au, Ni, and GaN could be seen. However, for the sample 
annealed at 500 °C in air, there is a large scale diffusion of Ni through the Au capping layer to the surface of the contact 
where it was oxidized. Jin-Kuo Ho and co-workers[331 speculated the improvement of oxidized Ni/Au contact is related to 
the formation of NiO. NiO was reported to behave as a p-type semiconductor with nickel vacancies and/or oxygen 
interstitials, and possibly with the incorporation of monovalent atoms, e.g. lithium.[34! Sato et al.'351 found that the hole 
concentration of NiO films prepared by sputtering deposition can be as high as 1.3><10'9cm"3 which is about one to two 
orders higher than that of common p-type GaN films. The high carrier concentration of NiO makes a metal easy to achieve 
an ohmic contact on it. Ho assumed the actual contact of oxidized Ni/Au contact may regard as a Au/p-NiO/p-GaN 
conjunction. However, in our study it can be seen that the NiO film was almost formed at the top of Au film, which was 
close to p-GaN. Only a few amounts of Ni and oxygen can be observed at the Au-GaN interface. Some further studies, such 
as the analysis of high resolution transission electron microscopy (TEM) and high resolution and high power x-ray 
diffraction in grazing incident angle configuration, will be conducted to understand the interfacial reaction. These interfacial 
chemical products can substantially influencethe electrical properties of the contacts. 
Although, Foresi and Moustakas'361 observed that metal contacts on GaN should have barrier heights which depend directly 
on the difference of the work function between the metal and GaN. However, as generally known, chemical reactions 
between the metal and the semiconductor can substantially influence the electrical properties of metal-semiconductor 
contact. In a practical metal/semiconductor system with Fermi level pinning, the Schottky barrier height is empirically 
expressed as fbn = Sfm + C, where S is a slope parameter and C is a constant. In other words, the formation of the interfacial 
compounds near the metal/GaN interface during thermal alloying can possibly lead to a decrease of the S parameter, and 
thereby influence the barrier height. 
Temperature dependent I-V measurement was performed on a Ni/Au sample annealed at 700°C for 10 minutes in air. As 
shown in Figure 5, the current increased substantially with an increase in measurement temperature. As a result, the 
conducting mechanism should be dominated by thermionic emission. 

Pd/Au 
Figure 6 shows the I-V curves of Pd/Au (500Ä/1000A) on p-GaN. As-deposited sample exhibited very rectifying character 
while the sample which was annealed at 800°C for 3 minutes by rapid thermal annealing (RTA) in nitrogen was 
significantly improved but still remained slightly rectifying. As compared to Ni/Au contact scheme, it could be observed 
that Ni/Au still behaved more linearly than Pd/Au. 
According to the AES depth profiles of as-deposited and annealed Pd/Au samples, the reactions were very different than 
those of Ni/Au contact. For as-deposited sample, no inter-diffusion was observed. However, when Pd/Au contact annealed 
at 600 °C for 30 minutes, Pd diffused into the Au capping layer, but not through it like Ni. The amount of Pd also found to 
be consumed significantly after annealing. As the annealing temperature went up to 800°C, there was evidence of 
dissociation of GaN. Nitrogen out-diffusion leaving the surface N vacancies which act as shallow donors could explain the 
increase of contact resistance. 

Pt/Au and Pt/Ni/Au 
It was expected that the Pt/Au showed the lowest contact resistance since the work function of Pt (5.65 eV) is higher than 
those of Ni (5.15 eV) and Pd (5.12 eV). Contrary to the expectation, the Pd/Au contacts exhibited the lowest resistance 
among the three kinds of as-deposited contact schemes, as shown in Figure 7. We attribute the lowest contact resistance of 
the Pd/Au to the fact that the Pd could act as an acceptor in GaN and this phenomenon causes the near interface region to be 
highly doped.1371 

The I-V curve of triple layers Pt/Ni/Au contact is also shown in Figure 7. From previous studies, we found the oxidized 
Ni/Au contacts exhibited the lowest contact resistance comparing to others. Rectifying behavior was also observed near the 
origion of the I-V curve, indicating that noticable barrier height was existed between metal-GaN interface, so we use the 
higher work function metal, Pt, as the interlayer between Ni/Au and GaN. The reduction of barrier height was indeed 
obtained by using Pt/Ni/Au triple-layer contat. Figure 8 shows the I-V curves of as-deposited and annealed Pt/Ni/Au 
contacts. After RTA annealing at 900°C for 3 minutes, the I-V characteristics were significantly improved and exhibited 
near-linear behavior, indicating the reduction of barrier height comparing to Ni/Au. However, it should be noted that the 
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oxidized Pt/Ni/Au became very poor while the oxidized Ni/Au improved its characteristics. 
Figure 9 shows the best results of the Ni/Au, Pd/Au, Pt/Au, Pt/Ni/Au contacts studied in this thesis. It could be found that 
only Pt/Ni/Au contact was near-linear while the others were still rectifying. 

4.Conclusion 

This study used metals with lower work function, Ti/Al, to form ohmic contact to n-GaN. The specific contact resistance 
was 2.35x 10"3 ficm2 for as-deposited Ti/Al, and found to decrease as annealing temperature increased until a minimum p c> 

7.4xlO"5Qcm2, was obtained at 600°C for 30 seconds in RTA. Then we used metals with higher work function, such as Ni, 
Pd, Pt, and Au to form ohmic contacts to p-GaN, and found that the oxidized Ni/Au contact exhibited the lowest contact 
resistance, 1.02xl0"2 Qcm2, among Ni/Au, Pd/Au, Pt/Au contact schemes studied here. We also observed that the I-V 
curves of the triple-layer contact, Pt/Ni/Au, was near-linear while the others were rectifying even after annealing. 
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Figure 1 I-V characteristics of as-deposited and annealed Ti/Al contacts on n-GaN. 
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Figure 3 Temperature dependent I-V curves of Ti/Al contact annealed at 600°C for 30 seconds. 
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Figure 4 The I-V characteristics of Ni/Au conatcts annealed at different atmosphere. 
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Figure 7 The I-V curves of as-deposited metal contact schemes. 
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Figure 8 The I-V curves of Pt/Ni/Au contacts. 
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Study of optical properties of Fe(1.x)CoxSi2 thin films 
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Abstract 

A series of Fe(1.x)CoxSi2 thin films with variation of x was prepared by reactive deposition epitaxy (RDE) method. The 

optical properties of the samples are reported in this paper. The dielectric function of the samples was measured by 

spectroscopic ellipsometer in the photon energy range of 0.26-4.8 eV at room temperature. It's interesting to find that the 

dielectric function of Fe(1.x)CoxSi2 films is strongly dependent on the phase of the films: (a) The dielectric function spectra 

show interference peaks in the low photon energy range for the beta phase Fe(1_x)CoxSi2 samples, (b) The dielectric function 

spectra show a feature between the semiconductor and metal feature for the samples containing both beta and sigma phase 

Fe(,.x)CoxSi2. (c) The dielectric function spectra show metal feature for the sigma phase Fe(,.x)CoxSi2 samples. According to 

the x-ray diffraction results, the variation of the dielectric spectra is arisen from the change of the Fe-Si phase in the samples, 

rather than that from the variation of x. 

