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We investigate the nonlinear emission dynamics of quantum dots coupled to photonic crystal
cavities in the Purcell regime using luminescence intensity autocorrelation. Two laser pulses with
a controlled time delay sequentially excite the coupled system inducing emission that depends on
the delay and laser power. We find distinct contrasts between exciton and biexciton emission as a
function of time delay which originate from different nonlinearities. A quantum optical simulation is
also performed that accounts for the interaction between the laser pulses, exciton and cavity mode.

PACS numbers: 42.50.-p, 42.65.-k, 78.67.Hc

In the field of cavity quantum electrodynamics (QED),
tailoring the optical environment of a quantum emitter
can lead to the modification of spontaneous emission as
first discovered by Purcell [1] and demonstrated in atoms
[2] and solid-state systems [3-5]. The ability to modify
the temporal and spectral features of quantum emitters
using cavity QED is expected to greatly enhance the per-
formance of optoelectronic devices such as quantum gates
and micro-lasers. It has been recognized that for these
applications utilizing the nonlinear optical response of
cavity-coupled quantum emitters is advantageous [6-8].
For example, recent experiments have shown the ultra-
fast switching of two weak laser pulses enabled by the
nonlinear response of a strongly coupled solid-state sys-
tem [9, 10]. Earlier measurements in the weak coupling
regime have also revealed complex nonlinear coupling dy-
namics [11].

Despite the importance of nonlinearity in cavity QED
for both strong and weak coupling regimes, the effects
of nonlinearity in modifying the temporal dynamics and
quantum yield of coupled systems are not fully under-
stood. In this work, we use luminescence intensity au-
tocorrelation (LIA) to experimentally and theoretically
investigate the dynamics of single emitters whose emis-
sion are enhanced by the Purcell effect, at various power
regimes. This approach enables the direct visualization
of the nonlinear emission as a function of time under con-
stant incident power.

LIA is a time-resolved optical measurement that mon-
itors the emission as a function of the delay time between
two optical excitation pulses. Therefore both the power-
dependent and time-resolved response of the excitation
and emission can be simultaneously studied, with the
temporal resolution limited only by the duration of the
laser pulse. For LIA, the radiative lifetime of an emitter
is measured through the nonlinear response of the time-
averaged emission intensity, which is inherently different
from time-resolved photo-detection methods using streak
cameras [12] or photon correlation measurements [13].

Here we present a study on the nonlinear dynamics of
single quantum dots (QDs) coupled to photonic crystal
(PhC) cavities. The Purcell effect by the cavity is demon-
strated by performing LIA on QDs both coupled and un-
coupled to a cavity. The enhanced spontaneous emission
of the cavity-coupled QDs enables a strong LIA signal
which evolves when varying the incident power over a
wide range. We also observe distinct differences between
exciton and biexciton LIA, demonstrating the potential
of LIA as a tool to identify the QD transitions.

For sample fabrication, 2.3 monolayers of InAs were
deposited for QD nucleation and subsequently annealed
at the growth temperature in order to blue-shift the emis-
sion wavelength [14]. Under these growth conditions,
QDs nucleate with a density of 500/um? as verified by
atomic force microscopy of an uncapped sample. For
PhC fabrication, QDs are grown in the middle of a 150
nm GaAs layer which forms the membrane of the PhC.
The final L3 cavity looks similar to the SEM image in
Fig. 1(b).

The optical characterization of the QDs coupled to the
PhC cavity is carried out using a HeNe laser. For the
time-resolved experiment, pulses from a modelocked pi-
cosecond Ti:S laser (76 MHz repetition rate) tuned to a
center wavelength of 780 nm with controlled time delay
are used as the excitation source. An objective lens with
numerical aperture NA = 0.7 and a fast-steering mirror
controlling the beam path going to the sample are used
to focus the beam on the cavity with 5 ym beam diam-
eter. The emitted light from the sample is collected by
the same objective lens and spatially resolved by a trans-
lational confocal microscopy configuration with a pinhole
used as an aperture to selectively collect emission from
QDs coupled to the cavity [15]. The collected light is
recorded by a CCD detector with 1 s exposure time. The
sample temperature was set to 10 K by a Helium-flow
cryostat for all measurements.

