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Fast Electrical Control of a Quantum Dot Strongly Coupled to a Photonic-Crystal Cavity
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The resonance frequency of an InAs quantum dot strongly coupled to a GaAs photonic-crystal cavity
was electrically controlled via the quadratic quantum confined Stark effect. Stark shifts up to 0.3 meV
were achieved using a lateral Schottky electrode that created a local depletion region at the location of the
quantum dot. We report switching of a probe laser coherently coupled to the cavity up to speeds as high as
150 MHz, limited by the RC constant of the transmission line. The coupling strength g and the magnitude

of the Stark shift with electric field were investigated while coherently probing the system.

DOI: 10.1103/PhysRevLett.104.047402

Quantum dots (QDs) and photonic crystals (PCs) can be
integrated into one of the most promising platforms for
optical information processing at the micro- and nanoscale
[1-3]. We have already shown that the transmission func-
tion of photonic-crystal cavities integrated in basic
photonic-crystal networks can be controlled using coupled
quantum dots [2,4]. In order to achieve ultrafast speeds of
operation, the QDs should be controlled either optically
[5,6] or electrically. Here we show fast electrical control of
strongly coupled QDs in PC cavities [7,8] using the quan-
tum confined Stark effect (QCSE) [9] with lateral elec-
trodes. The lateral electrode configuration provides a
simple yet very effective method to control QDs in cavities
that could be easily integrated in optical networks with
higher degrees of complexity. The device was used to
electrically modulate a laser beam resonantly coupled to
the cavity, thus demonstrating an electro-optic modulator
based on a single quantum emitter. The effective volume of
the modulator could be as low as the optical mode volume
of the cavity, which should enable switching energies as
low as 1fJ, which could push the boundary of energy
consumption for the future generation of electro-optic
switches [10]. This device operates at the fundamental
limit of light-matter interaction, and it adds an essential
component to the toolbox of quantum optical technologies.

The device consists of an InAs quantum dot coupled to a
linear three hole defect photonic-crystal cavity [11] fabri-
cated in a 160-nm-thick GaAs membrane [Fig. 1(a)]. The
electrical control was achieved by applying a lateral elec-
tric field across the quantum dot and thus shifting its
resonant frequency via QCSE [12,13]. The field was cre-
ated in the depletion layer of a Schottky contact (20 nm
Cr/25 nm Au on GaAs) deposited in the vicinity of the
quantum dot [14]. A scanning electron microscope image
of the photonic-crystal resonator integrated with the later-
ally positioned electrode is shown in Fig. 1(a). Another
Schottky contact, located on the surface of the chip a few
hundred microns away from the photonic crystal, was used
to set the ground potential.
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PACS numbers: 78.67.Hc, 42.50.Ct, 42.50.Pq, 78.20.Jq

One challenge in designing the device is the small extent
of the depletion layer in the vicinity of the Schottky con-
tact. For typical undoped GaAs grown by molecular beam
epitaxy, there is still a dopant concentration of ~10'®/cm?
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FIG. 1 (color online). (a) Scanning electron microscope image
of the photonic-crystal cavity and the metallic electrode placed
within 1 um from the center of the cavity. (b) Schematic rep-
resentation of the experimental setup (not drawn to scale). A
cross-polarized confocal microscope setup composed of a polar-
izing beam splitter (PBS), half-wave plate (HWP), and objective
lens (OL) was used for photoluminescence and reflectivity
measurements. The voltage on the chip was controlled using a
function generator (FG), and the output signal was detected
using a single-photon counting module (SPCM). A flip mirror
(M) switched the signal from spectrometer to SPCM. The time-
domain measurements were performed using a picosecond time
analyzer (PTA). (c) Photoluminescence spectra taken for differ-
ent cavity/QD detunings by increasing the temperature of the
sample (indicated for each spectrum). The avoided crossing of
the polaritons [marked by the (red) lines as a guide to the eye]
indicates that QD1 is strongly coupled.
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that limits the size of the depletion layer to a few microns
for a 10 V bias voltage. This requires the contact to be
brought into a proximity of a few microns from the quan-
tum dot embedded in the photonic-crystal cavity. Since
metals introduce high optical losses, the device was de-
signed such that the metal electrode, located within
~1 wpm from the center of the resonator, had a minimum
overlap with the optical mode. The fundamental mode of
the resonator extends mainly in a direction that makes an
angle of ~30° with the cavity axis (x) and has a small
extent in the y direction [15]. To minimize the optical loss,
the electrode was brought in the proximity of the resonator
along the y direction and no significant degradation of the
quality factor was observed. On the same chip, we mea-
sured electrically controlled resonators with quality factors
as high as 17000, similar to cavities without the metal
electrode. The cavity studied in this Letter had a lower
quality factor (Q ~ 4000) because it was integrated with a
grating structure that allows efficient resonant in- or out-
coupling from the resonator, as discussed in [5].

