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Ultrasmall and Ultralow Threshold GaInAsP–InP
Microdisk Injection Lasers: Design, Fabrication,

Lasing Characteristics, and Spontaneous
Emission Factor
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Abstract—We have calculated lasing characteristics of current
injection microdisk lasers of several microns in diameter, taking
account of the scattering loss at center posts and the carrier
diffusion effect. We found that the optimum width of the disk
wing exposed to the air is 0.6–0.7�m and the minimum threshold
current is nearly 10 �A for the disk diameter of 2 �m. The
internal differential quantum efficiency can be 95% if the trans-
parent carrier density is reduced to 7.5� 1017 cm�3 and the
diffusion constant is increased to 8 cm2/s. In the experiment, we
have obtained the room temperature continuous-wave operation
of a GaInAsP–InP device of 3�m in diameter, for the first time,
with a record low threshold of 150 �A. This achievement was
mainly owing to the reduction of the scattering loss at the disk
edge, and hence the reduction of the threshold current density.
The spontaneous emission factor was estimated to be 6� 10�3.
This value was much reduced by the large detuning of the lasing
wavelength against the spontaneous emission peak. A larger value
over 0.1, which is expected for such a small device, will be
obtained by the wavelength tuning and the narrowing of the
spontaneous emission spectrum.

Index Terms—FDTD, GaInAsP–InP, microcavity, microdisk,
semiconductor laser, spontaneous emission control, whispering
gallery mode.

I. INTRODUCTION

M ICROCAVITY lasers have possibilities of an ultralow
threshold due to the small volume of the active region

and a large spontaneous emission factor due to the small
volume of the cavity [1]–[3]. Especially, in these ten years,
much attention have been directed to the ultimate reduction of
the cavity volume with maintaining a high quality factor.
Such an ultrasmall cavity is expected to provide the threshold-
less operation by the perfect single mode condition that only
one mode is allowed in the spontaneous emission spectrum.
Microdisks are promising candidates that achieve such cavities
due to the simple geometry and the simple fabrication process.
The lasing in photo-pumped devices has been demonstrated
for various compound systems [4]–[9]. The diameter of a
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GaInAsP–InP device has been reduced to 1.6m and the
spontaneous emission factor has been roughly estimated to
be 0.2 by counting the number of resonant modes in the
spontaneous emission spectrum [10]. However, it is difficult
to discuss actual applications of photo-pumped devices at
this stage, since the pump efficiency is impractically low.
The lasing in current injection devices has been demonstrated
only for GaInAsP–InP [11] and GaInAs–AlInAs [12] systems.
This seems to be due to the more complex structures and
the more difficult measurement than those of photopumped
devices. For a GaInAsP–InP device, we have reduced the disk
diameter to 2 m and demonstrated a low threshold lasing at
room temperature by using a microprobe measurement [13].
However, all the lasing so far reported for current injection
devices were under pulsed condition; although the pulsed
threshold current is typically lower than 1 mA, the continuous-
wave (CW) operation has never been obtained. It has been
suggested in the experiment that a large thermal resistance
of the order of 10 K/W disturbed the CW operation [3].
Owing to the growing interest for the spontaneous emission
factor in microcavity lasers, the theoretical behavior of modes
in microdisks has often been discussed. However, the mode
behavior below threshold is difficult to evaluate precisely
under pulsed condition, so that the spontaneous emission factor
has never been evaluated for current injection devices. On the
contrary, the improvement of lasing characteristics themselves
has not been discussed at all.

Fig. 1 illustrates the schematic of a current injection device.
The center of the circular disk active layer is supported
by upper and lower posts. Whispering gallery (WG) modes
round near the disk edge, repeating the total reflection at
semiconductor/air boundaries. The current is flowed from the
top contact and carriers are injected into the active layer
from the posts. WG modes acquire the optical gain by the
carrier diffusion to the disk edge and the lasing operation
occurs. Normally, cross-sections of posts formed by a selective
wet etching are square due to the anisotropy of the etching,
as indicated in Fig. 1(a). Therefore, larger posts cause the
serious scattering loss of WG modes, while smaller posts cause
the insufficient carrier diffusion, resulting in the nonumiform
optical gain. In this study, we calculated the scatting loss at
posts using the finite-difference time-domain (FDTD) method
[14] and lasing characteristics from rate equations including
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(a)

(b)

Fig. 1. Schematic of microdisk injection laser. (a) Overview. (b) Topview
and sideview.

the carrier diffusion effect [15]. We designed the optimum
structure from these results. In addition, we improved the
fabrication process of GaInAsP–InP current injection devices
and achieved the room temperature CW operation, for the
first time, with a record-low threshold of 150A. Also, we
evaluated the spontaneous emission factor of this device by
the curve fitting method [16].