The coupling between the PhC cavity and
QDs are studied by polarization-dependent micro-
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FIG. 1. (Color online) Purcell enhancement of PL from QDs
embedded in a PhC cavity. The HeNe laser polarization was
set to 45° relative to the cavity and the PL was collected
at either 0 or 90° by using a half-wave plate (A/2) and a
polarizing beam splitter (PBS) as shown in Fig. 2(a). (a) PL
spectra measured at a laser power = 190 uW. Blue dashed
line is the Lorentzian fit. (b) PL spectra measured when laser
power = 0.28 pW. Inset: SEM image of the L3 cavity. This
image is tilted by 20°. The arrows show the orientation of the
collected PL.

photoluminescence (PL) measurements as shown in
Fig. 1. PL from QDs with emission wavelength well
within the cavity mode are Purcell enhanced only when
the PL polarization is parallel to the cavity mode field
direction which is at 0° in this cavity [16]. From the
Lorentzian fit of the Purcell enhanced PL at a laser
power = 190 W, the calculated cavity Q = 190 which
corresponds to the cavity loss rate x = 5500 GHz. At
a lower laser power = 0.28 W, a smaller number of
Purcell enhanced QD emissions are observed. For both
powers, the 90° polarized light emission is suppressed
due to the polarization mismatch to the cavity mode [5].

In order to evaluate the Purcell enhancement by the
cavity, we then directly measure the lifetime of the QDs
using LIA. For the time-resolved experiment, two Ti:S
pulses arrive at the sample with a relative time delay 74
which is controlled by a mechanical delay line on one arm
of the laser path [Fig. 2(a)]. To verify that the position
of the delay line has minimal effect on the optical align-
ment, we first measured the PL when scanning the delay
line and with the beam going to the other (fixed) path
blocked. With the blocked fixed line, the 2D plot of the
PL from three QDs coupled to the cavity while scanning
the delay line is shown in Fig. 2(b). For every measure-
ment, the variation in PL intensity for a delay line scan
with the fixed path blocked was maintained to be below
5 %.

We then performed the time-resolved experiment with
pulses from both the delay line and fixed arms on the
same QDs [Fig. 2(c)]. For a long delay between pulses
(> 1.5 ns), the PL intensity becomes about twice that of
a single pulse, but when the two pulses are overlapped
around zero time delay, the PL decreases. Such delay
time dependence is observed in several QDs for the se-
lected laser power (= 36 pW). The appearance of the
dip at this laser power is related to the radiative recom-

bination time (7) of the QD. The origin of the dip will
be examined in more detail with the simulation described
below. Fitting the data to the exponential decay function
I = Iy — Liexp(—74/7), for the QD with A = 897.7 nm,
we found 7 = 0.5 ns [Fig. 2(e), black filled circles]. The
autocorrelation function of the laser pulse is also plotted
for reference.

To compare the lifetime of the Purcell enhanced QD to
a QD without a cavity, we also measured LIA for a single
QD with a similar emission wavelength in a different sam-
ple which has no cavity [Fig. 2(e), grey open circles], and
the measured 7 = 1 ns, similar to lifetimes of previously
reported InAs QDs. Therefore the extracted Purcell fac-
tor F = 2 for this selected QD. The largest F we observed
in this cavity is 4, corresponding to a measured 7 = 0.25
ns. The variation of the measured Purcell factor from
QDs is due to the different spatial and spectral match to
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FIG. 2. (Color online) Experimental set-up and measured PL
data. (a) Set-up. (b) The measured 2D plot shows the PL
intensity of three QDs while varying the delay line position
with the fixed line blocked. The measured spectrum at a delay
line position (horizontal white line) is shown in the shaded
area of (d). (c) The PL intensity with both arms unblocked
exhibits a dependence on time delay. (e) For comparison of
time-resolved data between QDs and laser autocorrelation,
the detector CCD counts at large time delays are normalized.
The black filled circles are measured from a cavity-enhanced
QD and correspond to the vertical white line in (c). The grey
open circles are from a QD that is not in a cavity. The inset
shows the extended view of the laser autocorrelation (red open
squares). The time-resolved data of both QDs and the laser
are fitted to the exponential decay function.
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FIG. 3. (Color online) Power-dependent LIA of an exciton
from both experiment (a),(b) and simulation (c),(d). (b) In
the experiment, the linear power-dependence before the PL
saturation shows that the peak is from an exciton. (a) From
bottom to top, laser power increases. At the laser power
where the QD nonlinearity appears, the dip starts to evolve
in the time-resolved LIA. Similar results are obtained in the
simulation (c).

