Threshold characteristics of semiconductor microdisk lasers
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This letter describes the threshold characteristics of InGaAs/InGaAsP microdisk lasers with
optical emission near a wavelength A=1.52 um. More than 5% of the total spontaneous
emission feeds into the lasing mode as the microdisk diameters reach 2 ym.

Whispering-gallery mode microdisk lasers using opti-
cal! and electrical® excitation have recently been demon-
strated. The initial experiments! and results described here
use continuous-wave optical excitation at liquid-nitrogen
temperatures. The threshold characteristics of these micro-
lasers are studied here as the small volume limitf is ap-
proached where there is a single optical mode within the
gain spectral region. We first develop a model for the mi-
crodisk modes and measure photoluminescent spectra
which yield mode Q values and spacings. This model along
with the measured threshold characteristics allows us to
estimate the fraction 8 of the spontaneous emission that is
emitted into the lasing mode. As this 8 parameter ap-
proaches its small volume limit of unity, the laser threshold
pump powers are expected to decrease to very low values in
the microwatt range and the nature of the threshold region
is dramatically modified.

In a first approximation, a microdisk laser may be
viewed as a semiconductor disk of thickness L suspended
in vacuum. In a slab with L ~A/3n, the lowest order trans-
verse electric (TE) mode is dominant.> The vacuum wave-
length is A and n(w) is the frequency dependent bulk re-
fractive index of the semiconductor material. Two
dimensional propagation of the lowest order TE mode is
described by an effective refractive index nmqq.*

Optical modes with trapped TE character within a di-
electric disk may be approximated by solutions of the two-
dimensional Helmholtz equation (V24 nZw?/c*)9h=0,
where w=2wc/A and c is the speed of light in vacuum.
Because of the cylindrical symmetry it is convenient to
choose, for a given mode, ¢=JM(x)eiM9, where Jy, are
Bessel functions of the first kind, x=n4{w)wr/c, and r, 8
are polar coordinates. Radial mode numbers N =1,2... are
assigned where the corresponding mode frequencies, @y x
are in ascending order for fixed M. Cylindrical symmetry
specifies @y y=w_ ys 5 S0 that a twofold degeneracy exists
for M >0. We abbreviate w,s; =,,. Boundary conditions
are needed to determine the mode frequencies. Here we set
=0 at the disk radius R, so that neg(a))Rw/c=x}‘}), ie.,
the smallest positive root of Jy,(x$’) =0. Microwave fre-
quency measurements of similar modes in sapphire disks
show that this is a good approximation.’

Quality factors® Q,, describing radiation loss from an
ideal disk for the ¥N=1 modes are expected, according
to tunneling arguments,' to vary approximately
exponentially, Q,,=be?™’, where J=tanh~!(s)—s, and
s= \/1 -1/ nzﬁ. Comparison with exact results’ for a dielec-
tric sphere of refractive index n., for which identical tun-
neling arguments hold, leads to an estimate of the prefactor

b~1/7. In order to account for the relatively large disper-
sion* of n.g, the expression for Q,, should include an ad-
ditional multiplicative factor f,=1+(0/n)(dng/dw).
Numerically f, is near 1.51 assuming® n(w)=[3.346
+0.333(#iw—0.866 V)] for the materials and disk dimen-
sions used in the experiments. The frequency dependence
of n.g also results in a factor of 1/ f, in the calculated mode
spacing. Loss due to optical absorption in the cold cavity
(pumping well below threshold) leads to Q7 '=al/
27n g f where a is the absorption coefficient obtained by
a suitable spatial average. The observed Q values should be
compared  with  those determined by Q!
=0, 4+ 07 +Q7 !, where Q7! describes losses due to
surface roughness, etc. The total radiation losses are char-
acterized by (, where Q,"1=Q,;1+Q,-_ L Q, is typically
limited by Q; to values less than 1000. Q, is a function of
pump power and becomes a dominant limit to the Q value
below threshold. :

Two microdisks are studied experimentally, a “small”
disk with R=1.1 um, and a “large” disk with R=2.5 pm.
Both disks have designed L=0.15 um (=A/3#n) and con-
tain six 100 A thick Ing s3Gay 47As quantum wells sepa-
rated by five 100 A thick InGaAsP barriers and enclosed
by two 200 A thick InGaAsP barriers. The n for this
configuration*® is 2.35. The composition of the InGaAsP
barrier material has a room temperature band gap £,=1.1
eV. The disk is supported by an InP pedestal of rhomboi-
dal cross section.