Key words: optical properties, dielectric function, metallic suicide 

1.   Introduction 

Recently, the metallic suicide have been studied extensively and demonstrated to have interesting potential application in 

silicon-based optoelectronic industry1"4. This is for the following reasons: a). Such materials have a wide gap range from 

0.12 to 0.90eV. b). Such materials can be prepared by MBE on silicon wafers. C). The cost of the device's made by this 

kind of materials is relatively low. There are many optical and electric properties studies carried out on the pure metallic 

suicide. Eppenga et al.5, Leong et al.6 and Arushanov et al.7 reported the electronic structure, the optical properties and the 

electric properties of pure metallic silicide, respectively. Meanwhile, doping plays an important role in the metallic silicide 

materials. But so far few works on the optical properties of the doped metallic silicide have been reported. 

In this work we present the study of optical properties of the doped metallic silicide. We've prepared a series of 
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Fe(1.x)CoxSi2 thin films with variation of x and measured the dielectric function spectra of the sample in a wide photo energy 

region. 

2.   Experiments 

A series of Fe(l-x)CoxSi2 thin films was fabricated on the n-type Si(lll) wafers in UMS500P ultrahigh vacuum 

chamber using reactive deposition-solid phase epitaxy (RDE) method, the pressure of the chamber during the deposition 

process was 10-8mbar. The substrate temperature was 600°C and the depositing rate was about 0.1nm/s. The thickness of 

the films was controlled by quartz-resonator. The evaporator source was the high purity Fe(99.99%) or fusing Fe-Co alloy, 

in which the original content of Co was 10 + 0.001at%. X-ray diffraction(XRD) method was used to examine the quality 

and structure of the films. The composition of the films was deduced from the Rutherford backscattering spectroscopy(RBS) 

after the deposition. The complex dielectric function spectra were measured by a rotatiing-analyser-polarizer(RAP) type of 

spectroscopic ellipsometer8. For an ideal two-phase situation, the dielectric function S can be determined by9: 

SA sin2 ^ + sin2^tan2^ 
L(I+P). 

(i) 

where p = p0 exp(z A) = tan^ exp(z' A), Sa and (j) is the dielectric constant of the ambient and the incident angle of 

the light coming to the sample, respectively. The measurements were made in the 0.26-1.25eV photon energy range in the 

near IR region and 1.5eV-4.8eV photon energy range in the visible region. All measurements were taken at room 

temperature. 

3.   Results and discussions 

The measured complex dielectric function S = Sx + is2, of the ß - Fe(|.x)CoxSi2 thin films with x=0, 0.05, 0.06 and 

0.09, are shown in Fig.l. It can clearly be seen that there are a few interference peaks in the 0.26-1.25eV photon energy 

ranges for all the samples, but the peaks disappear in visible region. This shows that the films are transparent in the IR 

region and become opaque in the visible region, since the higher optical absorption occurs in the visible region. This is the 

character of the semiconductor phase of Fe-Si. In Fig.l the numbers of the peaks changes for the samples that have different 

film thickness. 

The energy gap(£g) of the films can be derive from the experimental data as shown above. For the ß - Fe(1.x)CoxSi2 thin 

films, Eg is about 0.804eV, 0.862eV, 0.873eV and 0.888eV for x=0.00, 0.05, 0.06 and 0.09, respectively. As the photon 
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energy equals to the energy gap Eg in the 0.8-0.9 eV range, the direct and strong optical transition occurs for the samples 

mentioned above. This is consistent with the results reported by M.C.Bost10. 
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Fig. 1    The measured complex dielectric function spectra of ß - Fe(,.x)CoxSi2 thin films: (a),    ß - FeSi2; 

(b).   ß - Fe095Co0.05Si2; (c). ß - Fe094Co006Si2 and (d). ß - Fe0.91Co0o9Si2. 

It's interesting to see that there are no peaks appeared in the spectra of dielectric function in the Fe(1.x)CoxSi2 films that 

are not the ß phase. The spectra of the dielectric function have a different feature from that shown for the ß - Fe(,.x)CoxSi2 

samples. There are three kinds of features for those spectra with three different phases: a.) the semiconductor-like spectra, in 

which the interference peaks occurs in the low photon energy range and disappears in the higher photon absorption region; 
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b.) the metal-and-semiconductor-mixed spectra, in which the spectra of dielectric function show a feature for the sample 

that has a mixed the semiconductor and metal phase; c.) the metal-like spectra, in which the spectra of dielectric function 

show the spectral feature like the metal. Fig. 2 shows the three kinds of features of complex dielectric function of 

Fe09Co0,Si2 films in three phases. Fig. 2(a) shows the semiconductor-like spectra, in which the energy gap Eg is at about 

0.832eV for this sample. Fig. 2(b) and (c) shows the metal-and-semiconductor-mixed and metal-like spectra, respectively. 

0.0 0.6 1.2 1.8 2.4 3.0 3.6 4.2 4.8 

Energy (eV) 

Energy (eV) 

Fig. 2 The three kinds of features of complex dielectric function of Fe09Co0.,Si2 thin films with three different phases: 

(a), in the semiconductor phase; (b) in the mixed phase, and (c). in the metal phase. 
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The XRD results indicate that the Fe(1. 

x)CoxSi2 films with the same x value may 

have three different Fe-Si phases, as showed 

in Fig. 3. The XRD pattern is for the 

Fe0.9Co01Si2 samples. The pattern shown for 

a semiconductor phase is given in Fig. 3(a), 

in which the diffraction peaks occurred at 

(101), (200) and (021) etc. indicate a 

polycrystal structure with a beta Fe-Si phase. 

