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Single quantum dot photocurrent spectroscopy in the cavity quantum electrodynamics regime
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We study cavity quantum electrodynamics (cQED) in coupled quantum dot-microcavity systems under
electrical readout. Strict resonant excitation of a target quantum dot (QD) allows us to monitor the photocurrent
response of a single emitter in the quantum limit of light-matter interaction. We find a strong anticorrelation
between radiative recombination and nonradiative tunnel escape of photoexcited carries which can be controlled
by cQED effects in the Purcell regime. In fact, cavity-enhanced radiative emission from a QD results in a
weaker photocurrent signal which reflects the cQED controlled competition between radiative and nonradiative

recombination at the single emitter level.
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The interaction of light and matter at the quantum level
is one of the most fundamental and attractive topics of
modern semiconductor nanoscience. Both the incoherent weak
coupling regime and the coherent strong coupling regime in
the framework of cavity quantum electrodynamics (cQED)
are very appealing for fundamental research and applications
in quantum science and technology.! For instance, the
weak coupling effect has been exploited to enhance the
extraction efficiency of quantum dot (QD) based single
photon sources.*% Moreover, intriguing phenomena such as
the nonresonant coupling effect between spectrally detuned
QD emission lines and the optical mode of high quality
factor (Q) microcavities”® have been identified in recent years.
Most of these studies have been performed either by standard
microphotoluminescence (i« PL) or microelectroluminescence
(1EL) spectroscopy. More recently, also coherent excitation
in reflection geometry®! or resonance fluorescence''!> have
been applied to study coupled QD-microcavity systems.

Single QD photocurrent (PC) spectroscopy presents a
complementary and very attractive method to explore single
emitter cCQED effects and to electrically read out information
from a coupled QD-microcavity system. The high potential of
the photocurrent technique for the investigation and control of
quantum systems has already been demonstrated in a number
of important works based on simple QD-Schottky diodes.'3~!7
This includes, for instance, the coherent manipulation and
readout of a QD acting as a two-level system and the
observation of Ramsey fringes.'3

We report insights into light-matter interaction on the
single emitter level by applying single QD PC spectroscopy
in the cQED regime. In order to address single QDs, we
excite a coupled QD-microcavity system under strict resonant
conditions, which allows us to select specific QDs and to
read out their occupation electrically. Temperature tuning
experiments allow us to control the radiative lifetime t, of a
selected QD exciton in the weak coupling regime with strong
implications on the associated PC. Indeed, the competition
between tunnel escape and radiative recombination at the
single QD level leads to a reduction of photocurrent when
enhanced radiative recombination occurs on resonance with
the cavity mode (see Fig. 1).

In order to study single QD PC effects in the cQED regime,
we fabricated electrically contacted, high-Q QD micropillar
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PACS number(s): 78.67.Hc, 42.50.Ct, 42.50.Pq, 85.60.—q

cavities based on AlAs/GaAs microcavity samples with a
single layer of In,Ga;_, As QDs in the active region. Electron
beam lithography and reactive ion plasma etching were used
to pattern and contact micropillars with diameters between
1.5 and 2.0 pwm. Details on the fabrication process are given in
Ref. 19. The micropillars were investigated at low temperature
between 10 and 50 K inside a He-flow cryostat. A tunable
semiconductor laser with a linewidth of 100 kHz was used to
excite single micropillars either from the top in the normal
orientation to the sample’s surface or via sidewall excitation
at an angle of 70° with respect to the normal direction. For
laser beam focusing and detection of luminescence in normal
direction a microscope objective with a numerical aperture
(NA) of 0.4 was used. The photocurrent was detected by the
lock-in technique under an applied dc bias voltage. In addition,
a high resolution spectrometer (spectral resolution 16 peV)
was used to detect PL from the structures under nonresonant
excitation at 842 nm.

At first, let us focus on PC features of a coupled QD-
micropillar system under side excitation. In this case, one can
neglect the spectral selectivity of the microresonator which
modulates the effective excitation power under top excitation
(see below). Figure 2(a) shows a representative single QD
PC spectrum obtained from a micropillar with a diameter of
2.0 um at an excitation power of 30 uW and a bias voltage
of Wpius = —1 V (T =40 K). The spectrum was obtained
by scanning the wavelength of the tunable diode laser and
measuring the corresponding PC. In the PC spectrum we
observe three distinct peaks which are associated with two
single QD excitons (X1 and X2) and the fundamental optical
mode (C) of the micropillar cavity. The excitonic signals have
an asymmetric line shape with a low energy tail which could
indicate a coupling to extended wetting layer states via a Fano-
like resonance.?” Interestingly, it is not expected to detect sig-
natures of a photonic mode in a PC spectrum in the first place.
In the present case, the cavity-related signal C is attributed
to the prominent nonresonant QD-cavity coupling mechanism
which has initially been identified in PL experiments’3 and
more recently also been applied as a monitor for single QD
spectroscopy in resonance fluorescence.”! As a result of this
mechanism, spectrally detuned QDs contribute to PC when the
exciting laser is on resonance with the cavity mode which in
turn explains the cavity related signal C in Fig. 2(a).
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FIG. 1. (Color online) Schematic band diagram, PL intensity and
resulting PC of a QD inside the active layer of a micropillar cavity
under reverse bias for different detunings between the resonator mode
and the QD exciton. The photoexcited charge carriers leave the QD
by either tunnel emission or radiative recombination, depending on
the tunnel (t.) and recombination lifetime (7,(A)). In the weak
coupling regime, 7,(A) is reduced on resonance (A = 0) due to the
Purcell effect. This leads to an increase in PL intensity (red line) and
a corresponding reduction of PC (blue line).