In this paper, the calculation and the design will be presented
in Section II, the fabrication process and lasing characteristics
in Section III, and the discussion on the spontaneous emission
factor in Section IV.

II. A NALYSIS AND DESIGN

A. Scattering Loss by Posts

Fig. 2 shows the calculation model and the coordinate
system. The device structure is separated by two regions
concerned with the waveguide structure in thedirection, i.e.,
Region 1 in which the disk is supported by posts, and Region 2
in which the disk is exposed to the air. For simple calculation,
the three-dimensional (3-D) structure was simplified to a two-
dimensional (2-D) model in the plane using equivalent
refractive indexes of transverse modes in waveguides. The
equivalent index of Region 1 was calculated from the
thickness of the disk , the average index of the disk

, and the index of posts using the simple waveguide
analysis. Similarly, the equivalent index of Region 2 was

Fig. 2. 2-D FDTD calculation model with equivalent refractive index ap-
proximation and coordinate system.

TABLE I
PARAMETERS USED IN FDTD CALCULATION OF

WG MODES AND SCATTERING LOSS AT POSTS

calculated from , and the index of the outer space
. Each side of the model was set to be twice the disk

diameter. The Mur’s second order absorbing condition [17]
was used as the boundary condition on the peripheries of the
model. The polarization was fixed to the transverse electric
(TE) whose electric field vector lies inside the plane.
This assumption well simulates the polarization anisotropy
of the spontaneous emission from the compressive-strained
multiquantum-wells (CS-MQW) used in the experiment. The
initial excitation was given for the magnetic field of a cell
near the edge inside the disk with the time-dependent function

cos exp ,
where is the amplitude, the center angular frequency
of the excitation, the time step, the delay step of
the pulse peak, the spectral broadening factor, and the
time interval between steps. was determined from the
condition , where is the
vacuum velocity of light, and and are cell sizes. The
center wavelength of the excitation is related to as

. It was selected close to the analytical solution
of the resonant wavelength of a WG mode to excite this mode
efficiently within small steps. The unit cell dividing the model
is a square, on a side. This size is small enough to
obtain the resonant wavelength within 1% error [18].

Parameters assumed in the calculation are summarized in
Table I. They are typical for 1.55-m-GaInAsP–InP CS-MQW
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(a) (b)

Fig. 3. Magnetic field distribution of WG modeHz for 2a = 2 �m. (a)
Without posts (w = 0 �m). (b) With posts (0.7�m).

(a)

(b)

Fig. 4. Normalized mode intensityE2
r
(r) for 2a = 2 �m. (a) Without posts

(w = 0 �m). (b) Wth posts (0.7�m).

wafer at room temperature. Electromagnetic fields, , and
were calculated up to , at which the excitation

function is negligibly small and only one WG mode is left
behind inside the disk. Fig. 3 shows examples of the magnetic
field distribution of a WG mode when the disk diameter 2
is 2 m. It is seen from the comparison between the disk with
and without posts that the field distribution is strongly affected
by post edges. Fig. 4 shows the mode intensity which
is given by taking an average with respect to the angleand
normalizing so that . From the small
mode intensity at m, it is expected that the influence
of posts is small when m.

The factor is defined as , where is the
energy stored in the disk and is the power radiated outside

Fig. 5. CavityQ and scattering loss�p calculated with post half-widthw
for 2a = 2 �m.

the disk. The scattering loss by posts is given by

(1)

where is the resonant wavelength, is the equivalent
index of the WG mode, and denotes the factor as a
function of the half-width of posts . The index can be
almost approximated by , since the WG mode considered
here is almost localized in Region 2. Fig. 5 shows and

calculated with the half-width . For m, is
nearly 1600 and constant. This value is not dominated by the
scattering loss at posts but by the scattering at the disk edge

. The scattering loss is automatically introduced in the
FDTD calculation, since the finite cell size can only simulate
a disk edge with roughness. An idealvalue for a perfectly
smooth disk with no pedestals and absorption is analytically
obtained to be of the 10order. However, such a high was
not obtained by the FDTD calculation even though the cell size
was reduced to as small as . Further reduction of the
cell size may increase the value to some extent. However it
was restricted by the computer resource used in this study. So,
we evaluated from the relative change of against

, as expressed in (1). Therefore, in contrast to ,
the change of in Fig. 5 is gradual over – m. For

m, exceeds 5 cm . This value cm is
serious for lasing characteristics since it is comparable to or
even larger than other cavity losses.

