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Static and dynamic spectroscopy of Al, Ga)As/GaAs microdisk lasers with interface fluctuation
guantum dots
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We have studied the steady state and dynamic optical properties of semiconductor microdisk lasers whose
active region contains interface fluctuation quantum dots in G@@as/A)As quantum wells. Steady-state
measurements of the stimulated emission via whispering gallery modes yield a qualityGae&600 and a
coupling constani3~0.09. The broad gain spectrum produces mode hopping between spectrally adjacent
whispering gallery modes as a function of temperature and excitation power. Time- and energy-resolved
photoluminescence measurements show that the emission rise and decay rates increase significantly with
excitation power. Marked differences are observed between the radiative decay rates in processed and unpro-
cessed samples.
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Current interest in quantum information processing hasiers. This optically active region is sandwiched between
motivated several fundamental studies of the coupling be38-nm-thick A} 3:Ga, goAS layers. At each interface, growth
tween zero-dimensiondDD) electronic states and confined interruptions of 30 s are used to induce IFQDs. As shown in
photon modes in semiconductor microdidkéThese experi- Fig. 1(a) (top), low-temperature microphotoluminescence
ments have focused on high finesse microdisks where the 0Dnicro-PL) measurements on such samples reveal sharp
states of self-assembled InAs quantum d@Ds) couple spectral features with a full width at half maximuF@wWHM)
with the whispering gallery mode®VGMs) of a cylindrical  limited by the resolution of our spectrometer200 ueV).
microcavity, and are characterized by a large coupling con-

stant(8~0.1) between the spontaneous emission and theg (@) T=5.8K (b)
cavity modes. Because the QD emission is characterized by & o}
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narrow homogeneous linewidth while the gain spectrum is 5 —_—
characterized by a much larger inhomogeneous broadé&ning 4

such microdisks exhibit simultaneous stimulated emission=
from several whispering gallery cavity mode%his behav- 2 2

ior contrasts with microdisks containing two-dimensional without G
(2D) quantum-well(QW) states that typically show stimu-
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lated emission from a single cavity mode due to the narrower 160 162 164 166

gain width, but suffer from lowerQ (typically between Eneray (=¥

~3000 and~5000 because of larger absorption in the 4 ®lo) (d)

QW.210 Here, we discuss the spontaneous and stimulatec [T=5.8K ‘ 4 o Laser emission °
emission from microdisks that lie in an intermediate regime, € 4 i ® Spontaneous
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where the active region contains interface fluctuation quan- emission

tum dots(IFQDs) within narrow GaAs quantum welfé13
This design drastically reduces the number of modes tha
lase simultaneously, while allowing for a relatively high
factor(Q~ 5600 and large coupling consta8~0.09. We ‘ . . .
note that although recent experiments have studied triggere.  1.58 1.62 1.66 g e =09q S0
single-photon emission from IFQDs incorporated into pat- Energy (eV) Power (Wiem?)
terned disks, we are unaware of any demonstrated mode cou-
pling and/qr stlmulatgd em!SS|on in such structures. on unpatterned samples through aguh diameter gold aperture.
The microdisks in this study are patterned from Resolution-limited spectral features characteristic of QD states
GgAs/(Ga,AI)As heterostructgres grown by molecular beam(,:\,v,_”\/Iszoo ueV) are only seen in the sample with growth in-
epitaxy (MBE) on (001) semi-insulating GaAs substrates. terruptions.(b) SEM image of microdisk laser structuré) Exci-
The samples consist of a 120-nm-thick GaAs buffer layer, qation power dependence of the emission spectrum of a single mi-
500-nm-thick AbgGayAs pedestal layer, and finally a crodisk atT=5.8 K. The inset shows the polarization-resolved far
110-nm-thick A} 3:Gay gAS/GaAs heterostructure that field emission from the side of a single microdisk. The top and the
forms the microdisk itself. The microdisk region contains anbottom spectra are polarization parallel and perpendicular to the
optically active region with six 4.2-nm-thick GaAs QWSs, disk plane.(d) Intensity of the stimulated emissidmode T&s 1)
isolated from each other by 10-nm-thickAlGa /AS bar-  and spontaneous emission vs pump power, respectively.
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FIG. 1. (a) Microphotoluminescence measurements carried out
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We also fabricated control samples with the optically activedefined by a clear thresho|&ig. 1(d)]. The intensity of the
region containing either 10-nm-wide QWs or 4.2 nm QWsintegrated PL continues to increase above the lasing thresh-
with no growth interruptions. In the former, the confined old; this contrasts with the carrier pinning effect observed in
electronic states are explicitly 2D and do not show any specconventional semiconductor lasers and is probably due to the
tral structure in micro-PL measurements, while in the latteonequilibrium heating of the gain medium, as has been re-
the density and extent of the lateral 0D confining region isPorted in other high coupling constant microdisks® The