The photocurrent response of a single QD under resonant
optical excitation and different bias voltages can be described
within a rate-equation approach which considers the QD as
a simple two-level system.'3 Within this approach the PC is
given by

Ny e aP

Tese  2Tesc P + (TL + r,(lA))’

I=e 1)

where e denotes the electron charge, Ny the steady state
occupation of the QD by an exciton, s the tunneling time, P
the excitation power, and « a proportional factor, to take into
account stimulated emission processes.'® Equation (1) implies
a saturation current of I = e¢/(27esc). To account for cavity
effects we introduced a radiative lifetime of the emitter 7,
which depends on the spectral detuning A of the emitter and
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FIG. 2. (Color online) (a) High resolution PC spectrum of a QD
micropillar with a diameter of d. = 2.0 um. The PC signals are
associated with single QDs (X1 and X2) and with the fundamental
cavity mode (C) of the micropillar. (b) Maximum of the PC signal
from a single, off-resonant QD as a function of excitation power for a
bias voltage of Vj;,s = 0 V. Modeling (solid line) of the experimental
data (bullets) yields a tunnel time of t.,. = 330 ps.
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the cavity mode via the Purcell effect as we will detail below.
This model can be applied in order to describe the PC response
of QDs in the present cavity system as can be seen in Fig. 2(b).
Here the maximum PC of an off-resonant QD exciton line is
plotted as a function of the laser power. Saturation of the single
QD PC signal is clearly visible and the power dependence can
be quantitatively reproduced by data calculated according to
Eq. (1) [solid line in Fig. 2(b)] and yields a tunneling time of
Tese = 330 ps for a bias voltage of Vij,s =0 V.

In the presence of a microcavity the PC signal depends on
the detuning between a single QD and the confined optical
mode, and it its necessary to extend Eq. (1) by introducing
cQED effects. In the weak coupling regime it is essential to
take into account that 7, depends A via

o(A) = — 2k 2)

Fp 4Ar—-c-y§
Here, the Purcell factor Fp is proportional to the quotient of the
Q factor and the mode volume of the relevant cavity mode,?2
Tpuk refers to the spontaneous emission lifetime of the QD in
bulk material, and y¢ denotes the linewidth (FWHM) of the
cavity mode. According to Eq. (2), 7, is reduced in resonance
(A = 0), which leads to enhanced radiative recombination.
Thus, below saturation it is clear that the PC depends on the
detuning via cQED effects and is expected to decrease for
(JA] — 0) due to the competition between radiative recom-
bination and tunnel escape of charge carriers from the QD.
Single QD cQED effects in PC are studied for a QD-
micropillar system (Q = 7000, d. = 1.8 pum, Ing3Gag7As
QDs as the active layer) under side excitation. The correspond-
ing temperature dependent PC intensity map is presented in
Fig. 3(a) for P = 180 uW and Vi, = 0 V. With increasing
temperature from 32 to 42 K the QD line X shifts through
resonance with the fundamental cavity mode C. It is nicely
seen that the PC signal decreases when X crosses C at about
38 K. This is exactly what is expected according to Egs. (1)
and (2) which predict a decrease of the PC at resonance when
radiative recombination is accelerated due to the Purcell effect.
For a quantitative analysis of the data presented in Fig. 3(a)
we extracted the maximum PC (P Cyax) for different detunings
A. The normalized values of PCp.x are plotted in Fig. 3(b)
along with theoretical curves calculated according to Eqs. (1)
and (2) for different Purcell factors Fp. The experimental data
shows a resonance behavior with a pronounced minimum of
PCpax at A = 0. This characteristic can be described quanti-
tatively by our model and allows us to determine Fp. For given
values of Tese = 330 ps, Tou = 350 ps,2* and yc = 190 peV,
we obtain Fp = 5.2 £ 0.5 for the present case. The resonance
behavior of the coupled QD-microcavity system was further
studied for different excitation powers P. The results are
summarized in Fig. 3(c) where the normalized P Cy, is plotted
versus A for P = 30, 180, and 600 uW. Again, the decrease
of PCpax for |[A] — O can clearly be observed, where the
resonance character becomes less pronounced with increasing
excitation power. This tendency is related to saturation of the
QD transition in accordance with Eq. (1). In fact, excellent
quantitative agreement between experiment and theory can be
achieved and Eq. (2) yields a Purcell factor between 6.5 and
3.1. The decrease of Fp with increasing excitation power is
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FIG. 3. (Color online) (a) PC intensity map showing the tem-
perature resonance tuning of a QD micropillar with a diameter of
1.8 um and a Q factor of 7000 under side excitation for P =
180 uW and Vpis = 0 V. On resonance between X and C at about
38 K, the PC decreases due to accelerated radiative emission from
the QD weakly coupled to the cavity mode. (b) Normalized PC (peak
value) as a function of the detuning A between X and C. Fitting the
experimental data according to Egs. (1) and (2) (calculated data: solid
lines) yields a Purcell factor of 5.2 4 0.5. (¢) PC resonance behavior
for three excitation powers. The experimental data (bullets) is well
reproduced by theory (solid lines), which allows the determination of
excitation power dependent Purcell factors between 6.5 (for 30 uW)
and 3.1 (for 600 LW).

attributed to power broadening of the QD transition?* and the
related bleaching of the Purcell effect.

