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Temporal monitoring of nonresonant feeding of semiconductor nanocavity modes by quantum
dot multiexciton transitions
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We experimentally investigate the nonresonant (AE>5 meV) feeding of photons into the optical mode of a
two-dimensional photonic crystal nanocavity by quantum dot multiexciton transitions. Power-dependent pho-
toluminescence measurements reveal a superlinear power dependence of the mode emission, indicating that the
emission stems from multiexcitons. By monitoring the temporal evolution of the photoluminescence spectrum,
we observe a clear anticorrelation of the mode and single exciton emission; the mode emission quenches as the
population in the system reduces toward the single exciton level while the intensity of the mode emission
tracks the multiexciton transitions. Our results lend strong support to a recently proposed mechanism
[M. Winger et al., Phys. Rev. Lett. 103, 207403 (2009)] mediating the strongly nonresonant feeding of photons

into the cavity mode.
DOI: 10.1103/PhysRevB.81.241302

Semiconductor quantum dots (QDs) exhibit atomlike
properties such as a discrete interband optical spectrum with
nearly homogeneously broadened transitions and shell filling
effects as carriers (electrons and holes) are added. As a re-
sult, they are natural candidates for conducting cavity quan-
tum electrodynamics (cQED) experiments in the solid state.!
Among the many potential applications of single QD-cavity
structures are the efficient and deterministic generation of
indistinguishable photons,” devices that exploit single photon
quantum nonlinearities,? and ultralow threshold nanolasers.*
While exhibiting many properties known from atom based
cQED, a number of surprising deviations from this model
system have been identified. For example, recent experi-
ments have revealed pronounced emission from the cavity
mode, even when all the discrete QD emission lines are spec-
trally detuned.’”” This effect has been attributed to phonon
mediated dot-cavity interactions for small dot-cavity detun-
ings up to a few meV.8-!! However, nonresonant QD-cavity
coupling was also observed for much larger detunings, up to
~20 meV (Refs. 5, 7, 12, and 13) which cannot be attrib-
uted to phonon mediated processes. Experimental investiga-
tions of such highly nonresonant coupling revealed appar-
ently contradictory observations in photon autocorrelation
and crosscorrelation measurements:>~"!2 (i) the QD emission
is strongly antibunched, (ii) the cavity emission is Poissonian
while (iii) pronounced crosscorrelations exist between the
QD and cavity mode emission. Winger et al. explained these
observations by a model that links the strong off-resonant
cavity mode emission to Purcell enhanced decay into a qua-
sicontinuum of few particle states.'” The coexistence of the
discrete QD states, where all particles are confined in the dot,
and the quasicontinuum, where some particles occupy states
in the wetting layer is inherent to the mesoscopic nature of
the QD confinement.

In this Rapid Communication, we present experimental
investigations of cavity mode feeding from spectrally de-
tuned QD multiexciton states for a wide range of negative
and positive single exciton—mode detunings (Agp—A gy
=-9 to +14 nm). Both continuous wave (cw) and time-
resolved spectroscopy measurements are performed to probe
the origin of the nonresonant cavity mode emission. Our re-
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sults strongly support the identification of the dot-cavity cou-
pling mechanism presented in Ref. 12 and, furthermore, al-
low us to directly monitor the temporal evolution of the
emission spectrum as the level of excitation in the system
reduces. Our measurements clearly establish a direct link be-
tween the mode emission and multiexciton states of the QD
and are, therefore, in excellent agreement with the results
presented in Ref. 12.

The sample investigated was grown by molecular beam
epitaxy and consisted of the following layers grown on a
semi-insulating ~ GaAs  substrate: A 500-nm-thick
AlygGagy,As sacrificial layer, followed by a 180-nm-thick
GaAs slab waveguide. A single layer of InjsGaysAs QDs
(~5 um™2) was incorporated at the midpoint of this wave-
guide. A two-dimensional photonic crystal formed by a tri-
angular array of air holes was realized using a combination
of electron-beam lithography and reactive ion etching. Nano-
cavities were established by introducing point defects con-
sisting of three missing holes in a row (L3 cavity)'# as shown
in the scanning electron microscopy image in the inset of
Fig. 1(b). Within such a cavity, we normally observe 1-3
QDs. In a final step, free-standing GaAs membranes were
formed by wet etching with hydrofluoric acid.

