IEEE JOURNAL OF SELECTED TOPICS IN QUANTUM ELECTRONICS, VOL. 5, NO. 3, MAY/JUNE 1999 673

Ultrasmall and Ultralow Threshold GalnAsP-InP
Microdisk Injection Lasers: Design, Fabrication,
Lasing Characteristics, and Spontaneous
Emission Factor

Masayuki Fujita, Atsushi Sakai, and Toshihiko Bab#&mber, IEEE

Abstract—We have calculated lasing characteristics of current GalnAsP—InP device has been reduced to A6 and the
injection microdisk lasers of several microns in diameter, taking spontaneous emission factor has been roughly estimated to
account of the scattering loss at center posts and the carrier be 0.2 by counting the number of resonant modes in the

diffusion effect. We found that the optimum width of the disk L A
wing exposed to the air is 0.6-0.7:m and the minimum threshold spontaneous emission spectrum [10]. However, it is difficult

current is nearly 10 pA for the disk diameter of 2 um. The to discuss actual applications of photo-pumped devices at
internal differential quantum efficiency can be 535% if the trans-  this stage, since the pump efficiency is impractically low.
parent carrier density is reduced to %)5>< 10'" em™ and the  The lasing in current injection devices has been demonstrated
diffusion constant is increased to 8 crmys. In the experiment, we only for GalnAsP—InP [11] and GalnAs—AlinAs [12] systems.
have obtained the room temperature continuous-wave operation Thi be d h | d
of a GalnAsP-InP device of 3um in diameter, for the first time, 1S seems_ t_o e due to the more complex structures an
with a record low threshold of 150 pA. This achievement was the more difficult measurement than those of photopumped
mainly owing to the reduction of the scattering loss at the disk devices. For a GalnAsP-InP device, we have reduced the disk
edge, and hence the reduction of the threshold current density. digmeter to 2:m and demonstrated a low threshold lasing at
s - —3
The spontaneous emission factor was estimated to be>6 107°. temperature by using a microprobe measurement [13].
This value was much reduced by the large detuning of the lasing H Il the lasi f d L
wavelength against the spontaneous emission peak. A larger value HOWeVer, all the lasing so far reported for current injection
over 0.1, which is expected for such a small device, will be devices were under pulsed condition; although the pulsed
obtained by the wavelength tuning and the narrowing of the threshold current is typically lower than 1 mA, the continuous-
spontaneous emission spectrum. wave (CW) operation has never been obtained. It has been
Index Terms—FDTD, GalnAsP-InP, microcavity, microdisk, suggested in the experiment that a large thermal resistance
semiconductor laser, spontaneous emission control, whispering of the order of 10 K/W disturbed the CW operation [3].
gallery mode. Owing to the growing interest for the spontaneous emission
factor in microcavity lasers, the theoretical behavior of modes
I. INTRODUCTION in microdisks has often been discussed. However, the mode

ICROCAVITY | h ibilti ¢ itral behavior below threshold is difficult to evaluate precisely
M threshold d tasiahrs aVTI pols,5| ”U?Stho ar][.UtraOWunder pulsed condition, so that the spontaneous emission factor
reshold due fo the small volume ot the active reglOﬂegE never been evaluated for current injection devices. On the
t

and a large spon'Faneous emission faCt_Or due to the s rary, the improvement of lasing characteristics themselves
volume of the cavity [1]-[3]. Especially, in these ten yearshe}S not been discussed at all

tthCh a@';entloln have.tbheen Q|rtegt9d to tﬂe #It'maﬁf r]?dL:ct|on 0 Fig. 1 illustrates the schematic of a current injection device.
€ cavity volume with maintaining a high quality factgx. The center of the circular disk active layer is supported

Such an ultrasmall cavity is expected to provide the threshold- upper and lower posts. Whispering gallery (WG) modes
less operation by the perfect single mode condition that o gund near the disk edge, repeating the total reflection at

one mpde IS aIIowe_d_ln the spontaneous emission S|C)E“(:'[rl‘g’5'miconductor/air boundaries. The current is flowed from the
Microdisks are promising candidates Fhat achleye S.UCh cawtl% contact and carriers are injected into the active layer
due to the simple geometry and the simple fabrication proce m the posts. WG modes acquire the optical gain by the

;I'f;evlar?lng n ﬂoto-r?dumpetd rgewzesghasTEeegi drﬁn:OPSt;aéggrier diffusion to the disk edge and the lasing operation
or various compound systems [4]-{9]. The diameter o 8ceurs. Normally, cross-sections of posts formed by a selective
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Fig. 2. 2-D FDTD calculation model with equivalent refractive index ap-
proximation and coordinate system.

