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We demonstrate a single-photon source based on a quantum dot in a micropost microcavity that
exhibits a large Purcell factor together with a small multiphoton probability. For a quantum dot on
resonance with the cavity, the spontaneous emission rate is increased by a factor of 5, while the
probability to emit two or more photons in the same pulse is reduced to 2% compared to a
Poisson-distributed source of the same intensity. In addition to the small multiphoton probability,
such a strong Purcell effect is important in a single-photon source for improving the photon
outcoupling efficiency and the single-photon generation rate, and for bringing the emitted photon
pulses closer to the Fourier transform limit. D03 American Institute of Physics.
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Generation of single photons at a well-defined timing orstrated efficiencies close to 40%We have also proved that
clock is crucial for practical implementation of quantum key consecutive photons emitted from such a source are largely
distribution (QKD),! as well as for quantum computatfon indistinguishable, with a mean wave-packet overlap as large
and networking based on photonic qubifsThree different  as 0.81%2 In this article, we demonstrate an improved single-
criteria are taken into account when evaluating the quality ophoton source based on a quantum dot in a micropost micro-
a single-photon source: high efficiency, small multiphotoncavity that exhibits a large Purcell factoF (=5) together
probability [measured by the second-order coherence funowith a small multiphoton probabilityg?(0)=2%].
tion g®)(0)], andquantum indistinguishability. For example, Our single-photon source consists of a self-assembled
high efficiency and smal(®(0) are required, but quantum |nAs QD embedded in the middle of a GaAs spacer in a
indistinguishability is not necessary for BB84 QRIDn the  (distributed Bragg reflecto(DBR) micropost microcavity.
other hand, for almost all other applications in quantum in-The GaAs spacer is approximately one optical wavelength
formation systems, we need photons that are indistinguishthick (274 nnj, and sandwiched between 12 DBR mirror
able and thus produce multiphoton interference. pairs on top and 30 DBR mirror pairs on bottom. Each DBR

One of the popular approaches to generation of singlgair consists of a 68.6-nm-thick GaAs and a 81.4-nm-thick
photons is based on a pulsed excitation of a quantum dg{jag layer (both layers are approximately a quarter-
(QD) combined with spectral filteringy-® Although a single  wavelength thick The advantages of microposts relative to
quantum dot by itself can be used to generate singl@ther microcavities are that the light escapes normal to the
photons] the efficiency of such a system is poor, as the Masample, in a single-lobed Gaussian-like pattern, and that it is
jority of emitted photons are lost in the substrate. In additio”relatively straightforward to isolate a single QD in them. The
the radiative Iifeti_me can be as long as 1 ns, which is glgeateﬁwicropost structuregshown in Fig. 1 were constructed by a
than the dephasing time estimated to-b8.9ns at 4 K™ compination of molecular-beam epitatyBE) and chemi-
Emitted photons are unlikely to be indistinguishable, W'thcally assisted ion-beam etchifGAIBE). MBE was used to
coherence lengths shorter than the radiative litRiburier grow a wafer consisting of DBR mirrors and a GaAs spacer
transform limiy. Finally, the single-photon generation rate is with embedded self-assembled QDs. Microposts with diam-

i eters ranging from 0.3 to mm and heights of Sum were

low, as determined by the long excitonic lifetime. Microcavi-
ties can help in correcting all of these deficienciés! The = o Vi o0 dom distribution by CAIBE, with Aions

radiative lifetime of an emitter on resonance with the cavity, g Ch gas, and using sapphire (&) dust particles as

can be decreased significantly below the dephasing tir_neetch masks. Sapphire was chosen as a mask because of its

bringing the _em|tted photon pulses closer t(_) t_he I:Ou”erchemical stability and hardness, which enabled larger etch
transform limit. Moreover, the spontaneous emission rate ca

b h d and a | fracti f i | it d pths than other mask materials. Unfortunately, these same
€ enhanced, and a large fraction of spontaneously emi operties impede its removal from the tops of the structures,
photons can be coupled into a single cavity mode, thereb

increasing the outcoupling efficiency. By employing a QD in ithout endangering the microposfsThe presence of sap-

. t mi it h v d phire on top of the structures decreases their qual@y (
a micropost microcavity, our group has recently demon,  iors and consequently reduces outcoupling efficiencies.

This can be confirmed theoretically by the finite-difference
dAlso at: Department of Electrical Engineering, Stanford University, Stan-time-domain(FDTD) calculation of theQ-factor of the fun-

ford, CA 94305; electronic mail: jela@stanford.edu ; ; ;
BAIso at: IS, University of Tokyo, Tokyo, Japan. damental HE; mode (whose field pattern is also shown in

9Also at: SSPL, Stanford University, Stanford, CA 94305. Fig. 1) in a micropost with and without sapphire on top. The
9Also at: NTT Basic Research Labs, Atsugishi, Japan. details of the FDTD method can be found in our earlier
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FIG. 2. Top-left: Background emission filtered by the cavity. Top-right:
Decay rate of the emission line as a function of the absolute value of its
detuning from the cavity resonanci\gp—\¢|). The dot emission wave-
length was tuned by changing the sample temperature within the 6—40-K
range. Bottom: time-dependent PL from the emission line on resonance with
the cavity, as opposed to this same emission line off resonance.

