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Luminescence intensity autocorrelatidhlA) is employed to investigate coupling dynamics between
(In, GaAs quantum dot$QD’s) and a highQ (~7000 resonator with ultrafast time resolutieh50 f9, below
and above the lasing thresholdTat 5 K. For QD’s resonant and nonresonant with the cavity we observe both
a sixfold enhancement and a 0.77-time reduction of the spontaneous emission rate, respectively. In addition,
LIA spectroscopy reveals the onsetatfherentcoupling at the lasing threshold through qualitative changes in
the dynamic behavior and a tripling of the resonant QD emission rate.
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The ability to control spontaneous emissian the solid  semiconductor/air interface, where light is reflected along the
state is expected to improve laser devicas well as enable curved inner boundary of the cavityDetails of the two-step
the development of systems for quantum cryptography, suctvet etch process and stimulated emission from QD’s inte-
as single-photon sourcdsSelf-assembled” InAs quantum  grated in microdisks can be found elsewheie. order to
dots (QD’s) integrated within high® microcavities provide Mminimize thermal broadening of the QD emission, all data is
an ideal test bed for studying the control of QD emissiontaken atT=5 K in a liquid-helium-flow optical cryostat and
through cavity QED(Purcell effect.*® Moreover, under- is collected from the side of the disk to maximize the collec-
standing the coupling dynamics between the QD’s and mition efficiency of the WGM emission. Time-integrated pho-
crocavity may provide an avenue for performing quantum
computation and communication with electron sgifevi- 60

ous measurements in microcavitiege., micropillars® Z o P 0w nprocessed A
microdisks] and microspherés have explored enhanced Z 200 Wim? i3
spontaneous QD emissidrelative to the unprocessed mate- 54 T tas wiem @ 136 ev| [1.40 eV
rial), and have yet to investigate the coupling dynamics near £ 3o} iy
the onset of lasing. § ol 1F TR ER e e | Y
Here we report time-resolved measurements in microdisks = =43
with integrated QD’s below and above the lasing threshold % 10T &?growd’ics";’ U ﬂ ‘:‘g
using luminescence intensity autocorrelatiorLIA ) Y . A wdhrsbr uher
spectroscop§,where the time resolution is theoretically lim- 2 Fm T . 1 Microdisk
ited by the optical pump/probe pulse widths150 fg. De- ;_ N 800 Wiom? 1
tailed studies of the QD-cavity coupling dynamics have <& 108 260 wiem: ©
shown for QD’s resonant and nonresonant with the cavity a ‘g | teswen: |
sixfold enhancement and a 0.77-time reduction of the spon- £
taneous emission rate, respectively. Moreover, we use LIA = =i s e e e e
spectroscopy to measure the onsetolierent couplinge- & 10 136 137 138 139 140 141 142
tween the QD’s and cavity at the lasing threshold, where we EleV] 8000
observe a clear signature at zero time delay between pump £ (| 81y @« [ oy 2000 5
and probe pulses and an additional tripling of the resonant 2 .t S P *1.396 eV | B
QD emission rate due to stimulated emission. S soblas 8500 a -_6000“5
The device structure is grown by molecular-beam epitaxy =~ £ 2olo 700 2T, w3 2% w5 xJ5000F
upon a semi-insulating GaAs substrate with an AlAs/GaAs :E wob MY g . % x D_'4000°
buffer. A 1-um layer of ALGa _,As (x ranging from 0.65— 7 ollmufﬂfi?g o0 of | . ’;' * ’:‘
0.85 is subsequently grown, determining the microdisk post 0 200 400 600 O 200 400 60D
height. The disk region has a single layer(lof, GaAs self- Pump Intensity [W/ecm?]  Pump Intensity [W/cm?]

assembled QD’s with a dot density of16m~2 and is clad

symmetrically by 100-nm GaAs, 20-nm ¢\Gg sAs, and (@ Multimode lasing from a higl® microdisk integrated with
4-nm GaAs[rlght mseF of Fig. 1a)]. 'I_'he mlcrodlsl_<s have QD's. Intensity-dependent QD PL from unprocessed matéled
~4-um diameters defined by phogollthography, yielding anjhsey Band diagram showing excitation into GaAs and subsequent
effective modal volumev/~10(\/n)” [assuming the domi-  rejaxation into QD ground and excited stat@ight insey. (b)
nating modes are guided primarily around the circumferencentensity-dependent PL from the microdigk) Nonlinear PL inten-

of the microdisk’ i.e., whispering gallery mode®VGM's)],  sity dependence for three whispering gallery mod@éGM's).
wheren is the effective refractive index of the cavity ands ~ Symbols defined inb). QD’s nonresonant with the cavity show
the emission wavelength. WGM's arise due to total internalinear dependence. Expanded viémsed. (d) WGM quality factors
reflection, relying on the large index contrast between the&) measured at intensities above their lasing thresholds.