Microdisk photoluminescence and lasing spectra are
measured by illuminating with a A =0.6328 pm HeNe laser
that is focused to a waist wy=23.3(4.4)um for the small
(large) disk. Typical spectra for the broad photolumines-
cence and narrow laser radiation are shown in Fig. 1. Cold
cavity Q values, 1q/AAy, of 260(500) are measured for the
small(large) disk from the photoluminescent spectrum at
low pump powers below threshold in the range where the
dominant cavity resonance line [seen in Fig. 1 at A,
=1505(1553) nm for the small (large) disk] has a full
width half-maximum value AAd,.

At excitation levels well above threshold a second,
shorter wavelength cavity mode appears in a few of the
measured disks. As shown in the inset in Fig. 1, the mea-
sured mode spacing is 87 nm for the small disk and 37 nm
for the large disk. Solutions to ng(w)oR/c=xP for
M=1,2,...and N=1 determine the dominant high Q mode
frequencies @,,. Calculations of these mode wavelengths in
the spectral region near 1500 nm yield A{M==T7)=14R82
nm and A (M =6)=1593 nm for the small disk and A (M
=19)=1516 nm and A(M=18)=1562 nm for the large
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FIG. 1. Photoluminescence spectra of (a) a 2.2 ym diam microdisk and
(b) a 5 um diam microdisk mounted on a substrate cooled to liquid
nitrogen temperatures. Excitation is by A=6328 nm HeNe radiation at
total absorbed power levels corresponding to below threshold (pump

power, P=10.6 uW), at threshold (P=24 W) and well above threshold

(P=76.2 uW) (see Fig. 2). The corresponding powers in (b) are 19, 38,
and 178 pW. The dotted curves for the data taken well above threshold
are scaled by a factor of 12 and 92 for (&) and (b), respectively. The
inserts show typical mode spacings for a 2.2 um diameter microdisk (87
nm) and a 5 pm diam microdisk (37 nm) in (a) and (b), respectively.
The shorter wavelength mode shown in the insert is only seen at very high
pump powers where the spectrum is strongly broadened. The spectrom-
eter resolution is 1 nm.

disk. A M=7(19) yields a A value closest to the laser
mode frequency of the small(large) disk. The calculated
mode spacings are in reasonable agreement with experi-
ment.

The characteristics of the light output from the lasing
mode and the spectrally integrated photoluminescence as a
function of pump power absorbed in the disk are shown for
the small and large microdisks in Figs. 2(a) and 2(b),
respectively. The absorbed power is 0.6 times the incident
power assuming 30% is lost by reflection and 85% of the
remaining pump is absorbed. We define the laser line out-
put to be the integrated light in the shaded region of the
spectra shown in Fig. 1. The threshold of the small(large)
microdisk obtained by an extrapolation from the linear
lasing region is 25(45) pW. Carrier density pinning due to
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FIG. 2. The laser light output (triangles) and the spectrally integrated
photoluminescence (circles) are shown as a function of pump power for
a (a) 2.2 pm diam and (b) a 5 um diam microdisk laser. The solid lines
show rate equation simulations of the data. The rate equation parameters
corresponding to (a) are S=0.23 and Q,=3500 and in (b) are B~0.04
and Q,=800. The pump power plotted here is the absorbed power inte-
grated over the entire disk area.

the dominance of stimulated emission above threshold is
apparent from the leveling off of the photoluminescence
near threshold. This pinning behavior is to be-compared
with the photoluminescence from nonlasing structures sim-
ilar to the microdisks where a linear increase with pump
power is observed over the entire pumping range as shown
by the dashed lines and crossed data points in Fig. 2.
The fraction of the spontaneous emission that is emit-
ted into the M =7, N=1 lasing mode of the small disk may
be estimated by mode counting. We count the roots
x§9 <x$V for each M=0,1,...7, multiply by the degeneracy
2(M>0) or 1(M=0) and sum to obtain 27 modes with
eigenfrequencies less than or equal to w. Since the density
of states is linear with frequency, the state density at the
lasing frequency is 27(2/w). The measured fractional
bandwidth of the photoluminescence at pump powers well
below threshold is dw/w~0.03. This leads to an estimate
of the fraction of the total spontaneous emission into the
lasing mode at low pump powers, B=(f,546w/®) -1
=0.41. A small fraction of the spontaneous emission goes
into free modes outside the disk and another small fraction
is emitted into the TM1 mode,’ finally reducing the 3 es-

