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Cavity-quantum electrodynamics using a single InAs quantum
dot in a microdisk structure
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We investigate cavity-quantum electrodynami¢d®QED) effects in an all-semiconductor
nanostructure by tuning a single self-assembled InAs quanturfQidtinto resonance with a high
quality factor microdisk whispering gallery mo@&/GM). The stronger temperature dependence of
the QD single-excitorilX) resonance allows us to change the relative energy of the WGM and the
1X transitions by varying the sample temperature. The two coupled resonances erdgbing
behaviordue to the weak coupling cavity-QED regime. We demonstrate exciton lifetime reduction
by 6 due to the Purcell effect by tuning the QD into resonance with the WGM. Our experiments also
show that single-exciton lifetime is independent of temperature up to 50 K20@1 American
Institute of Physics.[DOI: 10.1063/1.1379987

Recent observation of ultrasmall linewidthdand pho- 50 K when the transition is out of resonance with WGMs.
ton antibunching® in the fluorescence of single semiconduc- We note that enhancement of spontaneous emission from an
tor quantum dotgQDs) have unequivocally demonstrated ensemble of QDs due to the Purcell effect has been recently
their atom-like nature. These results suggest that single QDgemonstratef® In contrast, this letter reports an observation
can be utilized to investigate fundamental quantum opticabf the Purcell effect from a single QD.
systems in semiconductor nanostructures. Cavity-quantum The QD sample was grown by molecular beam epitaxy
electrodynamicgcavity-QED stands out among these fun- on a semi-insulating GaAs substrate. Layers of the sample
damental systems due to the simplicity of its theoretical deygre 0.5um AlyeGaysAs post layer and 200 nm GaAs
scription and_ the wide range of its applications. De_pendinqjisk layer. Self-aésembled InAs QDs were grown in the cen-
on the coupling strength between the two-level emitter ande, ot the 200 nm disk region using the partially covered
the cavity ”.‘Ode' s_pontaneous emission can be enhancergand techniqué? The wavelengths of the 1X transitions of
(weak coupling regimeor becomeseversible(strong cou- the QDs were between 925 and 975 nm. The QDs had a

pling regimeg.® Purcell effept and vacuum Rabi oscillations diameter of 40-50 nm and a height of 3 nm. The QD density
are the best known experimental signatures of the weak and' . .
the sample was~2x10°cm 2. Microdisks were pro-

strong coupling regimes, respectively. Realization of these . . .
cavity-QED effects could enable applications such as higl?essed usllng a .two—step Wet-etc.hlng , procedure detailed
speed light sources and quantum information processing. elsewheré: The diameters of the microdisks wereusn. )

In this letter, we report the experimental observation of '€ Sample was mounted in a He-flow cryostat allowing
the Purcell effect from a single self-assembled InAs QDO témperature tuning from 4 to 300 K. A cw TiSa laser
coupled to a high quality factorQ) microdisk whispering €mitting at 760 nm was used to pump the microdisks, gen-
gallery mode(WGM) together with an important tool for erating carriers in the GaAs disk layer. Excitation and
investigating coupling between a single QD and a threecollection were done through the same objective
dimensional optical microcavity mode, i.e., temperature tun{numerical aperture0.55) in normal direction(diffraction
ing. Our experiments demonstrate the crossing between lgmited spot size: 1.7um). The collected photoluminescence
QD single-exciton(1X) transition and a WGM as a function (PL) was dispersed by a 50 cm spectromégectral reso-
of temperature. From photon correlation measurements peldtion: 70 ueV) and detected by a charge coupled device
formed in and out of resonance, we deduce that at resonancetector for measurements of optical spectra or by a Hanbury
the lifetime of the 1X transition is shortened by a factor of 6 Brown and Twis§HBT) setup? (time resolution: 420 psfor
due to the Purcell effect. We also report the results of timephoton correlation measurements. Reference 5 provides the
correlated single photon counting experiments performed ofetails on the HBT setup. Despite the fact that the microdisk
another QD that show similar 1X-transition lifetimes at 4 and\wGM radiation was primarily in the plane of the disk, we
were able to detect the WGMs in normal direction using our
dElectronic mail: alper@ece.ucsb.edu setup, due to the high numerical aperture of the collection
Ppresent address: Institut”rfuFestkaperphysik, Universita Bremen, microscope objective, scattering caused by the disk surface

D-28334 Bremen, Germany. .
and reflection from the sample surface.