For optical characterization the sample was mounted in a
liquid He-flow cryostat and cooled to 10-15 K. For the ex-
citation we either used a pulsed Ti-Sapphire laser (80 MHz
repetition frequency, 2 ps pulse duration) or a cw Ti-Sapphire
laser tuned to an excitation wavelength of A\, .=850 nm,
spectrally in resonance with the wetting layer absorption
continuum. The QD photoluminescence (PL) was collected
via a 100X microscope objective (NA=0.8) providing a spa-
tial resolution of ~700 nm. The signal was spectrally ana-
lyzed using a 0.5 m imaging monochromator and detected
using a Si-based, liquid-nitrogen-cooled charge coupled de-
vice. For time-resolved spectroscopy we used a silicon ava-
lanche photodiode connected to the side exit of our mono-
chromator. We obtain a temporal resolution of ~150 ps after
deconvolution with the system instrument response function
(IRF).

In Fig. 1(a) we show PL spectra of the investigated QD-
cavity system as a function of the cw equivalent power of the
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FIG. 1. (Color online) (a) Power-dependent PL spectra recorded
from a QD-cavity system with two QDs, excitation level increasing
from bottom to top. (b) Integrated PL intensity for the cavity mode
(black stars), selected single exciton transitions from the s-shell of
QD1 (labeled X ;—red circles) and from the s-shell of QD2 (labeled
X,—cyan rectangles). At higher power additional emission is ob-
served from the p-shell multiexcitons of QD1 (blue triangles) and
QD2 (green diamonds). (Inset) Scanning electron microscopy im-
age of the photonic crystal L3 nanocavity.

excitation pulses used in our experiments. The power is in-
creased from 10 nW at the bottom spectrum to 200 nW at the
top spectrum. At low excitation levels we observe emission
from the s-shells of two QDs (labeled QD1 and QD2) at
)\s-xhell 1=940—945 nm and )\S-xhell 2=962—967 nm. Mea-
surements with mode-resonant excitation (not shown here)
demonstrated that QD1 is spatially well coupled to the elec-
tric field maximum of the investigated cavity mode while
QD2 is less strongly coupled.'>!® At higher excitation levels,
we observe the emergence of p-shell emission from QD1 and
QD2 at )\p—shell 1=930—935 nm and )\p»shell 2
=943-948 nm, respectively. The fundamental mode of the
L3 cavity is observed at A.,,=954 nm, spectrally detuned
from any of the discrete QD transitions. At low excitation
powers (<30 nW) the cavity mode emission is hardly vis-
ible. In contrast, it dominates the spectrum at higher excita-
tion powers, its onset occurring at an excitation level that is
comparable to that needed to observe emission from the
p-shell of QDI. This is already a first indication that feeding
of the cavity mode is mediated by multiexciton QD transi-
tions.

For the transitions marked in Fig. 1(a), we extracted the
integrated PL intensity and plot the power dependence in
Fig. 1(b). The intensities of X, (red circles) and X, (cyan
squares) exhibit a nearly linear dependence with exponents
my =0.91*0.05 and myx =0.95*0.04, respectively, proving
the single exciton character of these lines.'”!® The intensities
of both transitions saturate at a power of ~100 nW.!%?° The
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FIG. 2. (Color online) (a) Selected PL spectra of six different
QD-cavity systems. [(b) and (c)] The exponents of the extracted
cavity mode emission intensity obtained from power-dependent PL
measurements of different QD-cavity systems plotted against the
detuning relative to the (b) s-shell and (c) p-shell.

p-shell emission intensity increases superlinearly with exci-
tation power exhibiting exponents of n1,_g,.; 1=1.53 % 0.07
and m,,_ g, ,=1.4220.07, respectively. Furthermore, they
saturate at a much higher laser power >1 uW, compared to
the single exciton emission. In comparison with the s-shell
and p-shell emissions, the cavity mode intensity also in-
creases superlinearly with an exponent of m,,,=1.68 +0.07
(black stars). Furthermore, the mode emission saturates at an
excitation power comparable to that observed for the QD
p-shell transitions. These observations strongly suggest that
the cavity mode emission is related to the multiexciton emis-
sion from the QDs.