highly reduced, and there are only weak signs of Spectraﬁtimulated emission is observed in the same spectral region
structure in the micro-P[Fig. 1(a) (bottom]. where the IFQD features occur in the micro-PL from unpro-

Microdisks are processed from the MBE-grown waferscessed samples. However, we note that—unlike the case of
using standard photolithography procedures, followed by Crln|crod|sks containing InAs Q.DS where th‘? QD emission IS
two-step HBr and(NH,),S wet chemical etch. In the first well-separated _from any wetting layer emission—it is diffi-
step, a nonselective HBr-based mesa etch defines the circulégﬁrgg Oﬂnﬁg%gg%ﬁgoédenufy IFQD states as the sole
portion of the microdisk. The isotropic etching characteris- .

. ) . ) Because it is not possible to obtain an exact analytical
tics of HBr reduce the disk diameter by approximatelu o)y tion for the modes of a cylindrical dielectric slab, we use

during the etching process. In the second step, the 20-24 % \ye|l.known approximation that treats the problem as a
(NH,),S solution with excess sulfuis mg/mL) etches the  guided wave with vacuum wavelengihtraveling along the
Al eGay As layer with high selectivity, producing micro- axial direction(z) of a dielectric slab waveguide of refractive
disks of ~4 um diameter on narrow pedestdBig. 1(b)].  index ny, thicknessD, and radiusR.X” The resulting eigen-
The (NH,),S also passivates the surface states to reduce nofrequencies are characterized by a set of three mode numbers
radiative recombination at the microdisk surface. We notgm,|,p) corresponding to the azimuthal, radial, and planar
that the sole use dfNH,),S for both selective etching and degrees of freedom, respectively. We ignore the planar mode
passivation simplifies the overall processing in comparisomumber p because only the lowest-order planar mdgbe
with past practices that used a separate selective etch, foEO) in the z direction is allowed by the thin microdisk
lowed by passivatioR.Further, we use a lower temperature (D/\~0.14). We estimate the refractive index in the axial
(~50 ° Q) for the (NH,4),S solution; this appears to improve direction (n,) from tarfk,D/2]=h/k,, wherek, is the wave
the passivation of surface states, resulting in a higher radiavector in thez direction, andk?+h?=k?[n3+n3], with n, and
tive efficiency. Finally, we stabilize the sulfide layers by en-n, being the refractive indices inside and outside the disk
capsulating the sample with 40 nm SiNeposited using structure, respectively. The effective index in the azimuthal
electron cyclotron resonance plasma enhanced chemical vgirection is then calculated fromgg=ayni-nZ, a=f
por deposition. —(g/R/\) with parameter§=0.984 g=0.163 forl =117 This