9Present address: Instituf rfExperimentalphysik, Universitalnnsbruck ) g ) )
TechnikerstraRe 25, A-6020 Innsbruck, Austria. Figure 1 shows high-resolution PL spectra of a single
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as a result of temperature tuning. The crossing between the
two resonances is demonstrated in Fi¢p) 2vhere we plot
the energies of the two lines versus temperature. The WGM
P (W/cm’) appears at an energy of 1.3207 eW4aK and shifts only
./\,_,JMJUA’U\\JM. 125 slightly to an energy of 1.3196 eV at 54 K while the 1X
transition shifts by over 3 meV within 50 K temperature
1X difference. The different energy shifts of the 1X transition

X and the WGM with temperature give rise to a crossing of the
WGMh 65 two resonances. The temperature dependence of the energy

h 15 of the WGM can be attributed to the change in the refractive

index of GaAs with temperature. On the other hand, the tem-

x5 in int. 1 i .
WWWNWMWWWWW«WWWW perature dependence of the energy of the 1X transition is
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1315 1320 1325 1330 1335 caused by the changes in the band gaps of InAs and GaAs
Energy (eV) with temperature. Figure(B) shows the change in the inten-

. o _sity of the WGM emission as a function of the 1X-WGM
FIG. 1. Power dependent PL spectra of a single QD in microdisk cavity . S "
taken at 4 K. Luminescence of the QD 1X transition, the WGM, higherdetunmg under the Sam_e eXC|t_at'On gondltlons. Ata tempera-
exciton lines, and contributions of other WGMs are visible. ture of 44 K(zero detuningthe intensity of the WGM lumi-
nescence increases by a factor of 29 compared to its value at
QD with a WGM taken at 4 K for different excitation pow- 4 K, strongly indicating a resonance between the 1X transi-

ers. In the lowest excitation power, only one peak with resolion and the WGM. In resonance, residual emission in the

lution limited linewidth (70 ueV) appears at an energy of WGM is thus negligible(3%) compared to the emission due
1.3219 eV. We identify that peak as the QD 1X transition.t0 the 1X transition.
This identification is further supported by the results of the [N the weak coupling regime, enhancement of the spon-
photon correlation measurements shown in Fig. 2 that will bdaneous emission rate of the QD 1X transition due to the
discussed later. From the power dependent PL spectra shotrcell effect® is expected. For our specific WGM, an ideal
in Fig. 1 we identify the WGM by its relatively large line- Purcell effect ofFp=17 can be estimated, while spatial
width of 200ueV. The linewidth of the WGM corresponds to mismatch between the QD and WGM would result in a
a Q value of 6500. We note that the source of the WGMsmaller value. In our case, the precise location of the QD
radiation at 4 K is not clearly identified, it might be causedwithin the disk is not known, preventing us from determining
by the residual emission from the GaAs disk. Temperaturéhe expected Purcell effect. To quantify the magnitude of the
dependent characteristics plotted in Fig. 2 provide additionaPurcell effect we have carried out pump-power dependent cw
evidence for the identification of the WGM. photon correlation measurements; this method has been pre-
Figure 2 shows several aspects of the coupling betweewiously shown to be a reliable alternative to standard time-
the WGM and the 1X transition depicted in Fig. 1 observedresolved measurements for determining recombination
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ton correlation measurements performed under pulsed exci-
tation on this same QD where a Purcell effect larger than 3.4
T=50K is inferred?®
— Figure 3 shows the results of time correlated single pho-
ton counting experiments performed on another QD 1X
transition. These measurements have all been performed in
low excitation regime where the decay time corresponds to
\ the lifetime of the 1X transition® Measured similar decay
T=4K times of 1.7 ns at 4 K and 1.9 ns at 50 K show that when the
- 1X transition is not coupled to any WGMs its lifetime shows
almost no dependence on temperature between 4 and 50 K.
Hence, nonradiative recombination does not significantly af-
Time (ns) fect the dynamics of the 1X transition within this tempera-
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FIG. 3. Time correlated single photon counting measurements on the 1>Eure range. .
transition of a QD at 4 and 50 K, out of resonance with any WGMs. In summary, we have demonstrated temperature tuning

of a single self-assembled InAs QD 1X transition into reso-
) 5 . nance with a high WGM as a useful spectroscopic tool in
times. Figures 2c) and 2d) show photon correlation mea- iy estigating cavity-QED effects for QDs embedded in
surements performed at 4 (ut of resonandeand 44 K(in  hree.-dimensional optical microcavities. Using photon corre-
resonancewith excitation levels below saturation of the 1X |ation measurements and time correlated single photon

transition (35 W/enf at 4 K and 5 W/(_:rﬁ at 44 K™ After counting measurements we have observed the Purcell effect
normalization, the measured correlation functions show cleag e to the weak coupling between the QD 1X transition and
dips at zero time d_ela;[g(z)(0)=0.08 at 4 K, 9(2)(0? the WGM. These results constitute an important step towards
2(9)'38 at 44 Kindicating strong photon antibunching. Since he realization of efficient single photon sources and strong
9*’(0)<0.5 in our measurements, we can state that the ol pjing cavity-QED in semiconductor nanostructures.
served emission lines are primarily due to the 1X transition
of a single QD Hence, in resonance, the 1X transition is the ~ This work was supported by David and Lucile Packard
main emission feeding the WGM luminescence. We explairFellowship (A.l.) and by ARO. The authors acknowledge
the value ofg(®(0) in Fig. Zb) being 0.38 instead of the support from the Max Kade Foundati¢R.M.) and the Deut-
ideal value of 0 by the short decay tint860 ps which is  sche Forschungsgemeinsch@itB.).
comparable to the time resolution of the HBT setdp0 ps.
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