Consequently, we conducted similar power-dependent
measurements for various different QD-cavity systems and
for different QD-cavity mode detunings. A selection of six
representative spectra recorded from different QD-cavity
systems is presented in Fig. 2(a). The data is presented on a
relative wavelength scale with respect to the cavity mode
emission. For the uppermost spectrum, the s-shell of the QD
is on the short wavelength side of the mode (blue detuned)
but for the bottom spectrum it is on the long wavelength side
of the mode (red detuned). In the latter case, the mode is in
resonance with the p-shell emission of the investigated QD.
We extract the exponent of the power-dependent mode PL
intensity [cf. Fig. 1(b)] and plot it as a function of detuning
to the QD s-shell and p-shell in Figs. 2(b) and 2(c), respec-
tively. When the cavity mode is detuned from the s-shell, the
mode intensity exhibits a superlinear power dependence with
exponents of m_,,=1.2-1.6, similar to our findings for the
exponents of multiexciton transitions. Only when the mode
is in resonance with the s-shell [-5<<AAN<1 nm in Fig.
2(b)], in a range where coupling via acoustic phonons

dominates,'? do the exponents decrease to m ,,=1.0-1.2,
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FIG. 3. (Color online) (a) False color contour plot of the time-resolved PL intensity of a QD-cavity system as a function of emission
wavelength (Ref. 21). (b) PL spectra at different time delays after the laser pulse, each integrated over 1 ns. [(c) and (d)] Extracted,
normalized PL intensity for (c) X, (red circles) and X, (cyan rectangles), and (d) cavity mode (black stars), p-shell 1 (blue triangles), and
p-shell 1 background (dark red diamonds) as a function of time delay after the laser pulse. The IRF is plotted as gray solid line. [(e)—(h)]
Time-resolved PL intensity (logarithmic scale) for increasing excitation power (from bottom to top) for (e) the single exciton, (f) the

biexciton of QDI, (g) a p-shell state, and (h) the cavity mode.

characteristic of single exciton emission. In Fig. 2(c), we plot
the measured exponents of the mode emission as a function
of p-shell detuning. Providing that the mode is in resonance
with the p-shell or at lower energies [p-shell blue detuned,
AN <2 nm in Fig. 2(c)], we observe a superlinear behavior
with exponents between m,,,=1.0 and m,,,=1.7. For these
detunings p-shell states have excess energy and can effec-
tively feed the cavity mode. However, when the p-shell tran-
sitions are red detuned (AN >2 nm), the extracted exponents
show values of m.,,>2.0 with the highest value being
Moy =3.9 measured at a detuning of AN~ +32 nm. Here,
feeding occurs from higher QD transitions and most likely
from QD-wetting layer transitions. In summary, this behavior
strongly indicates multiexciton feeding of the mode with ad-
ditional contribution of phonon-assisted processes for small
detunings, as reported in Refs. 8—11.

An unambiguous proof for the multiexciton feeding of the
cavity mode is obtained from time-resolved PL measure-
ments when the QD-cavity system is excited above satura-
tion of the s-shell levels (P=250 nW), similar to what has
been shown in Ref. 13. In Fig. 3(a) we plot the time-resolved
emission intensity of the QD-cavity system introduced in
Fig. 1 as a function of wavelength. Emission from the p-shell
transitions of QDI (N, gy 1=930-935 nm) and QD2
(Np-sherr 2=943-948 nm) occurs rapidly after the arrival of

the laser excitation pulse and decays within a few
nanoseconds.?? Emission from the s-shell transitions of QD1
(Ny-sheu 1=940-945 nm) and QD2 (Ng-shetr 2
=962-967 nm) is temporally delayed, such that the maxi-
mum intensity is not reached until ~4—6 ns after excitation.
At that time the population in the dot has already decayed to
a single exciton level. Emission prior to the arrival of the
laser pulse at 0 ns originates from excitation due to the pre-
vious excitation cycle, 12.5 ns earlier. The emission from the
cavity mode at A.,,=954 nm occurs rapidly after arrival of
the excitation pulse and decays quickly within ~2 ns.