B. Lasing Characteristics

In the FDTD calculation in Section II-A, square cross-
sections of posts were taken into account. However, the
distribution of the mode intensity was averaged with respect
to the angle . Here, we average the square shape itself with
respect to to simplify rate equations for the static condition as

Region :

(2)
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Region :

(3)

Regions and :

(4)

where is the carrier density, the photon density of the
lasing mode, the gain coefficient, and the
confinement factor of the transverse mode into the active layer
in Regions 1 and 2, respectively,the radiative recombination
coefficient, the Auger recombination coefficient, the
diffusion constant, the injection current, the electron
charge, the total thickness of quantum-wells, the average
distance from the center to the edge of posts, andthe photon
lifetime. The radius is nearly 1.12 times the half-width of
posts . Factors and are related to the spontaneous
emission factor as ,
where 1 or 2. and are the confinement factors
of the lateral mode in Regions 1 and 2, respectively. In the
calculation, they were approximated by

(5)

In (2), the uniform carrier injection into Region 1 is assumed.
The stimulated emission for nonlasing modes was ignored,
since factors of nonlasing modes rounding inside the disk
are much lower than that of the lasing mode due to the
scattering loss at post edges. The third term in the right side
of (2) and (3) denotes the carrier diffusion effect. Boundary
conditions at the center and the disk edge are

(6)

(7)

respectively, where is the surface recombination velocity.
We applied (6) and (7) to (2)–(4), and then transformed into
the finite difference formula. Solving these equations by the
Newton–Rapson method, we obtained , , the threshold
current and the internal differential quantum efficiency

.
Parameters used in the caluculation are summarized in

Table II. They are also typical for GaInAsP–InP CS-MQW
wafer at room temparature. The diffusion constant is
determined by the mobility of electrons , that of holes

TABLE II
PARAMETERS USED IN RATE EQUATION ANALYSIS

Fig. 6. Distribution of carrier densityN(r) for 2a = 2 �m, w = 0.4 �m,
andD = 2 cm2/s. CurrentI is taken as a parameter.

and the electrical neutral condition [19]; when
cm /V s and – cm /V s are assumed, is
calculated to be 1–14 cm/s. Considering the CS-MQW, the
logarithmic gain was assumed
[20], where is the carrier density for the transparency and

is the differential gain at . They were evaluated,
as shown in Table II, for broad-area lasers fabricated into the
same wafer as used in this experiment. The photon lifetime

is expressed as , where is the total
cavity loss given by the sum of the internal absoption loss

, the scattering loss at the disk surface and egde, the
scattreing loss at posts , and the diffraction loss for the disk
without posts . Now, we consider an ideal structure so that

cm . The internal absoption loss was evaluated
to be 5 cm for broad-area lasers. The scattering loss
depends on the width , as shown in Section II-A. It has
been reported that the diffraction loss caluculated by the
2-D FDTD method with the equivalent index approximation
is much larger than that expected in a 3-D disk stracture [21].
Thus, the approximate expression derived for 3-D structures by
the WKB method was used to evaluated [4]. The radiative
recombination coefficient was evaluated from the carrier
lifetime for broad-area lasers and modified by the assumption
that it is proportional to [22]. The factor was caluculated
from the experssion shown in Section IV, assuming that the
detuning of the resonant wavelength against the spontaneous
emission peak was zero.

Fig. 6 shows an example of the carrier density distibution
. It displays a gradual decrese of the carrier density

toward the disk edge due to the diffusion effect. Above
threshold, the carrier density near the disk edge is clamped by
the stimulated emission. Fig. 7(a) shows the threshold current

calculated for m, where results obtained with
are converted to by the relation . The minimum
threshold current is 8–20A at m. The threshold is
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(a)

(b)

Fig. 7. Threshold currentIth calculated with post half-widthw for: (a) 2a
= 2 �m and (b) 3�m. Diffusion constantD is taken as a parameter.

increased with the decrease offrom the optimum value due
to the insufficient carrier diffusion. It is also increased with
the increase of from the optimum value due to the increase
of the scattering loss at posts. Fig. 7(b) shows results for

m. The dependence is similar to that for m.
The minimum threshold current is 20–80A at m.
The optimum corresponds to the exposed disk width of 0.7

m. This value is comparable to 0.6m for m.
These are slightly larger than those just expected from the
distribution of WG modes [3].