the cavity mode [5].

We studied LIA in more detail by varying the laser
power. Fig. 3(a) shows the experimentally measured PL
intensity of a QD exciton as a function of time delay
where the laser power increases from 0.1 to 71.9 uW.
The laser power where the dip starts to appear is near
where the QD emission saturates. This indicates that
the evolution of LIA by varying the laser power results
from the QD nonlinearity. Such QD nonlinearity is due
to an atom-like quantized energy state of a single QD.
It should be noted that this clear relation between the
QD power dependence and LIA was not observed for an
ensemble of QDs [17].

To understand the origin of the dip at high laser power
where the QD emission saturates, let us consider the two
cases where (i) 7¢ = 0 and (ii) 74 >> 7. We are interested
in a laser power where a single laser pulse can completely
fill the QD exciton state. At 74 = 0, two laser pulses ar-
rive at the QD simultaneously but they can fill the QD
exciton state once. However, when 74 >> 7, the first and
the second pulse can each independently fill the QD since

the exciton excited by the first pulse has enough time to
relax before the second pulse arrives. Therefore we ex-
pect that the number of excitons generated when 74 = 0
to be half of when 74 >> 7. In the experimental data, the
ratios PL(7q = 0) / PL(7qy >> 7) of the 3 highest pow-
ers are {0.68,0.64,0.63} for P = {7.3,29.7,71.9} uW. As
the laser power increases, the ratio approaches the ex-
pected value of 0.5. We consider that the experimentally
observed ratio is higher than 0.5 due to imperfect align-
ment and a finite time step A7y (= 0.13 ns).

The lifetime 7 obtained from the 3 highest powers are
{0.24,0.38,0.39} us for P = {7.3,29.7,71.9} uW. Here
the QD lifetime is increasing with laser power and satu-
rating at some point. Note that the increase and satura-
tion of 7 with power was also observed on several QDs
in a different cavity [Fig. 4]. The increase of 7, together
with the decrease of the ratio PL(7y = 0) / PL(14 >> 7),
at the intermediate power range is the result of the par-
tial state filling (< 100%) of the exciton state in the QD
by the first pulse.

We also observed that the higher Q (= 680) of the
cavity in Fig. 4 has reduced the laser power required for
the onset of nonlinearity as compared to the cavity (Q
= 190) shown in Fig. 3. This observation implies that
nonlinearity at the single photon level is possible by in-
creasing Q. Progress in this direction was recently made
by the demonstration of nonlinearity with a few incident
photons on a strongly coupled QD-pillar cavity device
[18]. Another possible observation through LIA is the
coherent dynamics (ex. Rabi oscillation) in the time do-
main.

In order to model the experimental data, we have con-
ducted a simulation using the quantum optics toolbox
[19]. In the simulation, we first constructed the Jaynes-
Cummings Hamiltonian that takes into account the in-
teraction between the two-level system and the cavity
photon mode. The QD transition and cavity mode are
assumed to be degenerate, similar to the selected experi-
mental data. The pulsed laser is introduced as two Gaus-
sian functions (width = 10 ps) with a time delay. Here
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FIG. 4. (Color online) (a) PL intensity and (b) extracted

exciton lifetime of four different QDs in a different cavity (Q
= 680) as a function of laser power. Lifetimes are measured
for the nonlinear power range (shaded area).