The photonic crystal was fabricated in a GaAs mem-
brane [4] located on top of an Al 3Ga,,As sacrificial layer
that was removed by wet etching in HF (6%) to create the
suspended structure. Before the wet etch, metal contacts
were defined using electron beam lithography followed by
thermal evaporation and metal lift-off in acetone, which
completely removed any residual electron beam resist. The
measurements were done at cryogenic temperatures using
a cross-polarized optical setup as shown in Fig. 1(b). First,
a photoluminescence (PL) measurement was performed to
identify a strongly coupled QD. The signature of strong
coupling is the vacuum Rabi splitting, observed [Fig. 1(c)]
as an avoided crossing of the eigenstates of the system
when the quantum dot is tuned into resonance with the
cavity [7]. From the PL spectra, one could identify two
quantum dots with frequencies close to the cavity reso-
nance, labeled as QD1 and QD2 in Fig. 2(a). Only QD1
showed the avoided crossing, thus indicating strong cou-
pling. All of the measurements reported in this Letter were
done using QD1, but the signature of QD2 was still visible
in some of the data sets. For clarity, QD1 was marked with
a red arrow in some of the figures. The experimental data
indicated a cavity quality factor Q ~ 4000, corresponding
to a field decay rate k/27 ~ 40 GHz and a quantum dot
cavity coupling strength g/27 ~ 20 GHz. Since g = /2
and g > 7y ( quantum dot spontaneous emission rate y /27
on the order of 0.1 GHz), the system operated on the onset
of the strong coupling regime.

The vacuum Rabi splitting was also observed in the
transmission function of the resonator, as measured using
a cross-polarized reflectivity measurement [Fig. 2(b)] [4].
Two types of resonant probing were used in this experi-
ment. In one case, a continuous wave (cw) laser beam was
scanned through the cavity resonance and the output was
monitored with a photodetector. This measurement is re-
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FIG. 2 (color online). (a) Photoluminescence spectra as a
function of increasing control voltage (V) from 0 V to 10 V.
At 0V the quantum dot was tuned on resonance with the cavity
(T = 48 K). The PL intensity decreases and the QD redshifts for
V > 8 V. The shift is much smaller than the one observed in
broadband reflectivity because of the screening induced by free
carriers. (b) Broadband reflectivity spectra while changing V
from O V to 10 V (T = 48 K). The QD redshifts for V>4 V.

ferred to as “cw reflectivity.” In the second case, a broad-
band light source was coupled into the resonator and the
entire reflectivity spectrum was monitored on a spectrome-
ter. This measurement is referred to as ‘‘broadband
reflectivity.”

With the quantum dot and the cavity brought into reso-
nance (temperature set to 7 = 48 K), the effect of the
electric field was first studied in PL by changing the bias
voltage from 0 V to 10 V. As the bias approached ~10 V,
the total PL intensity decreased and the quantum dot
showed a redshift of only ~0.03 nm (0.04 meV) as shown
in Fig. 2(a). The shift in the QD resonance was due to the
QCSE, and the reduction in the PL intensity was caused by
the carriers being swept away before recombining in the
QD. The Stark shift and the PL reduction were only
observed when using low powers of the excitation laser
(tuned at 875 nm). By increasing the intensity of the laser,
more carriers were excited in the cavity and thus screened
the electric field.