This is consistent with the feature of the 

dielectric function as shown in Fig. 2(a). For 

the phase-mixed sample as the pattern 

shown in Fig. 3(b), majority of XRD peaks 

is in the sigma phase and minority is the 

beta phase, resulting in the spectral feature 

as shown in Fig. 2(b). As the pattern shown 

in Fig. 3(c), the XRD peaks indicate that 

sample is in the sigma Fe-Si phase, resulting 

in a metal-like spectra as shown in Fig. 

2(c).. 
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4.   Conclusion 

In this paper, a series of Fe(l.x)CoxSi2 thin 

films with variation of x was prepared by 

RDE method. The optical properties of the 

samples are reported. The dielectric function 

spectra of the samples were measured by the 

spectroscopic ellipsometer in the photon 

energy range of 0.26-4.8 eV at room 

temperature.   There   are   three   kinds   of 

features for these spectra. According to the 
....     . .,     ..-,      .  „   . Fig. 3 The XRD spectra of three kinds of Fe09Co0,Si2 thin films show that: 

x-ray diffraction results, different features      B y ... 
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function is arisen from the change of the Fe-Si phase in the samples, not from the variation of x. The three phases observed 

in XRD and spectra of the dielectric functions are: (a). The sample with the dielectric function spectra in which the 

interference peaks occurs in the low photon energy range is in the beta Fe-Si phase, (b). The metal-and-semiconductor- 

mixed phase, (c). The sample with a metal-like spectra of the dielectric function is in the sigma Fe-Si phase. 
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ABSTRACT 
During the past few years several manufacturers have introduced white Light Emitting Diodes (LEDs). At the present time 
these LEDs do not provide sufficient luminous flux for general lighting applications. Many manufacturers are studying the 
possibility of grouping several LEDs and overdriving them to produce more luminous flux. The impact of higher drive 
current on long-term performance of LEDs is not well known within the lighting community. Therefore, an experimental 
study was conducted to investigate the photometric characteristics of white LEDs as a function of time for different drive 
currents. The LEDs investigated in this study were the 5-millimeter type that uses GaN-based blue LEDs and Y3AI5O12 
(yttrium aluminum garnet) phosphors (YAG phosphors). These LEDs produced 65 percent more light output at 55 mA 
compared to the light output at 20 mA. Groups of ten LEDs were driven continuously at constant current 20, 30, 50, 70, 90, 
and 110 mA and their relative light output were monitored at regular intervals for over 4000 hours. The light output 
degradation rate increased with increasing drive currents. Typically, LED manufacturers do not recommend driving these 
LEDs above 20 mA. However, it was noticed that the light output of these LEDs degraded to 65% of its initial value around 
4000 hours even for those LEDs driven at 20 mA, which is the manufacturer recommended value for drive current. 
Considering the amount of flux produced by these 5mm type white LEDs and their light output degradation rate, they are not 
yet suitable for general lighting applications. 

Keywords: White light, LED, general lighting, degradation 

1.0 INTRODUCTION 
In 1993 Gallium Nitride (GaN) based blue Light Emitting Diodes (LEDs) were introduced into the marketplace by Nichia 
Chemical Company of Japan [1, 2]. Since then the development of GaN-based LEDs has progressed rapidly, and several 
manufacturers have introduced white LEDs. Architectural lighting is one of the potential applications for this new 
technology. Although at present, white LEDs do not provide sufficient luminous flux for general lighting applications, 
experts in the field are optimistic that within the next few years these devices will provide higher luminous flux to make them 
attractive for architectural lighting applications [3]. Furthermore, researchers around the world are aggressively working on 
developing LEDs that produce ultra-violet (UV) radiation. These UV LEDs in combination with phosphors may ultimately 
produce the white light that is needed for architectural lighting applications. In anticipation of this promising application, 
several third-party manufacturers have introduced white light sources, using the 5-millimeter white LEDs, in a cluster form 
with screw bases for general lighting applications. Long life and potential for energy savings are two main factors that have 
captured the attention of the architectural lighting industry. Long life, 50,000 to 100,000 hours, is an advantage that is 
commonly claimed for LED devices. However, the term life as used in the LED industry may need revision for use in the 
lighting industry since the "useful life" of LEDs for the target application may be shorter, and will be discussed in this 
manuscript at a later section. 

White LEDs produce higher light output with higher drive current. Some manufacturers exploit this feature to increase light 
output from the LED. However, the impact of higher drive current on long-term performance of LEDs is not well known 
within the lighting community. The goal of this study is to understand how the photometric parameters of white LEDs change 
with different drive currents and with time. A literature survey was conducted to identify what information is available in the 
public domain. The literature survey showed that during the past few years there have been an enormous number of 
publications related to GaN technology and devices and there were several publications attempting to identify the degradation 
mechanisms of GaN devices [3-5]. There were other papers including manufacturers' data sheets, that showed data for light 
output variation with time for GaN based blue LEDs [6-9]. However, there was no published information available on how 
the light output of GaN-based white LEDs depreciates over time. Therefore, an experimental study was conducted to 
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understand the photometric characteristics of a sample of white LEDs at different drive currents and how these parameters 
change over time. 

2.0 EXPERIMENT 
The white LEDs used in this study were the 5-mm GaN-based blue LEDs with YAG phosphors. A short pilot study was 
conducted to gain better understanding of the behavior of white LEDs with different drive currents. The goals of this pilot 
study were to help design the apparatus needed for photometric testing of white LEDs, to help select the appropriate drive 
currents that would allow us to achieve the desired results, and to develop the necessary testing protocols. 

In the first experiment of the pilot study, the white LEDs were driven at various constant currents, 20 mA to 120 mA dc, and 
the corresponding light output were recorded using an illuminance meter at a fixed distance. The light output data was 
gathered for 600 seconds at regular intervals and the results are illustrated in Figure. 1. It can be seen from Figure 1 that 
initially it takes about 180 seconds for the LED light out output reach stability. The same data are plotted differently in Figure 
2, which shows relative light output as function of drive current at different time intervals. Both figures show that light output 
degradation rate increases with increasing drive current. 