the energy of the laser is assumed to be resonant with
the QD and the cavity, which is reasonable because any
coherent effects due to the laser in the simulation can-
not last longer than the pulse width (10 ps) which is
much shorter than 7 and the timescale of the dynam-
ics that we are interested in. The dissipation factors are
phenomenologically included in the Lindblad form for all
calculations: k = 5500 GHz, v = 1 GHz, v4 = 40 GHz.
Here &, 7, and 4 are the cavity loss rate, QD transition
rate, and the QD dephasing rate, respectively. x and
~vq are from the measured cavity and QD emission width
and ~ is from the measured 7 of the cavity-uncoupled
QD. The dot-cavity coupling strength g is obtained by
finding a best fit and the resultant g = 42 GHz. From
these parameters, the calculated critical photon number
ng = 0.01 which is well below one. The critical photon
number is a measure of the number of photons required in
the cavity mode in order to saturate the QD [20]. There-
fore any photon number N above ng could be used to
include the power nonlinearity in the simulation. In our
calculation, using photon number N = 1 to 4 showed
similar results. The single pulse amplitude E was varied
to incorporate the varying laser power of the two pulses
(2E?). An alternative to this quantum optical simula-
tion has also been reported which solves the nonlinear
semiclassical model [21].

In our simulation, the average QD exciton state popu-
lation <P(X)> was calculated for each E while varying
the time delay between the two pulses. We find excellent
similarity between the experimental data and the simula-
tion [Fig. 3(a),(c)]. In addition, the dip in the simulation
starts to appear at the power where <P(X)> saturates
which is consistent with the experimental data. Using
a single set of physical parameters, the lifetime 7 of the
simulation in the nonlinear regime is 0.38 ns for all E.
The peak around zero time delay is the result of resonant
excitation that could not be washed out in the simulation
within the pulse overlap (74 < 20 ps).

Finally, we show the experimental result of QD biex-
citon emission in Fig. 5. Due to the superlinear power
dependence in the low power regime, the PL intensity at
zero delay time is higher than the PL at large time de-
lays. Such a rise at low power can be understood by the
formation of a biexciton through the combination of two
excitons, one from each of the first and the second laser
pulse, which is possible only when the two pulses arrive
within the lifetime of the exciton. Therefore the fitted 7
at low laser power is related to the recombination time
of both the exciton and biexciton [22]. At higher laser
power, the sublinear power dependence results in a dip
in the time-resolved data, similar to what we observe for
exciton emission. At the lowest laser power, no features
are observed due to the reduced probability of creating a
biexciton. In our sample, due to the high density of QDs,
the corresponding exciton peak of this biexciton was hard
to identify. By isolating the emission from a single QD,
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FIG. 5. (Color online) Power-dependent LIA of a biexciton.
(a) Unlike the exciton, biexciton emission shows a rise at low
laser powers. This is consistent with the superlinear power
dependence of the biexciton emission (¢). 7 from an expo-
nential fit from bottom to top are 0.6, 3.5, 0.33, 0.56, 0.44 ns
(lowest laser power excluded). (b) The change from rise to
dip is more apparent in the 2D plot (Left: P = 2.2 yW, Right:
P = 7.3 uW). The color scales of both plots are normalized.

direct comparison between the QD exciton and biexciton
lifetime will be possible.

In conclusion, the nonlinear dynamics of a dot-cavity
coupled system is studied by LIA, which is a power-
dependent and time-resolved measurement method us-
ing two time-delayed degenerate laser pulses. Modeling
the excitonic LIA using a quantum optical simulation, we
found physical parameters governing the coupling (g) and
emission dynamics (k, ) for a cavity-coupled QD in the
Purcell regime. The LIA signal of the Purcell enhanced
QD is negative (dip) for laser powers above the dot sat-
uration point, which is qualitatively the same as the QD
outside the cavity except that the dip is narrower due
to the shorter lifetime. We expect that positive or even
oscillating excitonic LIA can be observed by increasing Q
to the strong coupling [9, 10] or lasing regime [11]. This
method can be applied to study the nonlinear emission
dynamics of various types of quantum structures for the
next generation of quantum lasers and quantum informa-
tion processing.
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