We perform steady-state photoluminesceriBe) mea-  yesults inngg~ 2.3, compared to the bulk value=3.4. We
surements using continuous wal@W) 568 nm excitation  then use this value afi. to estimate the allowed eigenfre-
from an Ar/Kr mixed gas laser. The samples are mounted oguencies by solving the two-dimensional Helmholtz equa-
a cold finger in a liquid He continuous flow cryostat, with a tjon, whose solution results in Bessel functions of the first
temperature sensor comounted on the cold finger close to thgnd 28 This calculation identifies the laser emission at
sample to monitor heating effects. Both the optical excitatiom g1 eV as a WGM with TE polarization and=35, |=1.
and collection use an objective lefB00X, numerical aper- The far-field laser emission collected from the side of the
ture 0.73 with an excitation spot diameter of 20m; the  mjcrodisk is strongly polarized in the disk plafieset to Fig.
collected PL is spectrally resolved by a monochromatory(c)] confirming the TE nature of the stimulated emission.
(spectral resolution=180eV) and detected by an LN2 e note that selection rules for recombination between
cooled charge coupled device detector. Polarization-resolveghnduction-band electrons and heavy holes also produce the
PL measurements are carried out in the far field in a differengame polarization for spontaneous emission in this geometry,
optical cryostat. Time-resolved PL measurements are madg,ggesting a possible reason for the preferred coupling of the
with similar excitation/collection optics, but the optical emission to a TE rather than a TM cavity mode.
pumping is carried out with a pulsed Ti-sapphire laser at Figyre 2a) shows a log-log plot of the laser emission
740 nm (repetition rate of 76 MHz and pulse width of jntensity in this mode as a function of the excitation intensity
150 f9. The PL is again spectrally resolved with a mono-| The laser thresholt~240 W/cn?) is indicated by a kink
chromator, and then temporally resolved using a streak camp this plot, highlighted by the arrowAs a comparison, we
era, which is phase-locked to the pulsed laser in order tQote that microdisks patterned from the 4.2 nm and 10 nm
synchronize the sweep pulse of the streak tube with the inow control samples exhibit somewhat higher thresholds of
coming signal. The time resolution of the streak camera i 10 w/cn? and 300 W/crR, respectively. The laser emis-

2 ps. sion intensity is proportional to the photon numlipein the

Figure Xc) shows the CW emission spectra of a singlemode, which we define as unity at the threshH8ldo deter-
microdisk laser for three different excitation powers. At the pine the cavity coupling constag, we fit the data in Fig.

lowest excitation power, the spectrum is dominated by theg) ysing the following equation which relates the photon
spontaneous emission from the active region, but we already,mper to the excitation intensi®:

see evidence for the coupling of the PL emission to a few

cavity modes(identified later as WGMs As the power in- (o) = A p 1+8)(1+ B 1
creases, one of the WGMs lases, with the onset of lasing ® 1+p( &)L +Bp) ~&hp |- D
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104 1610 limited by the absorption of the active layer at weak
excitation® Hence, it is more meaningful to estimate Qe
of the microdisk at the transparency threshold which should
lie just below the lasing threshold. At this excitation density,
the FWHM is 0.288 meV while the emission wavelength is
1.61 eV, yielding an estimate@=E/AE~5600 for this
mode. In comparison, similar estimates for the control
st 1.608— — ——lo2 samples with 4.2 nm and 10 nm QWs yie@2~3000 and
O ey 10 10 10 3500, respectively. Figure(®) shows that the FWHM under-
ower (W/cm?2) Power (W/cm?) - . .
goes an anomalous linewidth enhancement in the threshold

-(d) J P(wicm2) region. The coupling between refractive index fluctuations
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x1 0.98 and the carrier fluctuations in the gain medium may explain