In a second experiment of the pilot study, the spectral power distributions of the LED light output were measured using an 
integrating sphere and a spectrometer. The LEDs were driven at constant currents, 10 mA to 120 mA dc at 10 mA intervals. 
Prior to collecting spectral data the LEDs were allowed to stabilize for 180 seconds after changing the drive current. Figure 3 
illustrates the relative spectral power distributions (spd) of these white LEDs at 20, 40, 60, 80, 100 and 120 mA. Figure 3 
shows partial data to avoid too many data in a single graph and to make it readable. The spectrum plots in Figure 3 are on a 
relative scale. It is interesting to see that the peak wavelength of the blue LED at 465 nm initially shifts towards shorter 
wavelength when the current is increased from 20 mA to about 60 mA. After that, the peak wavelength shifts towards longer 
wavelengths and at the same time the peak starts to broaden. This is different to what P. Schlotter and others have shown for 
their GaN-type white LED. In their study, the peak wavelength of the blue LED emission remains unchanged approximately 
at 420 nm for three-drive currents 2 mA, 10 mA, and 40 mA [10]. Similar to what we observed in our study, S. Nakamura, in 
one of his recent papers, showed blue shift of the emission spectra of a blue InGaN LED at various drive currents from 0.1 
mA to 20 mA and mentions that blue LED on sapphire also showed similar behavior [8]. However, Nakamura's paper does 
not mention what happens when the drive current is increased further. It can be observed from Figure 3 that when the peak 
wavelength at 465 nm shifts towards higher wavelength and broadens the phosphor conversion efficiency decreases. As an 
example, comparing two spectral power distributions, at 20 mA and 120 mA, it is evident that the re-emitted portion of the 
light from the phosphor is higher at 20 mA than at 120 mA, even though the heights of the blue peaks are very similar. Figure 
4 illustrates the measured color values plotted on the 1931 CIE chromaticity diagram for the different drive currents. The CIE 
x,y value of the light output at 10mA is on the blackbody locus. With increasing drive current the chromaticity value shifts 
towards blue and at 120 mA, LED light output appears distinctly blue. This is mainly due to decrease of phosphor conversion 
efficiency when the emission peak of the blue LED shifts towards longer wavelength. It was observed during this experiment 
that the LED returns to its original chromaticity value and appears white when the drive current was reduced back to 10 mA. 
This was only true for the short term testing. 

Figure 5 illustrates how the relative luminous flux changes with different drive currents and the associated changes in relative 
efficacy. All the values were normalized to the 20 mA value since it is the manufacturer-recommended drive current value 
for these LEDs. As seen in Figure 5, the relative flux of the LED increases with drive current up to about 55 mA but 
decreases beyond that value. However, from the beginning, the efficacy of the LED decreases steadily with increasing drive 
current from 10 to 120 mA. From figure 5, it appears that the maximum light output gain is approximately 65 %, which 
occurs around 55 mA. At this point the efficacy is below 50 percent of the 20-mA value. From Figure 4 it can be seen that at 
55 mA the chromaticity value is very close to the black-body locus and indicates that the color of the light is still white. 
These data are valid only for the plastic-encapsulated, 5 mm LEDs without additional heat sinks. The next question is what 
happens to the life of the LED when the drive current is increased to produce more flux. Based on the knowledge gained in 
the pilot study an experiment was designed to understand the affect of higher drive currents on LED life. 

2.1 Life Test Experiment 
Six drive currents, 20, 30, 50, 70, 90 and 110 mA, were selected for the life test experiment. All LEDs used in this 
investigation came from a single batch and from a single manufacturer. The LEDs were mounted on printed circuit boards 
with their current regulating circuits mounted behind the boards. An image of a single printed circuit board is shown in 
Figure 6, and the schematic of the current regulator circuit is shown in Figure 7. The wire traces on the circuit boards 
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adjacent to the LEDs were 12 mils wide, and all circuit boards had identical dimensions. To study the affect of wire trace 
dimension, an additional circuit board was made with 50 mil wire traces, and the LEDs in this group were driven at 110 mA. 
The current in each individual LED is controlled by the LED's own circuit. Altogether, there were seven circuit boards 
(denoted as bay#l, bay#2, etc. in Figure 9) and each board carried ten LEDs, all driven at the same current. 

During this experiment it was noticed that the light output of LEDs is very sensitive to the ambient temperature. Therefore, 
an imaging type setup as shown in Figure 8 was developed to ensure that the surrounding environment of the LEDs was not 
disturbed while gathering light output information. All seven circuit boards were mounted on a common mounting plate, and 
the system was driven by a regulated power supply at 12 Volts dc. The mounting plate with the LED circuit boards was 
placed vertically in front of an optically diffusive glass plate, and a CCD camera was placed on the opposite side as shown in 
Figure 8 to capture the luminance images of the LEDs. A sample camera image of the LEDs is shown in Figure 9. A software 
program associated with the CCD camera system was utilized to obtain the relative luminance of each individual LED. This 
was accomplished by drawing regions of interest, circular segments of the same diameter, around the LEDs, as shown in 
Figure 9. The software package automatically determines the total light output within these circular segments. Luminance 
images were captured at regular intervals with the same exposure time, and the software estimated the relative luminance of 
each individual LED. This procedure significantly simplified the data collection process. Two thermocouples, one at the 
middle of the top row and the other at the middle of the bottom row, were mounted to monitor the ambient temperature near 
the LEDs. The temperature at the bottom row where the 20 mA LEDs were situated remained around 25°C throughout the 
experiment. The temperature at the top row was initially around 55°C and after the 110 mA LEDs ceased to operate the 
temperature dropped to around 45°C. Although the test room had a temperature controller, it was not sufficient to maintain 
the operating temperature of the LEDs to within 0.5°C. There was an overall random temperature swing of about 5°C during 
the experimental period. 

Figure 10 illustrates the mean light output value of the ten LEDs on each board for all seven boards. At the time this 
manuscript was prepared, the LEDs have continuously operated for over 4000 hours. As expected the light output 
depreciation increased with increasing drive current. The ambient temperature fluctuation directly impacts light output and is 
seen in each light output depreciation curve as small oscillation about the average trend. 

Of the two boards operated at 110 mA, the one that had thinner wire traces had slightly faster light output depreciation 
compared to the one that had thicker wire traces. The thinner wired circuit LEDs show slightly higher light output compared 
to the thicker wired circuit LEDs towards the end when the light output remains unchanged. It appears that with more heat 
sink the light output depreciation rate can be reduced. More experimentation is needed to confirm this effect and to explain 
why the LEDs with thinner wires end up at higher light level than the one with thicker wires. 