The spectra plotted in Fig. 3(b) show again the time evo-
lution of the whole QD-cavity system. Here, we integrate the
measured PL signal over Ar=1 ns time intervals and present
the resulting spectra for the time intervals from 0-1, 2-3,
4-5, 67, and 8-9 ns, from bottom to top in Fig. 3(b). For
the first time interval, emission from the p-shell states of
QD1 and QD2 and from the cavity mode dominates the spec-
trum. However, the intensity of this emission decreases rap-
idly and vanishes almost completely by 5 ns after the exci-
tation. The dominating peaks of the spectrum are now the
s-shell emission of QD1 and QD2 while hardly any signal
from the cavity mode is observed.

For a more quantitative comparison, we plot the inte-
grated, normalized PL intensity of X, (red circles) and X,
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(cyan rectangles) in Fig. 3(c), and of mode (black stars),
p-shell 1 (blue triangles) and p-shell background emission
(dark red diamonds) in Fig. 3(d). The solid gray line is the
IRF of our experimental setup, measured with the detection
tuned to the laser wavelength. It serves as reference for the
time when the laser pulse excites the sample and allows us to
determine the zero point of the time axis. While emission
from the cavity mode, p-shell states and p-shell
background? occurs immediately after the laser pulse, the
emission from the single excitons X; and X, is delayed and
is temporally completely uncorrelated with the mode emis-
sion. It is also interesting to take a closer look at the decay
times. The cavity mode decays (7,,,4.=1.4+0.1 ns) even
faster than the selected discrete p-shell state (7, .y 1
=2.2%+0.1 ns) but slower than the p-shell background be-
tween the discrete emission lines (7j,,,=0.8+0.1 ns).
Moreover, feeding of the cavity mode apparently occurs
from many different multiexciton states as well as from the
broad background which is present at higher excitation
levels.??

Finally, in Figs. 3(e)-3(h) we present time-resolved mea-
surements of the same QD-cavity system at increasing levels
of the cw equivalent excitation power (from bottom to top).
The different panels show the decay transients measured at
the wavelength of (e) a single exciton transition, (f) the biex-
citon, and (g) a transition in the p-shell of QD1, and (h) and
the cavity mode. The exciton is the longest-living state and
its emission shifts rapidly to later times as the excitation
power is increased (the small black arrows mark the delay)
since the population in the dot has to decay to single excita-
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tion level first. The prompt emission observed at short times
for high powers (labeled background) originates from the
broadband emission that is always present for very strong
pumping.?® For the biexciton the delay due to state filling
effects is not as strongly pronounced as for the exciton, and
for the p-shell state it is again smaller, as expected. However,
all three time-resolved excitation power plots exhibit a com-
parable contribution from the broad background at the high-
est powers investigated. Again, we can relate these emission
characteristics to the emission from the cavity mode. We
observe that the mode emits faster than all the other states
and no delay at high powers can be recognized. There is no
visible correlation with the single exciton and the biexciton
state for this detuning. Most of the emission appears even
faster than that of the p-shell and shows a good temporal
accordance to the background emission.

In conclusion, we have presented experimental studies of
the nonresonant feeding of semiconductor nanocavity modes
by multiexciton states. The power dependence of the mode
reflects the superlinear behavior of these states while time-
resolved spectroscopy experiments above saturation of the
s-shell states show a temporal correlation with the multiex-
citonic background. Our results strongly support a model of
the nonresonant emission as arising from Purcell enhanced
decay into a multiexciton final-state continuum.'?
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