TABLE |
PARAMETERS USED IN FDTD CALCULATION OF
WG MODES AND SCATTERING LOSS AT POSTS

nq=3.39 n,=3.17 ny=1.0
dg=02pm  n; =320 ny=2.65
(b) 4=1000 my = 5000 o = 0.025wy

Fig. 1. Schematic of microdisk injection laser. (a) Overview. (b) Topview Ar=0025f  Av=125mm  Ay=12.5nm

and sideview.

2a=2 pm 2a=3 pm
Ao =1.54 pm Ag=1.52 um

the carrier diffusion effect [15]. We designed the optimum

structure from these results. In addition, we improved thgcylated fromd,, nq and the index of the outer space
fabrication process of GalnAsP—InP current injection devic%%' Each side of the model was set to be twice the disk
and achieved the room temperature CW operation, for t§¢ymeter. The Mur's second order absorbing condition [17]
first ime, with a record-low threshold of 150A. Also, we 55 ysed as the boundary condition on the peripheries of the
evaluated the spontaneous emission factor of this device Byqe| The polarization was fixed to the transverse electric
the curve fitting method [16]. o (TE) whose electric field vector lies inside the; plane.

~ Inthis paper, the calculation and the design will be presenteflis assumption well simulates the polarization anisotropy
in Section 11, the fabrication process and lasing characteristigs o spontaneous emission from the compressive-strained

in Section 1ll, and the discussion on the spontaneous emissmmtiquantum-wells (CS-MQW) used in the experiment. The
factor in Section IV. initial excitation was given for the magnetic field of a cell

near the edge inside the disk with the time-dependent function

Il. ANALYSIS AND DESIGN H. = A codwo(m — mo)At] expl—{o(m — mo)At}2/2],
_ where A is the amplitudey, the center angular frequency
A. Scattering Loss by Posts of the excitation,m the time step,m, the delay step of

Fig. 2 shows the calculation model and the coordinatBe pulse peaky the spectral broadening factor, add the
system. The device structure is separated by two regidiige interval between stepsit was determined from the
concerned with the waveguide structure in theirection, i.e., condition At < ¢ *[(Az)™2 + (Ay)~2]~Y/2, wherec is the
Region 1 in which the disk is supported by posts, and Regiorvacuum velocity of light, andAz and Ay are cell sizes. The
in which the disk is exposed to the air. For simple calculationenter wavelength of the excitatiok, is related tow, as
the three-dimensional (3-D) structure was simplified to a twdw = 27c/wo. It was selected close to the analytical solution
dimensional (2-D) model in they plane using equivalent of the resonant wavelength of a WG mode to excite this mode
refractive indexes of transverse modes in waveguides. Téiciently within small steps. The unit cell dividing the model
equivalent indexn; of Region 1 was calculated from theis a squarejy/(40n;) on a side. This size is small enough to
thickness of the diskd,, the average index of the diskobtain the resonant wavelength within 1% error [18].
ng, and the index of posts, using the simple waveguide Parameters assumed in the calculation are summarized in
analysis. Similarly, the equivalent index of Region 2 was Table I. They are typical for 1.56m-GalnAsP—InP CS-MQW
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Fig. 3. Magnetic field distribution of WG mod& . for 2« = 2 ym. (a) 0 .
Without posts ¢ = 0 pm). (b) With posts (0.7um). Post Half-Width w [jm]

Fig. 5. Cavity() and scattering loss;, calculated with post half-widthw
for 2a = 2 pm.