Next, we discuss PC features obtained under resonant
excitation in the normal direction, where we essentially probe
the transmission properties of the coupled QD-microcavity
system via electrical readout. Figure 4 compares temperature
dependent uPL and wPC spectra recorded from a micropillar
with a Q factor of 4200 and a diameter of 1.7 um at Vi, = 0V
and Py = 210 uW. In PL [cf. Fig. 4(a)] we observe three QD
exciton lines X1-X3 which partially interact with the cavity
mode C. In Fig. 4(a) exciton X1 shows the strongest interaction
with the cavity mode, which is reflected in an enhancement
of emission intensity on resonance due to the Purcell effect.
The different interaction strengths of X1-X3 are attributed to
different lateral positions of the associated QDs in the active
layer,” where X1 has apparently the highest spatial overlap
with the cavity mode. This is in agreement with the uPC
spectra depicted in Fig. 4(b) obtained under strict resonant
excitation conditions and P = 30 uW. Here, only QDs that
show significant spatial and spectral overlap with the cavity
mode are being excited optically by the transmitted laser light
and can contribute to the PC, and thus only X1 is visible in PC.
The energy dispersions of the exciton lines and the cavity mode
in PL and PC were extracted by Lorentzian line-shape fitting
and are plotted in Fig. 4(c). They reveal larger temperature
coefficients of the excitonic lines and show a crossing behavior
between X1 and X2, respectively, and the cavity mode C.
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FIG. 4. (Color online) Temperature resonance tuning of a
1.7 pm micropillar (Q = 4200) under excitation in the normal
direction. Temperature dependent set of (a) wPL and (b) uPC spectra
at Viis = 0 V. At resonance with the cavity mode C, the PL and
PC intensity of the single QD exciton X1 is strongly enhanced. (c)
Energy dispersion of excitons (circles) and cavity mode C (stars) in
PL (black symbols) and PC (red symbols). (d) Extracted intensity
of X1 in dependence of detuning between X1 and C for PC and PL
data, and calculated values (solid lines). Fitting the experimental data
yields a Purcell factor of 8.6 (PL) and 4.3 (PC), respectively.

The signal of X1 is slightly redshifted in PL compared to
PC, which is attributed to a different electrostatic environment
under resonant excitation.

Interestingly, and in contrast to Fig. 3, an enhancement of
the PC signal of X1 occurs at resonance with the cavity mode
C in Fig. 4(b). In order to describe this finding one needs
to take the spectral selectivity of the resonator into account.
Indeed, maximum transfer of light into the resonator occurs
when the laser wavelength coincides with an optical resonance
of the micropillar cavity. In good approximation (in the weak
coupling regime) the effective excitation power experienced by
a QD exciton detuned by A from the cavity mode is given by

Ve

P(A) = Py ——5—,

3

which considers the Lorentzian line shape of the cavity mode.
By applying this model, we describe the detuning dependence
of the maximum photocurrent under normal excitation of
the coupled QD-cavity system in order to determine the
associated Purcell factor. As can be seen in Fig. 4(d), very
good agreement between experiment (x) and theory (solid red
line) is obtained in PC, and from a fit to the measured data
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we extract a Purcell factor Fp = 4.3 & 1.3. This number is
lower than the value (Fp = 8.6 &= 0.3) obtained by modeling
the PL data (experiment: e; theory: black solid line), where
the underlying model takes into account that the QD was
excited at constant excitation power close to saturation.?® The
deviation of Fp could be attributed to significantly different
excitation conditions between PL (nonresonant excitation at
842 nm) and PC (resonant excitation) and associated power
broadening of the exciton line [cf. Fig. 3(c)]. Nevertheless,
the comparison between the two fundamentally different
spectroscopic techniques shows again that PC spectroscopy at
the single emitter level is a suitable and complementary method
to study cQED effects in coupled QD-microcavity systems.
In conclusion, single emitter cQED effects have been
investigated in a QD-microcavity system under strict resonant
excitation and electrical readout. We identified a competition
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between tunnel escape and radiative recombination of a
resonantly excited QD interacting with the optical mode of
a micropillar cavity. This experimental configuration gives ac-
cess to light-matter interaction effects at the single emitter level
under electrical readout and allows one to precisely determine
the Purcell factor for a given excitation power. Our work will
pave the way for future studies of coherently coupled systems
under electrical readout, emission, and control, which could
lead to qubit interconverters in future quantum communication
systems.
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