Fig. 8(a) shows the internal differential quantum efficiency
for m. The efficiency is decreased for a higher

injection current due to the increase of the leakage current
passing through Region 1, which is lost as the spontaneous
emission coupled to nonlasing modes. Both smaller and larger
posts increase the threshold so that the increased Auger
recombination as well as the leakage current further reduce

. The maximum value at threshold is 50% at m.
This value is lower that the ratio of the area of Region
2 to the total area of the disk, i.e., 80%, and lower than
in well-designed stripe lasers. Obviously, it is affected by
the nonuniform carrier distribution, as shown in Fig. 6. We
investigated the improvement of the low . The increase of
the carrier density in Region 1 can be suppressed by reducing
the carrier density for the transparency. If is reduced to

(a)

(b)

Fig. 8. Internal differential quantum efficiency�di calculated with current
normalized by threshold currentI=Ith for: (a) 2a = 2 �m and (b) 3�m.
Post half-widthw, diffusion constantD, and transparent carrier densityN0

are taken as parameters.

7.5 10 cm , at threshold is improved to 80%. Such a
low is expected in a MQW with n-type delta-doped barrier
layers [23]. A larger diffusion constant also improves ;
it is 95% for cm /s. This value is unexpectedly high
for the ratio of the area of Region 2. It might be attributed
to the large diffusion current from Regions 1 to 2, which was
enhanced even below threshold by the stimulated emission for
the lasing mode having the large spontaneous emission factor.
Fig. 8(b) shows results for m. Overall injection
levels, the efficiency obtained with the optimum is about
0.7 times that for m. This is simply due to the
increase of the ratio of area of Region 1.

III. FABRICATION AND EVALUATION

The wafer and the fabrication process are fundamentally
the same as those described in [13]. The wafer was equipped
with the GaInAsP CS-MQW active layer of nearly 0.2m in
total thickness and four layers of quantum wells. The process
flows as the metallization, the electron beam lithography of dot
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Fig. 9. Magnified view of formed disk edge.

patterns, the mesa formation by the methane-based electron
cyclotron resonance (ECR) plasma etching, the annealing to
form the ohmic contact, and the selective wet etching of InP
cladding layers to form the disk.

As the improvement of the process, we focused on the
condition of the ECR etching. During the ECR etching, flow
rates of CH, H , and Ar were 0.65, 0.9, and 0.3 sccm,
respectively, and the total gas pressure was 810 Torr.
The microwave power and the acceleration voltage were 100
W and 200 V, respectively. It is often discussed as the
advantage of methane-based dry etchings that the polymer
deposited during the etching protects the etching mask. In
our experiments, however, the excessive polymer caused the
roughness at the etched surface and sidewall. In addition, the
polymer sometimes disturbed the uniform wet etching of InP
claddings layers. This is the reason we used the relatively
low gas pressure. In this study, we further made an effort
to suppress the polymer deposition by cleaning the etching
chamber repeatedly with the Oplasma for every half-hour of
the etching. Another important improvement that was indicated
in the theoretical calculation is the control of the post width. In
this experiment, however, we simply controlled the width by
the wet etching time. As shown in Section II-B, the optimum
etch depth is 0.6–0.7m for – m, respectively. It
was obtained by the enchant HCl:HO 4:1 at 2 C with a
time denoted as 25[s], where is in the unit of m. Even
with the optimum etching time, some nonuniformity in etch
depth might be introduced by the bubble during the etching.
Fig. 9 shows the magnified view of the formed disk edge.
The sidewall angle against the disk surface was 80. The very
smooth sidewall and surface are observed, which owes to the
improved ECR etching and the high selectivity of the wet
etching. Fig. 10 shows the topographic image of the sidewall
of the disk. It was observed by a multicannel field emission
scanning electron microscope Elionix ERA-8000FE. The max-
imum and average roughnesses were evaluated to be 8.5 and
0.88 nm, respectively. They are 15% and 19% smaller than
those without the chamber cleaning, respectively. The average
roughness is almost the same as that of the cleaved facet.