207
o6l
gos the disk. The scattering loss by posis is given by
= Vor
L
£ oaf .
Q 041) - neq (1)
2 0af A Q) T Qo)
'§ 02} where ), is the resonant wavelength,., is the equivalent
5 index of the WG mode, an@)(w) denotes the) factor as a
§°-1 I function of the half-width of posts. The indexn., can be
“ 00' — 0'5' = '0' y— almost approximated by., since the WG mode considered
" Radius 7 [pm] ' here is almost localized in Region 2. Fig. 5 sho@&v) and
@ v, calculated with the half-widthy. Forw < 0.4 pm, Q(w) is
nearly 1600 and constant. This value is not dominated by the
=07 scattering loss at posts, but by the scattering at the disk edge
Foek a. The scattering loss, is automatically introduced in the
2 FDTD calculation, since the finite cell size can only simulate
E 051 a disk edge with roughness. An ideglvalue for a perfectly
=]

=04r smooth disk with no pedestals and absorption is analytically

“q’o) 03k obtained to be of the POorder. However, such a high} was
E ’ not obtained by the FDTD calculation even though the cell size
802F was reduced to as small 4g/(80n, ). Further reduction of the
g 0.1F cell size may increase the value to some extent. However it
Z o R L was restricted by the computer resource used in this study. So,
0 05 10 15 20 we evaluatedy,, from the relative change ap—!(w) against
Radius 7 [pm] Q~1(0), as expressed in (1). Therefore, in contrast)av),
(b) the change ofy, in Fig. 5 is gradual ovets = 0-0.7 zm. For
Fig. 4. Normalized mode intensitg2(r) for 2« = 2 um. (a) Without posts w > 0.4 M, «;, exceeds 5 cmt. This valueay, > 5 cmtis
(w = 0 um). (b) Wth posts (0.7«m). serious for lasing characteristics since it is comparable to or

even larger than other cavity losses.

wafer at room temperature. Electromagnetic fiditls F5, and
H. were calculated up ten = 2'7, at which the excitation B. Lasing Characteristics

function is negligibly small and only one WG mode is left |5 the FDTD calculation in Section II-A, square cross-
behind inside the disk. Fig. 3 shows examples of the magnedigctions of posts were taken into account. However, the
field distribution of a WG modé{. when the disk diameters2 distribution of the mode intensity was averaged with respect
is 2 um. It is seen from the comparison between the disk witl the angle. Here, we average the square shape itself with
and without posts that the field distribution is strongly affecte@dspect ta# to simplify rate equations for the static condition as
by post edges. Fig. 4 shows the mode intengifi() which

is given by taking an average with respect to the afigted  (Region1: 0 < r < 1)

normalizing so thatf,~ E2(r)2nrdr = 1. From the small 0 = [~G(N(r)E2(r)T.17a?] S

mode intensity at < 0.4 um, it is expected that the influence 9 3
of posts is small wherw < 0.4 pm. - [BN*(r) + OANQ ()]

The ( factor is defined ag) = wW/P, whereW is the L p|tdN@)  d N(T)} [ ‘72 } )
energy stored in the disk anfl is the power radiated outside roodr dr? T thy
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Region2: ri <r <a TABLE I
(Reg
0= [ G(N(T) E2 (7))1_‘ 7ra2] S PARAMETERS USED IN RATE EQUATION ANALYSIS
— | r 22
— [BNQ(T) + CAN?’(T)] I;=28% I2=79% dy=16 nm
1 dN(r) d2 N(r) ve=1x10*cm/s B=1.6x10"0cm¥%s Cy=5.0x10cm®s
D [_ dr dr? } ®3) Go=1500cm™  Ny=1.5x10"% cm™
(Regionsl and2: 0 < r < a) 2¢=2pm 2a=3pum
1 C=019 C=0.10
0= |:/0 G(N(T))EE(T)FA%W dr 0g=0.19cm™! ag=9.8x10"% cm™!
+ / G(N(F)E2(r)I o277 dT}S
g 1 . "lg "
-—+ [C’l / BN?(r)E2(r)2rr dr %10195 1=}1?01m
Tp 0 . \Zj; ?
= *\
+ CQ/ BN?(r)E2(r)2nr dr} 4) g -—04\&
1 ‘é: 1018 L 01 \
. . . . [ -
where N(r) is the carrier density$ the photon density of the E f |
lasing mode G(N(r)) the gain coefficient,; andT"., the D "0-5 ———
confinement factor of the transverse mode into the active layer Radius # [pm] '

in Regions 1 and 2, respectivel,the radiative recombination
.g. ’ P Iy, . .. Fig. 6. Distribution of carrier density (r) for 2a = 2 um, w = 0.4 pm,
coefficient, Cs the Auger recombination coefficient) the anqp =2 cnt/s. Currents is taken as a parameter.