It is interesting to see from Figure 10 that the light output reached 65% of its initial value around 4000 hours for those LEDs 
driven at 20 mA, which is the manufacturer-recommended drive current. This light output degradation rate seems excessive 
compared to data published in literature for GaN-based blue LEDs [7]. The authors suspect the increased degradation rate is 
due to either degrading phosphor [11] or change in transmittance of the encapsulating plastic [9]. However, this cannot be 
confirmed without additional testing. Currently, the LED industry rates LED life at 50 percent light output. Typically, this is 
done by gathering data for a limited time and extrapolating it to the necessary light output value. A logarithmic curve fit is 
commonly used for this extrapolation. Although, this may work for GaN and AlGaP LEDs the same extrapolation may not be 
valid for white LEDs since they have an additional component, namely the phosphor, which degrades along with the 
semiconductor device. From the data gathered so far, the life of the LED at 50% light output can be obtained directly for 
drive currents 110, 90, 70 and 50 mA. However, for drive currents 30 mA and 20 mA, the data points have to be 
extrapolated. Its appears that these white LEDs would reach 50% light output around 5000 to 6000 hours at these two drive 
current, which is much shorter than commonly assumed 50,000 to 100,000 hours life. 

The graphs shown in Figure 10 raises an interesting question regarding the definition of life for these LEDs, especially if they 
are to be used for general illumination applications. Unlike other light sources used in the illumination industry that fail to 
produce light after a period of time due to failed electrodes or filaments, LEDs in general do not fail catastrophically. 
However, the light output slowly depreciates over time. Therefore, the key question is what is the useful life of a white LED 
for general illumination applications? Some of the characteristics of LEDs resemble the characteristics of certain metal halide 
lamps used in general illumination applications. Similar to these types of metal halide lamps, the 5-mm white LEDs also have 
significant color variation between similar LEDs. Also, the light output depreciation curves for these LEDs look very similar 
to those for some metal halide lamps. Although, the term life for metal halide lamps denote the time at which 50 percent of 
lamps survive and 50 percent have ceased to operate, their useful life is about 60 to 70 percent of their rated life. This is 
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mainly due to the fact that metal halide lamps have high lumen depreciation rates and undergo color shift. As an example, a 
metal halide lamp rated at 10,000 hours has about 6000 hours of useful life. At this point the metal halide lamp produces 
about 70 percent of its initial light output. Usually, manufacturers recommend the useful life as the time for group relamping 
of metal halide lamps in certain applications [12]. The LED light sources intended for use in the illumination industry also 
need a similar useful life definition based on light output and color shift. 

3.0 SUMMARY 
An experimental study was conducted to investigate the photometric characteristics of white LEDs over time for different 
drive currents. The LEDs were characterized for light output and color shift when they were driven at constant currents, 
ranging from 10 mA to 120mA. With increasing current, light output increased; however, the rate of light output degradation 
also increased. The color of the light output shifted towards blue with increased current and at 120mA it appeared distinctly 
blue. 

To understand how drive currents affect the light output of LEDs over time, groups of ten LEDs were driven continuously at 
constant current, 20, 30, 50, 70, 90, and 110mA, and their relative light output were monitored at regular intervals for over 
4000 hours. As expected, the light output degradation rate increased with increasing drive currents. It was noticed from the 
experimental results that the light output reached 65% of its initial value around 4000 hours even for those LEDs driven at 20 
mA, which is the manufacturer-recommended drive current value. Its appears from the data that these white LEDs would 
reach 50% light output around 5000 to 6000 hours which is much shorter than commonly claimed 50,000 to 100,000 hours 
life. This light output degradation rate seems excessive. Therefore, the authors suspect the increased degradation rate is due to 
either degradation of phosphor and/or change in transmittance of the encapsulating plastic. All LEDs used in the initial 
investigation came from a single batch and from a single manufacturer. A second group of LEDs, bought from two different 
manufacturers at a later time, was subjected to similar testing. These LEDs have, to date, lasted 2000 hours, and the light 
output degradation curves look very similar to the ones observed from the first test. The results of the second test will be 
published elsewhere once sufficient data are collected to confirm their performance. An important lesson learned in this study 
is that the LED sources intended for use in the illumination industry need a useful life definition based on light output and 
color shift to better represent the life time of LED light sources. 

The authors of this paper wish to point out that the progress of white LEDs has been rapid over the past year, and therefore 
the absolute values for light output degradation and color shift may be different for some of the newer products. In addition, 
the usefulness of the source will depend very much on how the LEDs are packaged to form the light source. Although, at the 
present time original equipment manufacturers (OEMs) are using these 5-mm white LEDs to form white light sources, they 
are not yet suitable for general illumination applications, since they produce very little light and they have short useful life. 
LED device manufacturers are working on devices that produce more light from a single LED and are in the process of 
improving their overall performance by providing improved heat sinks to meet the needs of the target applications. 
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Figure 6: Layout of the printed circuit board. 
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Figure 7. The regulator circuit used for controlling the current through the LED. 
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Abstract 

In order to come up with high volume SMD-LED production encompassing 1.9 billion devices for 
current fiscal year we did basic exploratory work to establish structure-processing-property relations 
for robust epoxy casting resin packages with identical ppm level of one. 

Bisphenol A-based epoxy casting resins (DGEBA) with acidic ester modified Hexahydrophthalic 
anhydride (HHPA) hardeners using strictly controlled high-grade raw materials were formulated and 
thermally transferred to highly transparent polyester networks. For 1 mm thick samples transparency in 
the 400 to 800 nm region is above 90 %. Thermal aging tests for 6 weeks at 120 °C reveal only slight 
discoloration with a color distance of 2. To avoid significant light losses within the LED operating life 
of 100,000 hrs stress on mechanically sensitive light-emitting chips was reduced by matching glass 
transition temperature Tg and E-modulus to 115 °C and 2,800 MPa, respectively. Total chloride 
content below 1,000 ppm imply low corrosion potential. 

Further, resin composition, epoxy-hardener mixing ratio as well as curing profile were adapted to 
materialize fast curing for demand quantities while introducing effective low stress moieties in the final 
structure. Low internal stress, superior thermal shock and crack resistance were derived from supreme 
fracture toughness: Krc and dc values were 1.350 MPam1/2 and 560 J/m2. With favourable water 
absorption behaviour LED-packages withstand all soldering processes including TTW(through the 
wave) soldering. Thus, SMD-LEDs fulfill electronic industry standard JEDEC LEVEL 2. 