. this broadening® Above the threshold, the linewidth is in-
LA | 107 versely proportional to excitation power before the onset of
A‘ .A 1146 heating, as indicated in the region between the two dashed
A lines in Fig. Zb). This is described by a modification of the
x2_ A 1.24 standard Schawlow-Townes formula, wherein the linewidth
is multiplied by a factor(1+a?)/2, wherea is the gain-
refractive index coupling factor.
The temperature dependence of the emission spectra is
FIG. 2. (a) Power dependence of lasing intensity plotted on ameasured in the range 6KT=<70 K with a fixed CW ex-
log-log scale. The arrow indicates the laser threshold. Solid curvesitation of 1.8 kW/cm. Figure Zc) shows that at high tem-
are based on Eql) with coupling constani3=1,0.1,0.01.(b)  peraturegbetween 50 K and 70 K the laser emission cas-
Power dependence of the ener@pen circles and width (solid  cades toward lower energies via three adjacent WGMs
circles of the lasing mode(c) Temperature dependence of micro- |ocated between 1.61 eV and 1.59 édentified as TBs 1,
disk emission spectrum, showing mode hopping between the .TE TE, ., and TEg 5 respectively. Note that in spectrél) and
(circle), TEz,, (triangle), and TE 5 (stap WGMs. (d) Pump power  (2) of Fig. 2(c), the emission intensity of the BE; mode
dependence of microdisk emission spectra at a sample mount te'Uhdergoes an abrupt transition toward th%&l’ﬁnode, with-
perature off=5 K. out exciting the higher order mode located in between. We
Here, the scale factoA=fiwy/ 58, where » is the fre-  attribute the observed mode switching to a combination of
quency of the modey is the cavity decay rate, andlis the  €ffects: the temperature dependence of the gain profile, nar-
photon conversion efficiency. The dimensionless parangeter owing of the band gap, and possibly the thermal excitation
is defined by&=NyBV/yrs, whereNy is the transparency of electrons/holes from deeply confined OD states to shal-
carrier concentration of the gain materidljs the volume of lower QW states. We also observe mode hopping at low
the active material, and, is the spontaneous-emission life- temperatures when the excitation power is large compared to
time. The above equation assumes that only one mode las#f® single-mode operation region discussed eaillfég.
within the gain region, and that nonradiative recombination2(d)]. Although the power-dependent mode hopping at low
is negligible. Since we do not have direct knowledge of seviemperatures is also likely due to local heating of the micro-
eral parameters such asNg, and s, we treatB, & andA as  disk (no changes are observed in the temperature sgwser
fitting parameters; the first two determine the shape of th@ote that the transition from the L&, to the Tk, , mode is
function I(p), while the latter only scales its overall magni- gradual, contrasting with the temperature-dependent changes
tude. Our fits yield a coupling consta@t~0.09 andé~7.21  shown in Fig. 2c). We attribute this difference to the contin-
For comparison, we also plot the theoretical curves expecteded occupation of the 0D states at low temperatures as the
for =1,0.1,0.01. In a conventional laser whese- 1073, pump power increases, as opposed to being depleted to
the photon number typically undergoes a sudden jump dtigher states in fixed power/variable temperature measure-
threshold. Because of the high coupling constant of the cavments. Therefore, the EE; mode does not quench com-
ity, the output power in these microdisk lasers increases witlpletely and the high carrier density can sustain multiple-
a finite slope around the transition region as shown in Figmode operation.
2(a). Time-integrated measurements of the microdisk emission
Figure 4b) shows the power dependence of the energysing pulsed excitation show spectral behavior that is similar
and the full width at half maximuntFWHM) of the TEs;  to that obtained with CW excitation. In addition, we have
laser mode. For pump power below 0.4 kW /crthe peak measured the temporally and spectrally resolved emission
energy undergoes a blueshift with increasing pump powespectra at different excitation powefBig. 3@]. Both the
because the refractive index decreases with increasing carrigse and decay of the emission become faster as the pump
density?2 However, the plateau in the peak energy betweerpower exceeds the threshdlt90 W/cn# for this particular
0.4 kW/cn? and 1.4 kW/crf indicates that the blueshift is microdisK. This is shown in Fig. @), where the decay and
offset by local heating of the microdisk, eventually resultingdelay time is plotted as a function of pump power. The decay
in a redshift at the highest excitation densities. Below thetime, defined as thél/e)th time constant of the decay tail, is
threshold, we observe a spectral narrowing of the WGM asletermined from exponential fits to the data. The delay
the excitation power increases. This indicates that@his  rise) time is defined as the interval between the peaks of the
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300 ) behavior of the microdisk sample with IFQDs and the con-
(a) ® Decay time L
— 8 O Delay time trol samples under pulsed excitation. The pump-power de-
S0l pendence of the decay times obtained for the control samples
0 o is almost identical to those observed for the IFQD sample,
s00 wiem?| o O % when the pump power is scgled by the threshold védirece
E 100} L O the control samples have higher lasing threshdttbwever,
J % o we note that there are some differences: in the control