diffusion constant,/ the injection currente, the electron

Sh?rged“% the iﬂtal thlct:kntestshof qéjantl#m—w?l’rs,ﬁrﬂeav: r?ge and the electrical neutral condition [19]; when = 3000
istance from the center to the edge of posts,gyitie photon . o, o g 4, = 20-300 crR/V-s are assumed] is

lifetime. The radius+ is nearly 1.12 times the half-width of calculated to be 1-14 difs. Considering the CS-MQW, the
posts w. FactorsC, and C; are related to the Spomaneou?ogarithmic gainG(N) = Go.(c /neq) In(N/No) was assur,ne d
emission factorC’ as C; = [[i/(laalay + Lo2lay2)]C, [20], where N is the carrier density for the transparency and
wherei =1 or Z'le a”df.w‘z are the conflneme_nt factorsGO is the differential gain atV = Ny. They were evaluated,
of Ithel,- Iflteratlhmode In Regions 1t a(;]db 2, respectively. In ﬂ.lsles shown in Table Il, for broad-area lasers fabricated into the
caiculation, they were appjromma ed by same wafer as used in this experiment. The photon lifetime
Y L Tp IS expressed as, = n.q/(ca), where « is the total
Lo o Ep(r)2mr dr cavity loss given by the sum of the internal absoption loss
R «,, the scattering loss at the disk surface and eggethe
Loy = /7 B (r)2mr dr. (5 scattreing loss at posts,, and the diffraction loss for the disk
] U i i without postseg. Now, we consider an ideal structure so that
In (2), the uniform carrier injection into Region 1 is assumeq, _ o cm~!. The internal absoption loss, was evaluated
The stimulated emission for nonlasing modes was ignorggd, he 5 cnt! for broad-area lasers. The scattering logs
since @ factors of nonlasing modes rounding inside the dis&epends on the widthu, as shown in Section lI-A. It has
are much lower than that of the lasing mode due to thgen reported that the diffraction loss caluculated by the
scattering loss at post edges. The thlrd term in the right sidey FDTD method with the equivalent index approximation
of (2) and (3) denotes the carrier diffusion effect. Boundagy mych larger than that expected in a 3-D disk stracture [21].

conditions at the center and the disk edge are Thus, the approximate expression derived for 3-D structures by
dN(r) the WKB method was used to evaluategd [4]. The radiative
dr | _, =0 6)  recombination coefficien3 was evaluated from the carrier
AN (r) lifetime for broad-area lasers and modified by the assumption
eoN(a)vs = — eoD 0 (7) thatitis proportional ton., [22]. TheC factor was caluculated
r=a from the experssion shown in Section IV, assuming that the

respectively, where, is the surface recombination velocity.detuning of the resonant wavelength against the spontaneous
We applied (6) and (7) to (2)—(4), and then transformed inemission peak was zero.
the finite difference formula. Solving these equations by the Fig. 6 shows an example of the carrier density distibution
Newton—Rapson method, we obtainddr), S, the threshold N(r). It displays a gradual decrese of the carrier density
current [;;, and the internal differential quantum efficiencytoward the disk edge due to the diffusion effect. Above
na = 9[S/1p) /0 /eo(nr?) dy]. threshold, the carrier density near the disk edge is clamped by
Parameters used in the caluculation are summarizedtire stimulated emission. Fig. 7(a) shows the threshold current
Table Il. They are also typical for GalnAsP—InP CS-MQWj,, calculated for2a = 2 um, where results obtained with
wafer at room temparature. The diffusion constabtis are converted ta by the relations; = 1.12w. The minimum
determined by the mobility of electrons,, that of holesy;, threshold current is 8—20A at w = 0.4 um. The threshold is
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2 5
Normalized Current // 1y,

increased with the decreasewwffrom the optimum value due (b)

to the insufficient carrier dIf‘f_LISIOH. It is also 'ncrea_sed W'”&ig. 8. Internal differential quantum efficienay; calculated with current
the increase ofv from the optimum value due to the increas@ormalized by threshold curredt/ Iy, for: (a) 22 = 2 ym and (b) 3um.
of the scattering loss at posts. Fig. 7(b) shows results fopst half-widthw, diffusion constantD, and transparent carrier densityy

o tak ters.
2a = 3 pm. The dependence is similar to that far = 2 um. are faken as parameters

The minimum threshold current is 20—8@ at w = 0.8 um.
The optimumw corresponds to the exposed disk width of 0
pm. This value is comparable to 0m for 2¢ = 2 um.