Keywords: SMD-Light-Emitting Diodes, Packaging, Epoxy Casting Resins, Moisture Uptake, Fracture 
Toughness 
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1. Introduction 

In the field of (opto-)electronics there is a general trend towards expanding functionality and 
performance including higher reliability in more adverse environments with increasing service 
temperatures and decreasing package size for demanding applications in automotive industries. Due to 
cost, processing, performance and reliability considerations, polymeric materials are of growing 
significance at a rapid pace for (opto-)electronic packaging. 

Epoxy resin thermosets are currently the material of choice for optoelectronic packaging, because of 
their chemical resistance, mechanical and electrical strength associated with excellent thermal stability. 
Liquid state epoxy casting resins insure optical clarity and product uniformity. In addition to their 
unique processing and fabrication capabilities, epoxy resins are polymeric materials by design to suit 
desired applications by molecular engineering. 

Besides high light transmission in the visible region, excellent colour stability upon long-term 
temperature exposure up to 120°C the whole package has to reach 100,000 hrs operation life time for 
light-emitting diodes (LED). Attachment of surface mount (SMD-)LEDs to a circuit board involves 
thermal soldering stress that mostly affects reliability regarding package cracking and delamination. 
Crack- and void-free epoxy thermosets comprising well-balanced mechanical properties, strong 
adhesion, especially, to the light-emitting chip as well as a robust design pave the way for reliable 
SMD-LEDs. 

Reliability of the package depends mainly on two factors, namely, moisture uptake and mechanical 
stress developed during processing and operation attributed to the cure stress and cooling stress from 
the CTE (coefficient of thermal expansion) mismatch. Of major importance for SMD-packages is to 
withstand thermal stress profiles during soldering, particularly in TTW(through the wave)-processing. 
To this end the focus of our investigations was to improve fracture toughness features to render epoxy 
resin thermosets, which are inherently brittle owing to their high crossslink density suitable for SMD- 
LED packages. Noteworthy, from a polymeric materials view, it is not possible to change one property 
of the thermoset without altering another. For example glass transition Tg vs. E-modulus, CTE as well 
as network density and brittleness. Material science have to find out the optimum level of properties to 
accomodate all facets for the specific application. 

This contribution reports the development of a two-component epoxy casting resin that possess 
outstanding properties for optoelectronic packaging. Thermal crosslinking of conventional-type 
Diglycidyl ether of bisphenol A (DGEBA) epoxy resin formulations are accomplished by acidic ester 
modified anhydride hardeners using specific accelerators. Another goal was to exclude HSE (health, 
safety, environmental) concerns for suitable formulations by the right choice of raw materials. Casting 
technology in conjunction with optimized reactivity for short curing cycles at reasonable temperatures 
allow successful high volume production for SMD-LEDs. 

2. SMD-LED Assembly 

In diagram 1 the flow chart for the SMD-LED manufacture is pictured. A stable automatic reel-to-reel 
process enables an efficient mass production for currently 1.9 billion units with a high output. Before 
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mounting the chip the aromatic Polyphthalamide (PPA) housing is injection molded. Within the casting 
line the premixed epoxy casting resin is precisely brought upon the LED reflector using a multiple 
dosing system. After curing the resin, the galvanic bath treatment, splitting and testing, the LEDs are 
dry packed for transportation. The LEDs are suitable for automatic pick-and-place equipment in the 
field of SMT-technology. 

Test 4 Tape 

Frame splitting 
& 100% visual 

Diagram 1.     Schematic set-up for SMD-LED manufacture. 
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Figure 1.        Premoulded SMD-LED upon reel after wire bonding. 
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3. Chemistry 

Epoxy resin chemistry and technology for a wide range of applications are outlined in the literature [1]. 
The specific requirements for transparent epoxy resins in safe mass production processes for 
optoelectronics comprise: 

- a low viscosity of the bubble-free, homogeneous casting resin along with a pot life of at least four 
hours for trouble-free dosing 

- and a specific cure chemistry to realize fast curing cycles at medium temperatures to overcome 
internal package stress caused by volatiles and thermal shrinkage. 

Other desired critria are a broad formulation potential with an appropriate mixing ratio, shelf life of the 
components of at least 6 month as well as low cost. Additionally, the readily cured epoxy package has 
to protect the LED-device from mechanically and chemically extreme environments during the 
galvanic bath process and the entire service life. 

The most widely utilized class of epoxy casting resins represent Bisphenol-A-based bifunctional 
prepolymers. Diglycidyl ether of bisphenol A (DGEBA) is the main constituent for the epoxy opto 
formulation with the chemical structure shown in diagram 2. The physical properties of the epoxy 
formulation are listed in table 1. 

low molecular weight DGEBA HHPA 

Diagram 2.     Chemical structure for the Diglycidyl ether of bisphenol A (DGEBA) and the 
Hexahydrophthalic anhydride (HHPA) hardener. 

Table 1. Physical properties of the actual epoxy opto formulation. 

Appearance transparent, slightly blue 
Viscosity (25 °C) 2,200 mPas 
Epoxy value 0.56 mole epoxy/100 g resin 
Specific gravity (20 °C) 1.20 g/ml 
Refractive index no20 1.569 
Color number (gardner) <1 
Shelf life (max. 30 °C) 15 months 
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In order to achieve high heat and chemical resistance along with low color drift during service life 
thermal curing is accomplished by a Hexahydrophthalic anhydride (HHPA) hardener (diagram 2.) 
formulation mediated by a specific accelerator agent. Besides a low viscosity of the hardener some 
Acidic ester modifications are introduced to match the reactivity and the mechanical features for the 
final Polyester-structured thermoset. The network formation is via an addition reaction mechanism 
without evolution of low molecular weight by-products accompanied by a small shrinkage of below 3 
%. The key features for opto casting resins are exemplified in table 2. 

Table 2. Key features of the LED casting resins. 

