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The interaction of self-assembled,®®, _,As quantum dots with nondegenerate modes of a two-
dimensional photonic-crystal defect microcavity has been investigated in the weak-coupling regime. Photolu-
minescence intensity measurements show a transition from a pump rate limited regime at low excitation to
cavity-controlled modes at high excitation. We observe considerably different saturation levels for quantum
dots on and off the defect resonance. An enhancement of light emission by a factor of 9 due to the Purcell
effect is obtained from this saturation behavior. Using the different temperature shifts of the quantum dot
emission lines and the cavity mode, individual dots are tuned in and out of resonance, thus controlling their
spontaneous emission rate.
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Since its prediction by Purcéland early work in the mi- based two-dimension&PD) PC. The observed mode struc-
crowave domain using atoms in resonafor_ls;ilqring of  ture with Q-factors up to 800 is matched with the
spontaneous emissidiSE) at optical frequencies is an area theoretically expected eigenmodes of the defect cavity. Exci-
of intense research. Progress in microfabrication technolomtion power-dependent measurements show a transistion
gies and the use of self-assembled semiconductor quantuffgpm a pump rate limited regime to a cavity resonance-
dots (QDs) as atomlike emitters with a discrete set of statessontrolled regime with different saturation behavior for QDs
made possible a realization of cavity-quantum electrodynamg,_ ang off-resonance. It is possible to estimate@® SE rate
ics (C-QED) experiments in solid-state syste1$.Besides  gnnancement due to the Purcell effect. Using temperature
giving insight in fundamental problems regarding the inter-y iy of the QD emission wavelength it is possible to bring

;’::]ctlon (t)frilt?hlt and”mattiter:, th'rs r\1/vci)rr]k Ief;':ldns1 tﬁih'hghly 'néerlfsrt];individual QDs into resonance with the cavity mode and thus
g potential applications, ranging 1ro gn-speed Mo ntrol their SE rate.

sources to qtgantum information processing and quantum The PC  microcavites are fabricated on a
cryptography.® The key to SE control is a classical C-QED
yptography. y Q GaAs/ALGa _,As heterostructure grown by molecular

experiment, where an atomlike two-level emitter is placed inb , .
a high finesse cavity. In the weak-coupling regime, its physP€am epitaxy on 4100 GaAs substrate. It consists of 460

ics are governed by the Purcell effect, where the spontaneoll AlodGa.,As as lower cladding layer, a 215 nm thick
emission rate of an emitter on-resonance with a cavity mod&aAs waveguide containing a single layer of self-assembled
is enhanced, while off-resonance emission is suppressed. FikGa - xAs QDs followed by a 310 nm gLGa gAs upper
strong-coupling SE becomes reversible and the resonanééadding and a 20 nm GaAs protection layer. The QD layer
energies are changed, which is known as Rabi spliftifige  has a dot density of 810'° cm™2 and shows a broad pho-
magnitude of SE enhancement in the weak-coupling case #luminescencéPL) spectrum aroundE=1.25-1.34 eV at
described by the Purcell facté= (3/472)(\/n)3Q/V,, for  low temperatures due to QD size fluctuations and the result-
an emitter located in a field maximum, whevds the wave-  ing strong inhomogeneous broadening. At high excitation the
length andn the refractive index of the cavity with quality emission is extended t&=1.38 eV due to contributions
factor Q and mode volumé/,,,. For the experimental real- from higher excited QD states.
ization it is therefore necessary to achieve hHjfactors and A triangular PC dot pattern with a lattice period af
small mode volumes. Using for example semiconductor mi—=290 nm and air fill factof = (27/ J3)(r/a)?=40% is de-
crodiscs or pillar microcavities, both enhancement ondined using 100 kV electron-beam lithography. The hexago-
resonance and SE suppression off-resonance waal defect is created by seven missing holes in the center of
demonstrated:>1° an otherwise unperturbed 2am large PC field. This PC

A different approach is the use of photonic-crysaC)  pattern is etched into the semiconductor using a dielectric
defect microcavitie$! where the cavity volume is reduced so etch mask in conjunction with a highly anisotropic, CAr
far that most of the modes are cut off. Defect microcavitieschemically assisted ion beam etch process. The etched holes
were predicted to offer higiQ-factors in conjunction with are 850 nm deep. This results in a 99.9% overlap of the
very small mode volumes and are therefore particularlyintensity distribution of the planar index waveguide mode
promising for the realization of pronounced C-QED with the PC, which is necessary to minimize radiation losses
effects*?* So far, only the spectroscopy of cavity modes atinto the substrate and makes possible the fabrication of high
high excitation was reported for such PC defect cavities withQ cavities'®
QD light emitterst4~17 We are using a micro-PL setup with independent spatial

We present the spectroscopic characterization of a hexesolution for excitation and detection perpendicular to the
agonal defect microcavity (M2'") formed in a waveguide- plane of the 2D PC. This allows the investigation of the
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FIG. 1. PC defect cavity spectrum aT=40 K and FIG. 2. Excitation power dependence of the QD photolumines-
5.7 kWi/cn? excitation power density. Inset: top view SEM micro- cence in the region of the longer wavelength cavity mode$ at
graph of the photonic-crystal microcavity with=290 nm lattice =30 K. The background subtracted spectra are vertically shifted
constant and =0.33 a hole radius. and normalized by the indicated factors.