These are slightly larger than those just expected from tif . s :
distribution of WG modes [3]. it is 95% for D = 8 cm?/s. This value is unexpectedly high

Fig. 8(a) shows the internal differential quantum ef“ficiencﬁ?r the ratio of the area of Region 2. It might be attributed
nai for 2a = 2 um. The efficiencyyy; is decreased for a higher© the large diffusion current from Regions 1 to 2, which was

injection current due to the increase of the leakage curréithanced even below threshold by the stimulated emission for

passing through Region 1, which is lost as the spontanecmg lasing mode having the large spontaneous emi;siop factor.
emission coupled to nonlasing modes. Both smaller and larde@- 8(P) shows results foga = 3 um. Overall injection
posts increase the threshold so that the increased Aulfels: the efficiency obtained with the optimumis about
recombination as well as the leakage current further redud times that forza = 2 pm. This is simply due to the
nai. The maximum value at threshold is 50%uat= 0.4 zm. ncrease of the ratio of area of Region 1.

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 wafer and the fabrication process are fundamentally
the nonuniform carrier distribution, as shown in Fig. 6. Wéhe same as those described in [13]. The wafer was equipped
investigated the improvement of the loy;. The increase of with the GalnAsP CS-MQW active layer of nearly Quen in

the carrier density in Region 1 can be suppressed by reductotal thickness and four layers of quantum wells. The process
the carrier density for the transpareny. If Ny is reduced to flows as the metallization, the electron beam lithography of dot

F.5x 107 cm—2, 54; at threshold is improved to 80%. Such a
low N is expected in a MQW with n-type delta-doped barrier
layers [23]. A larger diffusion constad? also improvesyq;;

Ill. FABRICATION AND EVALUATION
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Fig. 9. Magnified view of formed disk edge. X,¥ UlIY: {microm)

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

. etching.

patterns, the mesa formation by the methane-based electron g
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. —T

As the improvement of the process, we focused on the ; L
condition of the ECR etching. During the ECR etching, flow B =
rates of CH, Ho, and Ar were 0.65, 0.9, and 0.3 sccm, gl 250 pA
respectively, and the total gas pressure was &0~° Torr. Er
The microwave power and the acceleration voltage were 100 s L 200
W and 200 V, respectively. It is often discussed as the 3 i | X2 A 160
advantage of methane-based dry etchings that the polymer S H
deposited during the etching protects the etching mask. In 50 s e e o
our experiments, however, the excessive polymer caused the E 5 1.626 1.636

Wavelength [um]

roughness at the etched surface and sidewall. In addition, the L
polymer sometimes disturbed the uniform wet etching of InP 0 100 200 300

claddings layers. This is the reason we used the relatively Current / [uA]

low gas pressure. In this study, we further made an effanly. 11. Laser mode peak intensity versus current characteristic and lasing
to suppress the polymer deposition by cleaning the etchipigctra observed under CW condition at 298 K fqer-diameter device.
chamber repeatedly with thes@lasma for every half-hour of

the etching. Another important improvement that was indicatedin the measurement of lasing characteristics, the current
in the theoretical calculation is the control of the post width. lwas flowed directly from a sharpened tungsten probe to the
this experiment, however, we simply controlled the width bgop contact. The light radiated from the device was detected
the wet etching time. As shown in Section 1I-B, the optimurby a single mode fiber and analyzed by an optical spectrum
etch depth is 0.6-0.Zm for 2¢ = 2-3 um, respectively. It analyzer. Fig. 11 shows the peak intensity of the lasing mode
was obtained by the enchant HCLBl = 4:1 at 2°C with a for a 3sm-diameter device. It was observed under CW
time denoted as 25[s], wherea is in the unit ofzm. Even condition at 298 K with a spectral resolution of 0.1 nm. The
with the optimum etching time, some nonuniformity in etckhreshold currenfy;, was 150uA. This value is the lowest
depth might be introduced by the bubble during the etchingecord ever reported for GalnAsP—InP lasers. If the uniform
Fig. 9 shows the magnified view of the formed disk edgearrier distribution is assumed, the threshold current density
The sidewall angle against the disk surface was 8be very .J,, is calculated to be 2.1 kA/ctn This value includes the
smooth sidewall and surface are observed, which owes to tbekage current through Region 1. The ratio of the current
improved ECR etching and the high selectivity of the wadiffused to Region 2 is calculated to be 26% at the threshold
etching. Fig. 10 shows the topographic image of the sidewédlr the optimum post widths. Considering that the lasing mode
of the disk. It was observed by a multicannel field emissias localized in Region 2, the effective threshold current density
scanning electron microscope Elionix ERA-8000FE. The mais estimated to be 0.86 or 0.22 kA/érper well. This value is
imum and average roughnesses were evaluated to be 8.5 masonably low for the achievement of the CW lasing.