Viscosity (25 °C) 600 - 800 mPas 
A:B mixing ratio 100:(80-95) 
Pot life >4hrs 
Chloride content: 
Total (DIN 53474) 800 ppm 
Hydrolyseable (DIN 53188) 250 ppm 
Free (DIN 53188) < 5 ppm 
Volume shrinkage <3% 

4. Reactivity 

In DSC (differential scanning calorimetry) experiments changes of the heat capacity with temperature 
or with time in the isothermal mode are detected very precisely in the mg scale for versatile materials. 
Thus, DSC is ideally suited to study the reactivity and the extent of cure for epoxy thermosets. In a 
conventional DSC run the reactive formulation is subjected to a heat ramp of 10 K/min. The 
exothermic enthalpy for the chemical reaction of the crosslink process is indicated by the area under the 
curve. Further valuable features are the onset and the peak temperature. In addition to the reaction heat 
these data is vital to the process engineer to work out the curing profile in the assembly to accomodate 
short curing times on the one hand and to avoid too much overheating for stable packages on the other 
hand. Figure 2 shows the dsc line shape for epoxy anhydride opto formulations with increasing 
accelerator amounts. The lower the accelerator content the lower the reactivity and the higher the onset 
and peak temperatures. Obviously, network formation is more selective at higher accelerator amounts 
as the cure exotherm spans a smaller temperature range. For a given epoxy-hardener ratio (A:B) the 
cure exotherm was adjusted to an onset temperature of 140 °C that reveals a reasonable thermal budget 
necessary to compensate internal stress during network formation without posing time constraints in the 
production line. 
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Figure 2.        DSC cure exotherms for an epoxy opto resins with variable accelerator 
amounts (ramp: 10 K/min). 

Another exploratory tool necessary to fine-tune the reactivity of the casting resin for specific line 
conditions is the gel time to transfer the liquid resin to a semi-solid state at the gel point. Gel times for 
an optimized A:B mixing ratio at a fixed accelerator content on a hot plate are summarized in table 3. 
Gel time vs. 1/T are pictured in diagram 3. The graph reveals a change of the reaction mechanism at 
around 140 °C with fast network formation at above this temperature. To come up with high volume 
demands precuring has to be performed at temperatures above 150 °C. 

Table 3. Gel times for the actual epoxy opto resin (0.4 g). 

T[°C] 1/T lO"3 [1/K] Gel time [s] 

100 2.68 2,000 
120 2.54 1,200 
130 2.48 750 
140 2.42 360 
150 2.36 240 
160 2.31 160 
170 2.26 100 
180 2.21 60 
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Diagram 3.     Gel time vs. 1/T in Kelvin for the actual epoxy opto resin. 

5. Transmission and cure stage properties 

A strong performance feature of these LED epoxy resins is their clarity, their high light transmission in 
the visible range and their outstanding thermal stability. The transmission of a machined and polished 1 
mm specimen is nearly 90 % in the visible range (diagram 4). Considering reflectance losses on the 
surface a total material transmission of roughly 98 % is reached. After 6 weeks thermal aging at 120 °C 
a color shift of 2.2 was observed. The high optical stability of the opto resin is further proved by a 
climate weathering test using Xe-radiation according to DIN 53387. After 1,000 hrs a color shift of 2.5 
was found. Practically, there is no reduction of transmission after moisture saturation at 23 °C. 
Favourable LED light output is ensured by a reasonable refractive index no20 of 1.53. Further material 
characteristics are completed in table 4. 
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Table 4. Complementary material characteristics for the actual epoxy opto thermoset. 

Glass transition Tg 115 °C 
(DSC: 10 K/min) 
Shore D hardness 87 
CTE 
-50 to + 50 °C 65 ppm/K 
>Tg 185 ppm/K 
E-modulus (tensile, 1 Hz, 3 K/min) 
at 20 °C 3,100 MPa 
at 100 °C 1,900 MPa 
Bending modulus (DIN53452) 2,900 MPa 
Flexural strength (DIN53452) 130 MPa 
Tensile shear strength (DIN53283) 18.3 MPa 

6. Moisture 

The effect of environmental moisture absorption from the surrounding is critical as mechanical and 
electrical properties as well as functionality of moisture sensitive devices suffer. Under elevated 
temperatures in the presence of high humidity loadings, the package quality deteriorates and corrosion 
as well as chip degradation are likely. Potential humidity-related concerns imply formation of crazes, 
voids, microcracks along with moisture induced interfacial delamination and popcorning during reflow 
soldering. In order to understand the factors that control water absorption and to improve the 
hydrolytical durability in moist environments, investigations on moisture uptake behaviour for epoxy 
thermosets are an important technical objective. 

Theoretical approaches on the sorption issue and moisture diffusion in glassy thermosets were cited in 
[2, 3]. Empirical thermodynamic models for accelerated humidity testing correlate sorption data at 
different temperatures successfully [4]. Water uptake in epoxy thermosets upon versatile temperature- 
humidity profiles were studied in detail [5]. General findings comprise: 

- moisture saturation w« is proportional to relative humidity (r. h.) 
- log Woe is proportional to the reverse temperature 1/T in Kelvin units 
- kinetically water absorption happens in two stages 
- at low levels water absorption is diffusion controlled according to the Fickian model 
- the diffusion coefficient D for polymers is in the order of 10"8 cm2/s at ambient T 
- Arrhenius approximation describes the T dependence for the diffusion coefficient D 
- equilibrium data at higher water amounts support the hypothesis of penetrant water clustering 

Extensive experimental reports point out the individual parameters for water absorption associated with 
the epoxy resin chemistry employed such as the type of the cure chemistry and the extent of cure for a 
given epoxy-hardener stoichiometry at specific temperature-time regimes [6, 7]. 
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Voids and structural imperfections, free volume, polarity of the epoxy network and the nature of the 
polymer-water affinity involving the capability of H-bond formation control the amount of water 
absorbed. Besides optical grounds properly cured anhydride epoxy resins outperform amine curing 
systems by far in terms of moisture uptake behaviour and hydrolytical stability in wet conditions [8]. 

Material screenings on anhydride cured epoxy resins using accelerated water absorption tests at 85 
°C/85 % r. h. reveal a considerable lower water uptake for an aromatic DGEBA-based formulation 
compared to a cycloaliphatic epoxy resin based on ERL4221 (3,4-Epoxy-cyclo-hexylmethyl-3',4'- 
epoxy-cyclo-hexanecarboxylate) (table 5). In line with an increasing free volume and the evolution of 
volatiles during high temperature cure the equilibrium water absorption for the cycloaliphatic epoxy 
resin with a Tg of 155 °C also increases. 

Table 5. Gravimetrical water gain for fully anhydride cured epoxy casting resins at 
85 °C/85 % r. h. (specimen: 50x6x4 mm). 