To test the effect of the electric field under resonant
probing, the system was measured using broadband reflec-
tivity. A superluminescent diode with broad emission
around 935 nm was used as the light source, thus minimiz-
ing free carrier generation because of its low spectral
power density. The broadband reflectivity spectra shown
in Fig. 2(b)indicate two local minima (marked by the red
arrow for the strongly coupled dot and green arrow for the
weakly coupled dot), thus confirming that two quantum
dots were coupled to the cavity. The effect of the bias
voltage on the QD wavelength was more pronounced
than in the PL measurement. The Stark shift could be
observed for bias voltages larger than V ~4 V, and for
voltages exceeding V ~ 7 V the quantum dot was com-
pletely detuned from the cavity. As seen from Fig. 2(b), by
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applying the electric field the transmission at the cavity
resonance is switched from a local minimum to a local
maximum.

The dependence of the quantum dot Stark shift with
the applied bias voltage is shown in Fig. 3(a). The quantum
dot frequency was determined by fitting the spectra in
Fig. 2(b), as described in Ref. [4]. The Stark shift is only
observed for voltages larger than V ~ 4 V, which corre-
sponds to the depletion layer extending to the location of
the quantum dot. The magnitude of the electric field in the
center of the cavity was inferred by modeling the Schottky
contact. The size of the depletion layer [x;(V)] and the
electric field in the cavity [F(V)] are given by x; =
V2€€cars(V — ¢)/(eN,) and F = —eNy(xq —
Ax)H(x; — Ax)/(€p€gans). Here, Ax = 750 nm is the dis-
tance between the electrode and the center of the cavity,
N;=9Xx10"%/cm? is the doping concentration, ¢ =
0.36 V is the potential barrier of the Schottky contact, e
is the electron charge, €g,as = 12.9 is the dielectric con-
stant of GaAs at low temperatures, €, is the electrical
permittivity of vacuum, and H(x) is the unit-step function.
The effect of the surface states was not considered when
estimating the electric field. The dependence of the energy
shift with electric field is shown in Fig. 3(b). The shift was
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FIG. 3 (color online). Change in QD frequency and coupling
strength g with bias voltage. (a) Stark shift of the quantum dot
with applied bias. (b) Experimental data and fit indicating the
quadratic dependence of the quantum dot shift with electric field.
(c) Dependence of the cavity/QD coupling g with applied
voltage, as inferred from the fit to experimental data
(d) Broadband reflectivity taken at 7 = 46 K such that the QD
was resonant with the cavity at high electric fields. As the
voltage approaches 8 V, the signature of the quantum dot in
the spectrum vanished, most probably due to the loss in the
quantum dot confinement due to high electric field. More infor-
mation about the nature of this effect could be inferred by a QD
spectroscopy method where the energy of all of the QD orbitals
are monitored while varying the field.

quadratic in electric field, since the perturbation of the
energy levels due to electric field is a second order effect.
The data were fit using [14] AE = pF — BF? with B8 =
—0.015 meV um?/V? = =24 X 1073 J/(V/m)> and
p = —0.009 meV um/V=—-14x%X10"3"Cm. These
values are within an order of magnitude but lower than
previously measured by other research groups [14,16,17].
We believe that the lower value that we estimate is caused
by the QD not being located exactly in the middle of the
cavity, as we assumed.

The confining potential of the quantum dot could be
perturbed by the influence of the electric field. For the
data set shown in Fig. 2(b) (taken at T = 48 K), the QD
became completely off resonant with the cavity for V >
7V so the reflectivity spectrum at high electric field
yielded little information about the quantum dot. For a
better investigation of the QD behavior at large electric
fields, another data set was taken at 7 = 46 K [Fig. 3(d)]
such that the QD was resonant with the cavity for V> 7 V.
Under bias voltage, the electron and hole wave functions
were deformed and pulled in opposite directions, thus
reducing their overlap. One consequence is diminished
QD oscillator strength. The overall result is in a reduction
of the cavity/QD coupling g. The fits to the data showed
that g /2 decreased from ~20 GHz to ~15 GHz when a
bias of ~7 V was applied. For V > 8§ V, the influence of
the electric field was strong enough to completely erase the
signature of the quantum dot from the broadband reflec-
tivity spectrum. This could be either due to reduced g or to
the high tunneling rate of the electron-hole pairs out of the
quantum dot placed in the electric field.