0.88 nm, respectively. They are 15% and 19% smaller thanin the spectra of Fig. 11, two resonant modes are seen near
those without the chamber cleaning, respectively. The averabe wavelength of 1.63:im. The spectral full-width at half-
roughness is almost the same as that of the cleaved facet.maximum (FWHM) of the longer wavelength mode reached
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Fig. 13. Wavelength versus current characteristics of CW lasing device.

Diameter 2a [um] Circle and cross mark denote lasing and nonlasing modes, respectively.

Fig. 12. Dependence of threshold currépt on disk diameter 2 Open and
closed symbols indicate ECR etching condition with and without chamber
cleaning, respectively. Triangular and circular symbols indicate pulsed and
CW conditions, respectively.

10°

R (20)1'5
=7.9x10° K pm' YW

the resolution limit above threshold. The FWHM of the lasing
mode was 0.5 nm for a current less than;5®, and that of
the nonlasing mode was 0.7 nm. From these val@efsctors
were calculated to be 3300 and 2300, respectively. The higher
Q 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 104 L
limit at which the diffraction loss rapidly increases to far larger 1 R > 710
Diameter 2a [pm]

than other losses. The internal absorption lagss 5 cnT?,
as mentioned in Section II-B. Thus, the total scattering 10§§- 14. Dependence of thermal resistaiten disk diameter 2
as + ap is 25 cnt!. Fig. 12 shows the dependence of the
threshold currently;, on the disk diameter 2 Under pulsed positions of nodes and antinodes. The degeneracy should
condition, the lasing has been obtained for a diameter fromb2 broken by the asymmetry of the fabricated disk. The
to 8 um. The threshold current was simply decreased as ttvéeo modes were considered to satisfy the low loss condi-
disk diameter was reduced. Closed symbols indicate the EG&n determined by node and antinode positions of standing
etching without the chamber cleaning, while open symbolgaves.
indicate that with the cleaning. The wet etching condition was As seen in Fig. 13, these modes blue-shifted at lower
almost the same for these devices. It is seen that the threshjdction level and red-shifted at higher injection level with
reduction was achieved by the cleaning, i.e., by the reductithe increase of the current. They were caused by the carrier
of the scattering loss;. The variation of the threshold for theplasma effect and the temperature increAse respectively.
same diameter and the same ECR etching condition might Tiee observed red shithA/AI was 12 nm/mA, where\ X is
caused by the nonuniform wet etching, i.e., by the differentlee wavelength shift and\ [ is the increase of the current. For
of the width. the GalnAsP-InP systenidA\/AT caused by the refractive

Fig. 13 shows the change of the two resonant wavelengihgex change is typically 0.1 nm/K. The thermal resistance
with the currentl. The interval between the wavelengthsk is approximated ast = AT/(E.AI), where E; is the
was 0.6 nm and almost constant. From the observed intentzndgap energy. From these relatiokss calculated to be 1.5
the relative difference of the equivalent index of modes is 10° K/W for A = 1.63 xm. This value is the same order as
estimated to be 0.04%. This indicates that two modes ha¥mse evaluated previously [3]. This indicates that the thermal
very close field distributions. The interval between neighborirmgsistance is almost independent of the device quality. The
longitudinal modes, which have almost the same radial distdependence of the thermal resistad¢®n the disk diameter
bution but have the different number of nodes, is calculat@d was R ~ (2a)~1®, as shown in Fig. 14. The threshold
to be 110 nm for a Jsm-diameter device by the analysiscurrent under CW conditiotd;,., is empirically expressed
with the equivalent index approximation [13]. The smallests lincw = Iinp exp(AT/Th) = Iinp exp(REgIinew/T0),
interval of lateral modes having different radial distributions/here, Iy, is the pulsed threshold current arf@ is the
is calculated to be 10 nm. Even considering the error causathracteristic temperature. From this equation, the condition
by the simple analysis, these values are still much larger thaguired for the CW lasing is expressedlag, < T/(eREg).
the observed value 0.6 nm. We considered that it was caugesuming 1, = 40 K, critical values of Iy, and icw
by the dissociation of degenerate WG modes. In generate calculated to be 130 and 34fA, respectively, for a
a WG mode has the degeneracy of the infinite number 8fum-diameter device. The thresholg,.,, observed in the
standing waves having the same profile and different angueperiment satisfies this condition.