Resin Base Time Thrs] Water gain [%] 

DGEBA 4 0.21 
168 1.00 
336 1.09 

ERL4221 4 0.49 
168 2.72 
336 3.22 

Comparative water immersion experiments at 23 °C on DGEBA-samples cured with HHPA-type and 
MHHPA-type opto hardeners yielding 0.64 % and 0.77 % ultimate water absorption after 1,000 hrs , 
respectively, show that the HHPA-type opto hardener system is more reasonable. As a result the actual 
epoxy casting resin is made up of a formulated DGEBA epoxy resin with a HHPA-based hardener. 

The water absorption isotherm at 23 °C for the actual epoxy packaging material complies also with a 
two stage absorption mechanism including a diffusion controlled pickup within the first 7 days and 
penetrant clustering in the equilibrium region starting after 3 weeks immersion (table 6, diagram 5). 
Saturated water content w« is extrapolated to 0.70 % with a mean diffusion coefficient Doc(23 °C) in the 
order of 10"10 cm2/s. The mean water absorption rate kw at 23 °C is decreasing linearly with the square 
root of time (diagram 6). Unfortunately, from this graph no two-stage water absorption mechanism is 
evident. 
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Table 6. Moisture absorption characteristics for water immersion at 23 °C 
(DIN 53 495) for the actual LED epoxy resin (specimen: 50x6x4 mm). 

Immersion time Immersion time Uptake [%] Ratekw[%/Vd] 
[d] rVd] 

1 1.00 0.12 0.120 
2 1.41 0.17 0.121 
7 2.65 0.31 0.117 
14 3.74 0.41 0.110 
21 4.58 0.50 0.109 
28 5.29 0.56 0.106 
35 5.92 0.61 0.103 
42 6.48 0.64 0.099 

Diagram 5.     Water uptake for the actual opto resin with immersion time Vd at 23 °C. 

time [dm] 
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Diagram 6.     Water absorption rate kw(23 °C) for the actual opto resin with immersion 
time Vd. 

Moisture-related Tg drops due to matrix plasticization were largely reversible even after pc-testing 
(pressure cooker: 121 °C, 100 % r.h., 2.08 atm, 24 hrs). No acid was set free via hydrolytical 
decomposition nor a Tg decrease of the folly desiccated samples were observed after soaking in water 
for 3 d at 65 °C. In addition, sorbed water have not induced any further crosslinking of the anhydride 
cured epoxy thermoset. In this connection, it should only be stated here, that moisture concentration 
gradients will generate compressive and tensile force distributions within the epoxy package. For an E- 
modulus of 3,000 MPa the mean internal stress at 23 °C created by a 0.8 % load of water is calculated 
to 5 MPa. 

7. Fracture toughness 

Brittleness in epoxy thermosets arises from their highly crosslinked chemical architecture. Reliability 
of epoxy packages in a wide range of severe environments for different commercial applications 
encountering diverse mechanical stress situations depends mostly on the ability of the epoxy polymer 
to relieve stress peaks to overcome package cracking. Over the years a manifold of papers addresses the 
toughening issue for epoxies [9]. Improvement of the fracture strength is brought about by the 
incorporation of elastomer, rubber and core-shell particles. Intense studies on the size, size distribution, 
dispersability and hardness of the particles as well as on the nature of the particle-epoxy interaction 
along with demanding morphological investigations brought out controversial standpoints on 
toughening mechanisms [10]. Apart from that it is generally accepted, that fracture resistance is 
attributed to a series of energy-consuming events to take place in the stressed region of the resin, 
namely, shear yielding and crack propagation. 

Because of restricted transparency of particle-modified epoxy resins attention was paid here on the 
question of how to toughen the neat epoxy matrix. Fracture resistance progressively decreases with 
increasing crosslink density and Tg. As for too low a Tg the fracture energy to dissipate stress also 
decreases, fracture toughness performs best at medium crosslink density. In order to build the ideal 
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molecular lattice for ductile epoxy casting resins, selective raw material screenings for composing the 
optimum epoxy-hardener components were carried out. Further fine-tunig efforts were made to 
optimize the A:B mixing ratio and the cure process. 

Fracture toughness experiments were performed at room temperature on single-edge-notched 
specimens in the three-point-bending mode (SENB) according to ASTM E399 D790 guidelines. Acidic 
ester modified acid anhydride-cured DGEBA-thermosets indicate unique fracture toughness 
characteristics. Applying linear elastic fracture mechanics the critical stress intensity factor Kic and the 
fracture energy dc for the actual epoxy opto thermoset are 1.350 MPaVm and 560 J/m2, respectively. 
For the epoxy thermoset matrix usually Kic 0.55 to 0.65 MPaVm and Gic 80 to 150 J/m2 were reported. 
Actually, measurements on HHPA-cured DGEBA-resins without acidic ester modification show Kic 
and Gic 0.59 MPaVm and 110 J/m2, respectively. To our knowledge the presented LED epoxy resin 
exhibit the highest fracture values for neat epoxy thermosets reported so far. 

Specific acid ester modification of the HHPA-hardener for DGEBA-based thermosets allows 
outstanding fracture strength for crack-resistant, reliable SMD-LED packages. The hydrolytically 
resistant LED epoxy thermoset exhibit reasonable moisture absorption characteristics indicative for low 
deficiencies for SMD-LEDs during galvanic bath treatment and after reflow shock testing. Thus, LEDs 
are approved for all kinds of JJR reflow soldering and TTW solderability for JEDEC level 2. 

8. Conclusion 

In packaging technology based on epoxy thermosets there is a strong structure-processing-property 
interdependence. In conclusion, the reliability of an epoxy package is strongly dependent on the 
chemical composition of the formulation and the time-temperature profile of the curing process. 
Systematical molecular engineering using the appropriate chemistry of epoxy resins and hardeners 
along with suitable accelerators cover the overall requirements for the fabrication of reliable SMD- 
LEDs in optimized mass production assemblies. Reliability has been verified in actual devices and 
systems by routine qualification tests that no critical failure is likely to occur during manufacturing, 
testing, transportation and operation. The robust LED design opens the door for widespread 
applications. Huge SMD-LED volumes for backlighting of dashboards and indicator panels are the 
stars in the automotive sector. Due to the low moisture uptake and attractive stress-relieving nature of 
the epoxy package encompassing superior fracture toughness characteristics humidity level JEDEC 2 
was adopted. A low stress, high temperature epoxy casting resin for high power SMD-LEDs with a Tg 
of 135 °C is already in the channel and will supersede this standard opto resin in the very near future. 
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