The cw reflectivity spectra for different values of the
bias voltage are shown in Fig. 4(a). The Stark shift was still
present but its magnitude was smaller compared to the
broadband reflectivity measurement (0.04 meV for V ~
10 V), most probably due to an increased number of
carriers that screen the electric field. We believe that,
unlike the broadband source, the cw laser was more effi-
cient in generating excitons in the quantum dot because of
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FIG. 4 (color online). Fast electrical switching of a continuous
wave laser beam. (a) cw reflectivity for bias voltages of 0, 10,
and 14 V. During the time-domain switching experiment, the
laser was set at the wavelength marked by the vertical dashed
line and a 0-10 V signal was applied. (b) Switching of the
coupled laser at the electrical QD driving frequency of 150 MHz.
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increased spectral power density and long coherence
length. Because of the bias voltage, these electron-hole
pairs could tunnel out of the quantum dot and become
free carriers that screened the electric field [18].
Alternatively, since more than one quantum dot was
present in the cavity, the screening could also be caused
by excitons created in the neighboring off resonant quan-
tum dots. It has already been shown that these excitons
could be created through the off resonant energy transfer
between the photonic-crystal resonator and the coupled
quantum dots [5,8]. The screening of the electric field
became more pronounced with increasing laser intensity,
thus affecting the device performance. The effect of the
QD on the transmission function of the resonator can be
observed for coupled probe powers as high as tens of nW
(as previously shown in [4]), but manipulation of the QD
via QCSE at those probe power levels still needs to be
demonstrated and may be limited by electric field screen-
ing. The cw reflectivity spectra in Fig. 4(a) indicated that
an on/off switching ratio of ~1.5:1 was achievable with
this system when driven between 0 and 10 V (on/off ratio
of 2:1 achievable for 0-14 V driving). Although on:off
ratios of 100:1 are theoretically expected with this system,
the experimentally observed on/off ratio was limited by the
properties of the quantum dot, especially operation at the
onset of the strong coupling regime, decoherence [5], and
QD blinking [19].

The time-domain measurement was performed by set-
ting the probe laser at the QD frequency [marked by the
vertical dashed line in Fig. 4(a)] and by controlling the
voltage using a function generator. The modulated output
was monitored using a single-photon counting module
(SPCM) and a dual channel picosecond time analyzer
(PTA) synchronized to the function generator. To minimize
the amount of screening due to coherently excited carriers,
the probe laser power was set to ~10 pW. The switching
behavior at 150 MHz is shown in Fig. 4(b), with an on/off
ratio of ~1.3:1. This is smaller than the expected ~1.5:1
because of the 3 dB cutoff in the transmission line at
100 MHz. An on/off ratio of 1.45:1 was observed when
driving the system at 80 MHz, close to the value expected
from the dc measurement.

The performance of the proof of concept device reported
in this Letter is limited by the experimental setup and the
nonideality of the strongly coupled system. All-optical
measurements on similar devices showed that speeds up
to 10 GHz could be achieved with this type of system [5].
With improved engineering, similar speeds should be
achievable in electrical operation. Theoretically, when op-
erating with g, k > 7 (i.e., strong coupling regime or high
Purcell factor regime) as is the case for quantum dots in
photonic crystals, the maximum bandwidth is limited to
min(g/ 7, k/) in the strong coupling regime and g*/(7«)
in the weak coupling regime. Regarding the energy re-
quired to shift the QD, it is fundamentally limited by the

energy density of the electric field required to shift the
quantum dot inside the active volume. Considering an
active volume the size of the resonator (V, ~1 um X
1 um X 200 nm) and an electric field F~5X
10* V/cm, this translates into a switching energy of
~1fJ, much lower than state of the art devices [20-24].
Confining the electric field over such a small volume is not
trivial, but suitable technological solutions may be found in
the future.

In conclusion, we demonstrated dynamic control of
QCSE in a QD strongly coupled to a photonic-crystal
cavity. We reported electro-optic switching up to
150 MHz with an on:off ratio of 1.3:1 and discussed the
prospects for improving the device performance. This type
of device can be integrated in an on-chip optical or quan-
tum network [2] and will be an essential building block for
future optoelectronic devices for classical and quantum
information processing devices operating at ultralow en-
ergies, where fine and fast tuning of the quantum dot
resonance is required.
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