FIG. 1. Time-integrated photoluminescer(&.) characteristics.
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toluminescence(PL) is spectrally analyzed with a 0.5-m A E, [eV]
spectrometer coupled tolaN, cooled charge coupled detec- 6}s 170 Wiome 130 135 140
tor yielding resolution of 5QueV. 7 [ P S *liz
The PL data taken on unprocessg@., as-growh QD 5 Bwiem? [ " o Joo =
material[Fig. 1(a), left insef shows the characteristic broad £ 4l . o Jos £
spectrum at various pump intensities denoting the variation E- ’* o OF, © Jos 2
in size (13%) of the QD’s. Increasing excitation intensity § . "6 TRTI T 86;00
gives rise to increased emission at higher energies, suggest- £ F[Wiem?]
ing occupation of, and subsequent emission from, higher- = 2¥
energy QD transitions. Nonresonant excitatiorEqy
=1.57 eV) into the GaAs layer is used to increase carrier boos -l
generation due to the small absorption cross section of the O E, = 1.322 eV (Unproc)
QD’s.? Subsequent relaxation into the QD’s occurs on very 0 000 2000 3000
short time scalegcarrier capture time-20 p9.° Figure ib) Delay [ps]
shows multimode lasing under similar conditions of QD’s
within a microdisk(note semilog scajelndeed, PL from the FIG. 2. Time-resolved QD PL characteristics in unprocessed