in-plane cavity modes using the light leaking from the wave-g,a| nodes. The shorter wavelength mode paiu-a®.311
guide structure mainly due to scattering and diffraction in the;,4 0313 can be assigned to the degenerate mode at
patterned area. The sample is cooled to temperatures of 30 K¢ 315 \yhile the additional, weaker features in the spectrum
to 70 K in a He-flow cryostat and optically excited with @ 4t 914 nm and 919 nm wavelength correspond to the highest
continuous wave Ar laser at 514.5 nm. The pump beam is frequency defect modes at=0.318. As their spectral posi-
focused on t_he §ample through a large wo.rkmg-d|stance Mion is already very close to the edge of the band gap, they
croscope objectiveNA=0.4) mounted outside the cryostat, 516 not as strongly localized as their counterparts lying

resulting in a spotsize of Jum diameter. The emitted PL qeeper in the photonic band gap. Therefore, thefactor is
light is collected with the same objective and focused withy,,ch lower and they are only weakly resolved.

an additional lens to an intermgdiate plang equippe_d with As only the PL in the region of the two longest wave-
adjustable crossed slits, providing a spatial resolution Ofengih peaks stems exclusively from ground-state transitions
2 pm. The;lelectgd PL is analyzed by a spectrom@et6  f the QDs, we will focus on these two modes for the further
m, 300 mm - grating equipped with a cooled Si charge- gnalysis. In Fig. 2, normalized and background subtracted
coupled devicgCCD) camera. _ spectra of this region obtained at different excitation power
Figure 1 shqvvs an unprocessed spectrum as ob.talr.led frogpe displayed. At the lowest pump power, many sharp lines
the defect cavity aff=40 K and 5.7 kW/c_rﬁ excitation  are visible. Surprisingly, there is no indication of cavity
power density. It exhibits four pronouncgd lines on top of amppdes. These only emerge at higher pumping levels and are
broad background. The sharp lines, a pair at 927 nm and 9331y visible only at high excitation, while the sharp lines can
nm wavelength and a second pair at 952 nm and 960 nm, agg o longer resolved.
identified as four of the defect modes of tH® cavity. The These sharp lines are due to ground-state transitions of
Q-factors of the modes range from 550 to 800, as extractefhgividual QDs in the defect cavity. The number of indi-
from a fit of Lorentz profiles. They are only observed whenyqyal lines across the inhomogeneous distribution agrees
both excitation spot and detection area are tightly focused ofe|| with the estimated 170 QDs in the cavity. The fact that
the defect. This i_s consistent with the strongly localized nape cavity modes are not visible is due to the low pump
ture of these cavity modes. power: The spontaneous emission rate of the QDs is limited
We have obtained the cavity eigenmode spectrum fronpy the pump rate with which new carriers are generated and
numerical 2D calculations using a block-iterative frequency—captured in the QDs. In this regime, no discrimination be-
domain method? A H2 cavity with 40% air fill factor and  yeen on- and off-resonance QDs is possible, as the sponta-
an effective refractive index of 3.28 supports 18 modesyeous emission lifetime of even QDs off-resonance is shorter
which are distributed over the whole TE-polarized than the time between two successive carrier capture events.
(ELholes photonic bandgap region. As this TE photonic At higher pump power, carriers are already generated at a
band gap extends from normalized frequencieuefa/ rate which allows a higher spontaneous emission rate for
=0.227-0.320, only six of the cavity modes are within theQDs on-resonance with the cavity modes, so that the mode
bandwidth of the QD PL. The theoretical calculation for apeaks emerge from the spectra. The lines of the individual
perfectly symmetric PC predicts twofold degenerate mode€§D transitions are still visible, but they suffer an additional
at u=0.303, 0.312, and 0.318, respectively. In the experi-homogeneous broadening due to the quantum confined Stark
ment, structural fluctuations in the PC lift the degeneracy aneffect. With increasing excitation power the increasing
cause a splitting of the modes. We therefore attribute theharge density fluctuates in the vicinity of a QD, resulting in
modes observed at=0.302 and 0.305 to the split degener- fluctuating single-dot line positiorfS. This is most pro-
ate mode au=0.303, which shows electric field distribu- nounced at the highest pump power, where the individual
tions similar to Fabry-Perot modes with two additional lat- QD lines are no longer resolved. Here the charge generation
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FIG. 3. Excitation power dependence of the PL intensityl at
=30 K from an ensemble of QDs on-resonargselid squares)
=951.8-953.1 nm) and off-resonance(open circles, \
=942.0-945.9 nm) with the cavity mode. The lines are linear fits
to the saturation regimes.