Intensity
f_’__z—- r-'—’__:-_-

200 W/cm?

Intensity

475 W/cm?

(b) samples, the peak intensity of the lasing mode is an order of
0 500 1000 1500 magnitude smaller than that of the IFQD sample; shec-
Pump power (W/cm?) trally integrated time-resolved emission for the IFQD
475 Wicm? sample exhibits a single peak in the time domain, whereas
that appears for high pump power after a delay of
~200-300 ps. The latter behavior is similar to that reported
in previous spectrally integrated studies of Ga@&ad, Al)As
microdisk QW lasers where it was ascribed to carrier diffu-
sion to the edges of the microdigkfinally, the turn-on(de-
0 200 400 600 800 0 500 1000 1500 longer thar_1 that of the_ IFQD sample. As supp_orteo! by_the
Time (ps) Time (ps) spectrally integrated time-resolved data, carrier diffusion,
which is the determining factor for the delay time, is limited
FIG. 3. (8 Temporal evolution of microdisk emission at in the IFQD sample compared to that seen in the control
1.615 eV. Data at different pump intensitigsdicated next to each samples, which may be attributed to the presence of the
The zero of time is fixed at the arrival of the excitation laser pU|SeresponsibIe for the better performanéarger Q and g,
(tuned to 1.676 e} (b) Power dependence of decay and delay smaller thresholdof the microdisks with IFQDs.
times. Decay time, defined as ttie/e)th time constant of the decay In summary, we have investigated the static and dynamic
tail, is determined from exponential fits to the data. Delay time isresponse of a GaAéBa, A))As microdisk laser with IFQDs
defined as the interval between the peaks of the excitation and M the active region. Steady-state measurements of the stimu-
crease with increasing pump powér The unprocessed part of the ~ .
sample does not show any noticeable changes in either the pul eonSt.amBb ?'09' The brfaﬁ galgl Specttrur?].prod.uces m”0de
width or the delay time as input power is increased. All data in opping between Spectrally adjacent whispering gallery
modes as a function of either temperature or excitation
(a)—(c) are taken at 5 K. , -
power. Time-resolved photoluminescence measurements
3(@)]. The fast rise and decay dynamics is due to the inprocessed and unprocessed samples. The control samples
creased stimulated emission rate which is proportional to thevithout IFQDs display modes with small€ values and far
photon number in the cavity mode and which dominates theesser intensity. While, as mentioned earlier, the exact effect
emission spectra above the lasing threshold. A qualitativelyf the IFQDs is not easy to define, it seems amply clear that
similar temporal characteristic has been reported in earliefhese microdisk lasers provide new templates for exploiting
microdisl_< QW laserd? In contrast to th_e shortening cavity- guantum information processing.
photon lifetime as the pump power increases, the photon
lifetime in the unprocessed IFQD sample is power- This work was supported by the DARPA QuIST program,
independent due to the lack of stimulated emission, as showNSF-DMR, and Sun Microsystems. We thank E. Hu for criti-
in Fig. 3(c). cal comments, and R. Epstein, O. Maksimov, and M. Stone

Cc R
© the control sample with 10 nm QWSs shows a second peak
J\km KW/cm?
lay) time for the 4.2 nm QW control sample is considerably
spectrum have been normalized and vertically shifted for clarity. IFQDs. This limitation of carrier diffusion may possibly be
crodisk emission pulsegarrow in (a)]. Both show a marked de- lated emission yield a quality fact@~ 5600 and a coupling
excitation and microdisk emission puls¢arrow in Fig.  show marked differences between the radiative decay rates in
spectrally integrated dynamical studies of Gal&d,A)As  the interplay between OD states and confined photons for
Finally, we comment briefly on a comparison between thefor technical advice at various stages of this project.
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