microdisk is shown above lasing threshold on a linear scal@naterial. Intensity-dependent luminescence intensity autocorrela-
[Fig. 1(a)]. Quality factors,Q, as high as 7000 are deter- tion (LIA) data detected at QD energif{=1.322 eV). Lifetimes
mined by computind) =E/AE, whereAE is the full width extracted from d_ecaying single-equnentigl fisolid Ii_nes) are
at half maximum of the emission energy. The enhancemerftotted as a function of pump intensitflled circles for fixed Eq,
of the spontaneous emission rate is given by the PurcefidEq (diamonds for fixed pump intensity300 W cm™) (insed.
factor! Fp (which indicates the degree of coupling between
emitter and cavity Fp=(3/47%)(QN%V). For our ing that the LIA is determined by the radiative cross recom-
highestQ WGM, with transition energy at 1.378 eV, we es- bination of the excitons and provides a measure of their life-
timateF .~ 50. This calculation assumes @®eal monochro-  times.
matic emitter that is spatially and spectrally coupled to the To compare emission rates, we measured the intrinsic life-
mode, however, due to nonidealities in coupling betweeriimes of QD’s in an unprocessed part of the sample. Figure 2
emitter and cavity as well as cavity mode degenefamg  shows the intensity dependence of LIA data taken at a detec-
expect the actuaF, measured through the spontaneoustion energyEy;=1.322 eV, a ground-state energy within the
emission lifetime to be smaller. QD ensemble. LIA data are fit to a single-exponential
We employ luminescence intensity autocorrelafloa, Aexp(—t/7) to extract the decay time of the recombining
time-resolved technique that measures the nonlinear depeaxcitons. Since the beams are equal in interl$ityA data is
dence of PL with excitation intensity to obtain the radiative expected to be symmetric aroub& 0, as is observed. The
lifetime of the QD excitonic states. LIA data are obtaineddata is well fit by a single exponential, yielding lifetimes that
using two energetically degenerate 150-fs pulses from a Tiagree with conventional time-resolved PL measurements.
sapphire laser where relative time delay is controlled by &or all extracted lifetimes, the error is smaller than the plot-
mechanical delay line. Optical choppers modulate the twded symbol size or otherwise noted by error bars. QD spon-
equally intense excitation beams at different frequencie¢aneous emission rates have been observed to decrease with
while phase-sensitive detection at the sum frequency meancreasing QD siz&? despite theoretical predictions that the
sures nonlinear changes in PL intensity that arise from th&D oscillator strength should remain nearly independent of
temporal overlap of the carrier populations excited by theQD size™® We observe similar behavior in the LIA lifetimes
two pulses. The normal-incident excitation is focused to af our unprocessed control samplésg. 2, insel, whose
spot(~30 um) that is much larger than the microdisk diam- insensitivity to pump intensity suggests that they measure the
eter, ensuring uniform excitation of the cavity. PL in the QD spontaneous emission rate.
time-resolved data is spectrally analyzed with a high In contrast, the data from processed microdisk samples
throughput spectrometer with spectral resolutierb meV) show completely different behavior due to the presence of
and detected with an InGaAs photodiode. WGM'’s. The intensity dependence of the time-integrated PL
Each point in the LIA scan is théme-integratedhonlin- ~ from QD’s within the microdisks is shown in Fig(d. Tran-
ear PL response for a given time delay between the tweitions coupled to the WGM’s show nonlinear dependence of
excitation beams. Moreover, there are two major contribuPL intensity on excitation intensity, revealing lasing thresh-
tions to the signal(a) differential absorption an¢b) “cross  olds (I14~150—200 Wcm?). In contrast, for QD’s off
recombination.” Differential absorption arises due to stateresonant with a cavity modeircles;E = 1.366 eV}, there is
filling (i.e., the excitation from the first beam makes the seca linear dependence on pump intensighown also in an
ond beam less likely to excite as many carriers, due to feweexpanded view in the insetin addition, at lasing threshold,
available statesresulting in a negative LIA signal. In cross the quality factorQ is largest and monotonically decreases
recombination, electrons/holes from one pulse recombin&ith higher pump intensityFig. 1(d)], while below thresh-
with holes/electrons from the other, and result in a positiveold, Q~ 1. Similar broadening in quantum well microdisk
LIA signal. In our measurements, the PL intensity from onecavities at intensities above lasing threshblis typically
pulse increases in the presence of the second pulse, indicatssociated with free-carrier absorpti#CA), however, QD
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FIG. 3. (a) Sixfold enhancement in the spontaneous emissiorsed. (b) Normalized LIA data detected at QD emission nonresonant
rate is observed when comparing normalized LIA data betweemith the cavity, as well as ED QD's in the unprocessed region taken
QD’s resonant with a WGMsquares to energetically degenerate under high intensity570 and 400 W ci?, respectively, shows no
(ED) QD’s in unprocessed materiéfilled squares QD’s nonreso-  dip at 0 delay.(c) Fitted lifetimes from right-most edge of data in
nant with a WGM(circles under same conditions indicate enhance- (a) indicate a tripling of the resonant QD emission rate due to
ment is indeed due to Purcell effect. PL taken under same condstimulated emission.
tions (inse). Shaded regions represent spectral resolution in time-
resolved measuremeni{®) Summary of below threshold lifetimes e - L .

QDr's, indicating that the significant reduction in lifetime is

for QD’s outside the cavityfilled symbolg, as well as QD’s reso- L .
nant and nonresonant with a WGMnfilled symbols. Below las- not due to enhanced nonradiative recombination from sample

ing threshold of a nearby mode, inhibited spontaneous emission Brocessing. Indeed, a sixfold shortening of the lifetime as
observed when comparing QD’s nonresongitcles within the ~ compared to ED QD's outside the cavity reflects the modi-
cavity to the ED QD's(filled circles outside the cavity. fied vacuum field of the microdisiurcell effect,* revealing
nonidealities in the couplingnote Fp~50). A summary of

emitters in microdisk cavities with continuous-wave excita-lifetimes extracted from LIA data taken under nonlasing con-
tion do not suffer from FCA at lasing threshdldlhe de-  ditions is shown in Fig. ®). The filled symbols are from
crease inQ may reflect the increased number of QD’s be-QD’s in unprocessed regions, whilenfilled symbols are
coming resonant with the cavity mode at higher intensitiesfrom QD’s in the microdisk. Note that spontaneous emission
as well as emission broadening from shorter lifetimes, ofifetimes from resonant QD’s can only be unambiguously
increased carrier densities with pulsed excitation. extracted below their lasing thresholds. This will be ad-