FIG. 4. Temperature shift of the dominant cavity mode obtained
at high-excitation power density compared to two individual QD
lines obtained at low excitation power density. Inset: PL intensity of
the two QDs at intermediate-excitation power depending on the
detuning to the cavity mode.

rate is high enough so that the intensity of spontaneous emigell effect. This is valid, as stimulated emission can be ne-
sion of the QDs is determined by their individual spontane-glected for the investigated structurédn order to account
ous emission lifetime, as determined by the magnitude of théor the different number of QDs and to eliminate possible
Purcell effect. Consequently, the cavity modes are most pradifferences in PL extraction efficiency for on- and off-
nounced under these excitation conditions. resonance QDs, we first normalize the PL intensity to equal
A more detailed analysis of this evolution of PL with ex- values in the regime of linear growth at low excitation
citation power density is presented in Fig. 3: Here we plotpower. Then the PL intensity levels in saturatiy,, |,
the integrated PL intensity from a QD ensemble on resoreflect the spontaneous emission rate into both the cavity
nance with the cavity modeA(E=951.8-953.1 nm, solid mode and leaky modes for on-resonance QDs, and solely
squares compared to an off-resonance reference region ( into the leaky modes for off-resonance QbSherefore, in
=042.0-945.9 nm, open circlesin the low power-density order to extract the relative emission rate into the cavity
regime up to about 100 W/cmthe QD PL from the mode mode, it is necessary to calculate the normalized difference
and the reference region cannot be distinguished. Both exsf the PL intensities IG,—1,¢)/10f¢ in saturation. This
hibit a linear increase with pump power. This indicates thatjields a SE enhancement factor of 9. The theoretically ex-
here the emission rate of the QDs is limited by the carriepected Purcell factor for the cavity mode volume \¢f,
generation rate as determined by pump power rather than the17.5 (\/2n)® and Q=680 is Fp=19 for the ideal case
spontaneous emission lifetime of the individual QD. At in- with all QDs located at the field intensity maximum of the
termediate excitation power (150-600 W/@nthe QDs on  cavity mode. Assuming only neglible suppression of the off-
resonance have a higher PL intensity compared to the offresonance SE due to the coupling to leaky modes, it is valid
resonance QDs, but still intensity grows linearly. This indi-to compare this SE enhancement factorFg. Due to the
cates that due to different radiative lifetimes for on- and off-random dot distribution in the cavity, a lower value for the
resonance QDs, the generated carriers are already distributsgontaneous emission enhancement is expected in the
differently among the QDs, but the overall emission rate isexperiment This is in good agreement with the data.
still limited by the pump power. At higher excitation levels  In addition to the study of the collective behavior of an
the PL of QDs off-resonance clearly saturates first due to thensemble of QDs in the cavity, it is also possible to investi-
filling of the fundamental QD states. Here the emission ratgyate the interaction of a single QD with the cavity mode. For
is determined by the radiative lifetime of these QDs. In con-this it is necessary to observe both individual QD lines and
trast, for the QDs on-resonance the PL intensity further inthe cavity mode simultaneously, as is possible at intermedi
creases linearly, until it finally saturates at axithigher  ate pump levels. Using the different wavelength shidtsthe
level. This shows that the on-resonance QDs are less subje@D emission and of the cavity mode with temperature, it is
to state filling, or, in other words, have a higher spontaneougossible to tune individual QDs in and out of resonance. An
emission rate due to the Purcell effé€tAt even higher example is displayed in Fig. 4. Tracing the PL intensity of
pump powers the intensity decreases again, as here the céte QD lines as they are tuned across the mode allows a
rier density no longer grows linearly with pump power, but direct observation of the emission rate enhancement. For this
instead additional loss channels such as Auger effects or lagxperiment the QD PL intensity at each temperature was
tice heating are introduced. normalized with respect to a reference dat955.3 nm)
From the differences in PL saturation behavior on- andwith large detuning to the cavity mode. This eliminates fluc-
off-resonance which were observed for several similatuations due to slightly varying excitation conditions arising
samples, it is possible to estimate the magnitude of the Pufrom thermal expansion of the cryostat. The QD intensity
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depending on the detuning from the cavity mode is displayegower-dependent PL measurements show the transition from
in the inset of Fig. 4. The intensity maximum around zeroa pump rate limited regime with undistinguishable QDs on-
detuning is clearly visible. However, the absolute magnitudeand off-resonance to the lifetime-limited regime with differ-

of the intensity enhancement is much smaller than the valuent saturation levels for the QDs on- and off- resonance.
observed from the QD ensemble. The reason for this is th$aking into account the coupling of the QDs to both cavity
lower excitation power used in this eXperiment, which iSmode and |eaky modeS, a ninefold enhancement of the spon-
necessary to resolve the individual QD lines. As neither thgzneous emission rate for QDs on-resonance was estimated.

QDs on- nor off-resonance are in saturation, the overalln 4qgition, individual QDs were tuned in and out of reso-
emission rate is limited by the excitation power. Therefore itagnce with the cavity, thus controlling their spontaneous
is not possible to observe the full magnitude of the Purcellyission rate.

effect for individual QDs in the temperature-dependent ex-
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