Fig. 10. Topographic image of sidewall etched by methane-based ECR
etching.

Fig. 11. Laser mode peak intensity versus current characteristic and lasing
spectra observed under CW condition at 298 K for 3-�m-diameter device.

In the measurement of lasing characteristics, the current
was flowed directly from a sharpened tungsten probe to the
top contact. The light radiated from the device was detected
by a single mode fiber and analyzed by an optical spectrum
analyzer. Fig. 11 shows the peak intensity of the lasing mode
for a 3- m-diameter device. It was observed under CW
condition at 298 K with a spectral resolution of 0.1 nm. The
threshold current was 150 A. This value is the lowest
record ever reported for GaInAsP–InP lasers. If the uniform
carrier distribution is assumed, the threshold current density

is calculated to be 2.1 kA/cm. This value includes the
leakage current through Region 1. The ratio of the current
diffused to Region 2 is calculated to be 26% at the threshold
for the optimum post widths. Considering that the lasing mode
is localized in Region 2, the effective threshold current density
is estimated to be 0.86 or 0.22 kA/cmper well. This value is
reasonably low for the achievement of the CW lasing.

In the spectra of Fig. 11, two resonant modes are seen near
the wavelength of 1.63 m. The spectral full-width at half-
maximum (FWHM) of the longer wavelength mode reached
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Fig. 12. Dependence of threshold currentIth on disk diameter 2a. Open and
closed symbols indicate ECR etching condition with and without chamber
cleaning, respectively. Triangular and circular symbols indicate pulsed and
CW conditions, respectively.

the resolution limit above threshold. The FWHM of the lasing
mode was 0.5 nm for a current less than 50A, and that of
the nonlasing mode was 0.7 nm. From these values,factors
were calculated to be 3300 and 2300, respectively. The higher

gives the total cavity loss of 30 cm for the lasing mode.
The diffraction loss can be negligible for this device, since the
disk diameter 3 m is nearly twice as large as the diffraction
limit at which the diffraction loss rapidly increases to far larger
than other losses. The internal absorption lossis 5 cm ,
as mentioned in Section II-B. Thus, the total scattering loss

is 25 cm . Fig. 12 shows the dependence of the
threshold current on the disk diameter 2. Under pulsed
condition, the lasing has been obtained for a diameter from 2
to 8 m. The threshold current was simply decreased as the
disk diameter was reduced. Closed symbols indicate the ECR
etching without the chamber cleaning, while open symbols
indicate that with the cleaning. The wet etching condition was
almost the same for these devices. It is seen that the threshold
reduction was achieved by the cleaning, i.e., by the reduction
of the scattering loss . The variation of the threshold for the
same diameter and the same ECR etching condition might be
caused by the nonuniform wet etching, i.e., by the difference
of the width.

Fig. 13 shows the change of the two resonant wavelengths
with the current . The interval between the wavelengths
was 0.6 nm and almost constant. From the observed interval,
the relative difference of the equivalent index of modes is
estimated to be 0.04%. This indicates that two modes have
very close field distributions. The interval between neighboring
longitudinal modes, which have almost the same radial distri-
bution but have the different number of nodes, is calculated
to be 110 nm for a 3-m-diameter device by the analysis
with the equivalent index approximation [13]. The smallest
interval of lateral modes having different radial distributions
is calculated to be 10 nm. Even considering the error caused
by the simple analysis, these values are still much larger than
the observed value 0.6 nm. We considered that it was caused
by the dissociation of degenerate WG modes. In general,
a WG mode has the degeneracy of the infinite number of
standing waves having the same profile and different angular

Fig. 13. Wavelength versus current characteristics of CW lasing device.
Circle and cross mark denote lasing and nonlasing modes, respectively.

Fig. 14. Dependence of thermal resistanceR on disk diameter 2a.

positions of nodes and antinodes. The degeneracy should
be broken by the asymmetry of the fabricated disk. The
two modes were considered to satisfy the low loss condi-
tion determined by node and antinode positions of standing
waves.