T T TTTITI]

T

Thermal Resistance R [K/W]
=)
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Fig. 15. Log-log plot of Iaser_ mode power versus current characteristics onant wavelength against spontaneous emission peak Asp. Circle
experimental one for CW lasing device. indicates experimental result for CW lasing device.

V. SPONTANEOUS EMISSION FACTOR 50 nm. Such a narrow spectrum is obtained at low temperature,

The spontaneous emission factor is defined as the couplmg., 77 K, otherwise at room temperature by introducing
efficiency of the spontaneous emission into a lasing mode af@h)InAs multiquantum dots [24] for the active region.
is expressed as [3]

_ prr)\4 Fsp()\r)

sp

8 V. CONCLUSION
8mn3 Vi ®

We have analyzed lasing characteristics of GalnAsP—InP
wherep is the coefficient denoting the polarization anisotropyurrent injection microdisk lasers of 2+an in diameter and
of the spontaneous emissiofi, the relative confinement found that there exists an optimum post width, related to the
factor, F;,(A) the normalized spontaneous emission spectrugattering loss of the lasing mode and the carrier diffusion. It is
Asp the center wavelength of the spontaneous emission spgfe width as the disk is exposed to the air by 0.64¥. The
trum, andV;, the mode volume obtained by considering theghreshold current can be 1@\ for the optimized structure with
distribution of the mode standing wave. the disk diameter of zm. However, the internal differential
The laser mode power versus current characteristic cgflantum efficiency for the lasing mode is limited to nearly
be calculated against variouS' factors by the theory in 500, It is mainly due to the leakage current at the center
Section [I-B. TheC factor was estimated by the fitting ofregion sandwiched by posts. It can be increased to maximally
theoretical characteristics to the experimental one. Fig. §5o by reducing the transparent carrier density tox7.50'7
shows the result for the CW lasing device o in diameter. cm—3 and enhancing the diffusion constant in the active layer
Here, the resolution of the optical spectrum analyzer wWgs 8 cnt/s. In the experiment, we have achieved the room
expanded to 5 nm to measure the laser mode power frg@nperature CW operation in a;8n-diameter device with a
the peak intensity. This means that powers of two modes sg@8ord low threshold of 15@A. It was mainly owing to the
in Fig. 11 are intermixed in Fig. 15. The' factor estimated reduction of the threshold current density, which was attributed
from the fitting was 6x 10~. Fig. 16 shows the dependenceg the small scattering loss at disk sidewalls reduced by the im-
of the C factor on the detuning of the resonant wavelengifyoved ECR etching. For this device, the spontaneous emission
against the spontaneous emission pe8k:- Ay,. Here, the factor was estimated to bex6 10-2. This small value for the
theoretical curve was obtained from (8) with the observegnall cavity volume was caused by the large detuning of the
spontaneous emission spectruf,(A), and the observed |asing wavelength against the spontaneous emission peak. The
polarization anisotropy = 1.5 for the TE polarization of the spontaneous emission factor close to 1 and the clearer demon-
spontaneous emission from the CS-MQW wafer. The relatiégration of the spontaneous emission control will be realized,
confinement factol’, was assumed to be 2. It is typical forif the wavelength tuning is well achieved and the FWHM of

the MQW lying near the center of the transverse mode. T spontaneous emission spectrum is reduced to 50 nm.
mode volumeV,,, was calculated to be 1.8m* for the CW

lasing device. It is seen in Fig. 16 th@ was much reduced

by the detuning\, — \,,,. It is expected from the mode analysis ACKNOWLEDGMENT
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