FIG. 1. Left: Scanning electron m(i;ograph showing a fabricated array Ofto-amplitude converter followed by a multichannel analyzer
microposts. Remaining sapphire dussed as etch magls visible at the top . . .
of the structures. Right: Simulated electric field intensity of the fundamentalcomput_er card, which generates a histogram O_f the relative
HE;, mode in a cavity. delay time r=t,—t; between a photon detection at one

counter €,) and the othert(). For the detailed description

publication® the FDTD unit cell size used in this case is 5 Of the setup, please refer to Ref. 6.
nm. We assume that the DBR layers of the simulated post We performed lifetime ang®’ measurements on a QD
have the same parameters as in the experimentally studi&dposen for its bright emission under resonant excitation. Tun-
structures, that the post has perfectly straight walls, a diamind of the sample temperature was used to tune the emission
eter of 0.5um, and that the refractive indices of GaAs, AlAs, Wavelength relative to the cavity resonariéén this particu-
and ALO; are 3.5, 2.9, and 1.75, respectively. Without Sap_lar case, the dot emission wavelength was tuned away from
phire, theQ-factor of the HE; mode is 2600 and its wave- the cavity resonance by increasing the sample temperature
length is 882 nm; with a 0.5m-thick sapphire disk on top from 6 to 40 K" Figure 2(bottom) shows the time-resolved
of the post(with diameter equal to that of the ppsthe PL of an emission line on and off resonance with the cavity
Q-factor drops to 1400, while the mode wavelength remaingnode. The decay lifetime differs by a factor of 5 for these
unchanged. Due to the irregular shapes of the fabricateBvo cases. The decay rate for this emission line as a function
posts, the HE, mode is typically polarization- Of the absolute value of its detuning from the cavity reso-
nondegenerate, and many microposts have only one or twdance (Aqp—\¢|) is plotted with circles in the top-right plot
QDs on resonance with this fundamental mode. of Fig. 2. The solid line corresponds to the Lorentzian fit to
In our experimental setup, the sample with microposts ighe experimental daté,and a good match is observed be-
placed in a liquid He cryostat. The microposts are excitedween our experiment and the theoretically predicted behav-
from a steep angle by Ti:sapphire laser pulses, 3 ps in durdor. The fitting parameters are the linewidth, maximum, and
tion, with a 76-MHz repetition rate, and resonant with minimum of the Lorentzian, while it is assumed that its cen-
higher-level confined states of a QD. With resonant excitairal wavelength is equal ta., the cavity resonance wave-
tion, the favored absorption of a single electron—hole pair idength.\ . and theQ-factor (Q=1270) are determined from
expected, and no carriers are created in the vicinity of théhe PL intensity taken at high pump powésee the top-left
QD, suppressing emission wavelength drift due to chargglot of Fig. 2. The cavity resonance wavelength redshifts by
fluctuations. The emission from the QD is collected normalroughly 0.3 nm with increasing temperature in the studied
to the sample surface, and then directed towards a streaRnge, and this shift is included in plotting the data. Up to
camera preceded by a spectrometer, for time-resolved photfivefold spontaneous emission rate enhancem@uircell
luminescencéPL) measurements. The spectral resolution offactor F) is observed for the dot coupled to a cavity, as
the system is 0.1 nm, together with a time resolution of 250pposed to the dot off resonan@ep-right plot of Fig. 2.
ps. For photon correlation measurements, the collected emis- The theoretical limit of theQ-factor of the studied mi-
sion is first spectrally filtered with bandwidth of 0.1 nm and croposts is 4000, which is the value calculated for a planar
then directed towards a Hanbury Brown and Twiss-typecavity (before etchiny without any absorption losses and
(HBT) setup. In the HBT setup, photon counters are placedhaccuracies in the growth of DBR layers. The maximum
at both outputs of a nonpolarizing beamsplitter for detectionQ-factor of a micropost with a finite diameter has to be be-

The electronic signals from the counters are sent to a timdew this limit, due to the additional loss mechanisms in the
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1100 , - - ' probability may be necessary. For example, in the interfer-
1000} . ence experiment with two consecutive photons emitted from
00k 2 a dot, the relevant parameter is the probability to emit two

§“ photons in the same pulse, as opposed to the probability to
8oor 2 emit one photon in each of the two consecutive puts@is

£ 700f 0 parameter, which we denote gsis calculated from the ratio

3 sook - . ® | of the area of the central peak to the area of the nearest side

© o0l | peak, and is equal to 0.9% for the integration window of 4

ns. The difference betweem and g?(0) is a result of the

4001 1 blinking behavior of the dot.

300f 1 In summary, we have studied the effect of a microcavity
00k | on single photons emitted from a QD, and have demon-
100 Istrated an Iilmprov?%d sin)gle-ph?]ton Sﬁurce tr;lat elxhirt]Jits a

I | arge Purcell factorf,=5) together with a small multipho-

_%OAJLJL_}L 5 JLJLJL;OUU 1OOLJLJ 50 ton probability[gz(O)p: 2%]. In addition to a small multi-
[ns] photon probability, such a strong Purcell effect is important

in a single-photon source for improving the photon outcou-
FIG. 3. Photon correlation histogram for a QD on-resonance with the cavityp”ng efficiency and the single-photon generation rate, and

(the lifetime of this dot is shown in Fig.)2under pulsed, resonant excita- A . :
tion. The inset depicts the magnified central portilom r=—6.5 to 6.5 for bringing the emitted photon pulses closer to the Fourier

ng of the histogram. The missing central pe@k r=0) indicates a large  transform limit.

suppression of multiphoton pulses.
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