Slusher et al. 1311



timate by 0.7 to a value of 0.29. The S value is expected to
scale with disk area so that 8=0.06 is predicted for the
large disk. We now demonstrate two methods for deter-
mining B from the experimental data and compare the re-
sults with our mode counting estimate. _

The most direct measure of B is obtained from the
relative levels of the spectrally integrated photolumines-
cence and the laser line output. At liquid nitrogen temper-
atures, the total quantum efficiency for emission from the
InGaAs active material should be close to 100%. It follows
that the total measured light output should vary linearly
with pump power. This linearity is observed experimen-
tally for the small microdisk using a value of 6 for the ratio
of the luminescence to the laser line collection efficiency.
Using this ratio we measure the fraction F of the total light
emitted into the laser mode of the small microdisk to vary
uniformly from 0.04 to 0.6 for pump powers from 5 to 80
uW. At transparency, where there is no net absorption of
light emitted into the lasing mode, # corresponds to the
definition of B. Transparency occurs just below threshold,
in the pump power range between 10 and 25 uW where F
is measured to vary from 0.05 to 0.18. Our best estimate of
transparency corresponds to F=£=0.15. Below transpar-
ency, absorption at the laser mode frequency decreases F
by a factor of (1+Q0,/Q,) "%

A second, less direct, measure of 3 can be obtained by
comparing the light output as a function of pump power in

Fig. 2 with rate equation simulations. At liquid nitrogen

temperatures the carrier loss rate can be assumed to be
entirely due to spontaneous and stimulated emission. We
simulate’ spontaneous emission and gain using a three-
dimensional density of states and quasi-Fermi levels for the
electron and hole distributions. 3, Q,, and an effective ra-
diative lifetime 7, are used as fitting parameters for the data
in Fig. 2. Electron and hole effective masses are taken fo be
0.042m, and 0.42m,, respectively, where m, is the free

electron mass. The entire volume of the disk shaped quan-

tum wells are assumed to contribute to emission into the
lasing mode. A Lorentzian width of 10 meV is used to
characterize effects of carrier scattering on the emission
process. The rate equation simulation fits to the data are
shown as solid lines in Fig. 2. The fitting parameters for the
small disk are Q,=500 and 7,=0.6 ns. The B values are
taken to vary inversely as the measured spontaneous emis-
sion linewidth. For the small disk the B8 values used to fit
the data vary from 0.23 at low pump powers to 0.1 at the

maximum pump power. For the large disk, the solid curves

in Fig. 2(b) correspond to f3 between 0.06 and 0.04, O,
=800 and 7,=0.9 ns. The rate equation predictions also
agree with the observed flattening of the integrated spon-
taneous emission caused by carrier pinning. The increase in
the integrated spontaneous emission above that predicted
by the rate equation simulation seen in Fig. 2(a) can be
accounted for with the observed emission from unpinned
carriers in higher energy states.

In summary, the microdisk structures provide high Q
whispering-gallery modes for disk radii small enough to
restrict the estimated number of cavity modes with fre-
quencies in the photoluminescent spectrum to less than
five. This corresponds to estimated [3 values as large as 0.3.
The measured B values range from 0.05 to 0.23 and depend
on the pump level. The determination of 8 from the rate
equations is not considered to be reliable to better than a
factor of two. A number of factors are omitted from our
rate equation analysis including a detailed treatment of
carrier diffusion in the disk. We have assumed a single laser
mode in the present analysis but there may be two nearly
degenerate high Q modes at the laser line frequency. If
both of these modes lased, the data should be compared
with twice the mode counting estimate of B given above. A
more complete analysis of the high S limit should use mul-
timode rate equations. The data for the threshold charac-
teristics and the mode counting estimates do show that the
microdisk structures show promise for very low threshold,
high B microlasers.
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