As seen in Fig. 13, these modes blue-shifted at lower
injection level and red-shifted at higher injection level with
the increase of the current. They were caused by the carrier
plasma effect and the temperature increase, respectively.
The observed red shift was 12 nm/mA, where is
the wavelength shift and is the increase of the current. For
the GaInAsP–InP system, caused by the refractive
index change is typically 0.1 nm/K. The thermal resistance

is approximated as , where is the
bandgap energy. From these relations,is calculated to be 1.5

10 K/W for m. This value is the same order as
those evaluated previously [3]. This indicates that the thermal
resistance is almost independent of the device quality. The
dependence of the thermal resistanceon the disk diameter
2 was , as shown in Fig. 14. The threshold
current under CW condition is empirically expressed
as ,
where, is the pulsed threshold current and is the
characteristic temperature. From this equation, the condition
required for the CW lasing is expressed as .
Assuming K, critical values of and
are calculated to be 130 and 340A, respectively, for a
3- m-diameter device. The threshold observed in the
experiment satisfies this condition.
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Fig. 15. Log–log plot of laser mode power versus current characteristics and
experimental one for CW lasing device.

IV. SPONTANEOUS EMISSION FACTOR

The spontaneous emission factor is defined as the coupling
efficiency of the spontaneous emission into a lasing mode and
is expressed as [3]

(8)

where is the coefficient denoting the polarization anisotropy
of the spontaneous emission, the relative confinement
factor, the normalized spontaneous emission spectrum,

the center wavelength of the spontaneous emission spec-
trum, and the mode volume obtained by considering the
distribution of the mode standing wave.

The laser mode power versus current characteristic can
be calculated against various factors by the theory in
Section II-B. The factor was estimated by the fitting of
theoretical characteristics to the experimental one. Fig. 15
shows the result for the CW lasing device of 3m in diameter.
Here, the resolution of the optical spectrum analyzer was
expanded to 5 nm to measure the laser mode power from
the peak intensity. This means that powers of two modes seen
in Fig. 11 are intermixed in Fig. 15. The factor estimated
from the fitting was 6 10 . Fig. 16 shows the dependence
of the factor on the detuning of the resonant wavelength
against the spontaneous emission peak, . Here, the
theoretical curve was obtained from (8) with the observed
spontaneous emission spectrum , and the observed
polarization anisotropy for the TE polarization of the
spontaneous emission from the CS-MQW wafer. The relative
confinement factor was assumed to be 2. It is typical for
the MQW lying near the center of the transverse mode. The
mode volume was calculated to be 1.8m for the CW
lasing device. It is seen in Fig. 16 that was much reduced
by the detuning . It is expected from the mode analysis
that the resonant wavelength shifts to 100 nm shorter by
reducing the disk diameter to 100 nm smaller. The tuning of
the resonant wavelength to the spontaneous emission peak and
the reduction of the disk diameter to 1.5m will enhance the

factor to 0.31. Furthermore, the factor will be enhanced to
0.75, the upper limit for the polarized spontaneous emission, if
the FWHM of the spontaneous emission spectrum is reduced to

Fig. 16. Dependence of spontaneous emission factorC on detuning of
resonant wavelength against spontaneous emission peak�r � �sp. Circle
indicates experimental result for CW lasing device.

50 nm. Such a narrow spectrum is obtained at low temperature,
e.g., 77 K, otherwise at room temperature by introducing
(Ga)InAs multiquantum dots [24] for the active region.

V. CONCLUSION

We have analyzed lasing characteristics of GaInAsP–InP
current injection microdisk lasers of 2–3m in diameter and
found that there exists an optimum post width, related to the
scattering loss of the lasing mode and the carrier diffusion. It is
the width as the disk is exposed to the air by 0.6–0.7m. The
threshold current can be 10A for the optimized structure with
the disk diameter of 2 m. However, the internal differential
quantum efficiency for the lasing mode is limited to nearly
50%. It is mainly due to the leakage current at the center
region sandwiched by posts. It can be increased to maximally
95% by reducing the transparent carrier density to 7.510
cm and enhancing the diffusion constant in the active layer
to 8 cm /s. In the experiment, we have achieved the room
temperature CW operation in a 3-m-diameter device with a
record low threshold of 150 A. It was mainly owing to the
reduction of the threshold current density, which was attributed
to the small scattering loss at disk sidewalls reduced by the im-
proved ECR etching. For this device, the spontaneous emission
factor was estimated to be 6 10 . This small value for the
small cavity volume was caused by the large detuning of the
lasing wavelength against the spontaneous emission peak. The
spontaneous emission factor close to 1 and the clearer demon-
stration of the spontaneous emission control will be realized,
if the wavelength tuning is well achieved and the FWHM of
the spontaneous emission spectrum is reduced to 50 nm.
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