In Fig. 3@, normalized LIA data from QD’s resonant dressed in the Fig. 4 discussion. Upon further review of Fig.
(squares and nonresonanf(circles with a WGM (Q 3(b), the intensity dependence from QD’s that are nonreso-
~7000), as well as energetically degeneréED) QD’'s  nant with the cavitycircles;E4=1.366 eV is quite different
(filled squaresin an unprocessed part of the sample are comthan ED QD’s outside the microdisfilled circles. Near
pared for a given intensityl €140 Wcm 2) near lasing lasing threshold of a neighboring mode= 1.378 eV), non-
threshold ofE=1.378 eV. PL from the microdisk under the resonant QD’sn the cavityhave longer lifetimes than ED
same conditions is showinse). There is a large reduction QD’s outside the cavityindicating an inhibited spontaneous
in the spontaneous emission lifetime from QD’s that areemission rate. However, above threshold, QD lifetinres
resonant with the WGMsquares;y= 70 p9 when compared side the cavitybegin to shorten. The transition at threshold
to both ED QD's outside the cavitffiled squares;r may be due to the increased average number of photons in
=430 ps and nonresonant QD’s in the cavitgircles; 7  the cavity (Np) when lasing. Above threshold, emission rates
=700 ps. The decay times of the nonresonéeitcles QD’s  should be further enhanced due to the increased number of
are relatively long in comparison to the resonéuares  photons in the cavity following the relationl ;o1
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~ BsF L syt vg0mNp , assuming negligible nonradiative re- well as the saturation of the extracted lifetime~(25 ps) at
combination wherd'1o7 is the total emission rateg,is the  higher pump intensities may be limited by one or the com-
spontaneous emission factbly, is the intrinsic spontaneous bination of processes with comparable time scales: carrier
emission ratey 4 is the group velocity of the mode of inter- capture time(~20 p39,° photon lifetime in the cavity Q/w

est, andg,[cm 1] is the gain at threshoftf. ~3ps), or stimulated emission lifetime.

We now focus on the coupling between resonant QD’s Finally, we estimate the number of QD’s coupling to the
and a highQ WGM at the onset of lasing. Figuréa} shows  cavity. Given the QD density and diameter of the microdisks,
intensity-dependent LIA data for QD’s detected at a WGMwe can estimate the total number of QD’s in a microdisk
energy,Eq=1.378 eV. Clearly, the large dip 80 delay in  (~200). Considering theQ of the cavity mode at lasing
the LIA data is markedly different from the i.ntensity depen- threshold(~5000 and neglecting the QD’s lifetime depen-
dence of QD's in the unprocessed matef®&ig. 2. The 0 gence on emission energy, we can estimate the average num-
delay dip manifests in a shift of the peak position in the LIA po, of QD’s contributing to the WGM from the PL of the
signal from 0 to 86 ps, predominantly occurring at the Iasmgunprocessed region to be2. However, at pump intensities
threshold. This nonmonotonic form of the LIA signal is not needed for lasing, homogeneous broaderting meV) of a
observed at similar pump intensiti€s400 W cnf) in non- QD ground-state’transitiéﬁ may allow on average-25

irr?suonnigtcgszes dwrﬁz;grt&?"rend'csroﬂﬁ;(f::eig cilr(l;;]] ES[l)J Qgsst- QD'’s to weakly couple to a WGM due to partial spectral or
P q 9. » SU99 spatial overlap. Using this value, the average photon number

ing that the dip at O delay is associated with stimulated emis:" . ) o . . o
sion, a signature ofoherentcoupling between QD's and a in this qué is Np~1.9, |nd|cat|ng'lasmg gctlon. Addition-
WGM. Moreover, WGM'’s aE 4= 1.387 and 1.396 eV in this ally, we find Bg;<1 (~0.43, consistent with an observed
microdisk, as well as other WGM'’s in other microdisks, [2Sing threshold. In summary LIA spectroscopy is employed
show similar behavior at 0 delay above their lasing thresh!© Study thecoherentcoupling between QD's and a hig-
olds (not shown. The dip in the LIA signal may be due to a WGM in a single microdisk at the onset of lasing, revealing
suppression of cross recombination due to the enhancdifh dynamics in the QD-cavity coupling and showing prom-
emission rate under stimulated emisstBtowever, further ise for studying ultrafast phenomena in solid-state systems
investigation into the mechanism is needed. We now fit thdor quantum information processing.

right-most edge of the LIA signal to a single exponential. _ .
Note that the fit is initiated at later times as the pump inten- | ne authors would like to thank R. J. Epstein, J. A. Gupta,

sity is increasedshown in Fig. 4a)]. Indeed, we observe a A. Imamoglu, and J. Levy for inspiring discussions. This
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sion rate due to the increase in average photon demgity, 0038, NSF Grant No. DMR-0071888, and DARPA/ONR
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