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The response of a single InGaAs quantum dot, embedded in a miniaturized charge-tunable device,
to an applied GHz bandwidth electrical pulse is investigated via its optical response. Quantum-dot
response times of 1.0 £0.1 ns are characterized via several different measurement techniques,
demonstrating GHz-bandwidth electrical control. Furthermore, a novel optical detection technique
based on resonant electron-hole pair generation in the hybridization region is used to map fully
the voltage pulse experienced by the quantum dot, showing, in this case, a simple exponential rise.
© 2012 American Institute of Physics. [doi:10.1063/1.3687375]

. INTRODUCTION

There is currently significant interest in applying high-
frequency electronics in the GHz range to the development of
quantum information technologies. Modern GHz technology,
developed originally for wireless communications, is capable
of generating electrical pulses with short rise and fall times
and with very little amplitude and phase noise, attractive fea-
tures for quantum control. Furthermore, by utilizing a common
technology, quantum and classical information technologies
can be easily interfaced. GHz electronics underpins the activ-
ity in superconducting qubits,'* coherent manipulation of a
spin qubit with GHz electrical control has been demon-
strated,B’4 and, recently, these high-frequency electrical techni-
ques have also been applied to a trapped ion.”

Self-assembled quantum dots are potentially a key ele-
ment in quantum-communication systems. A single self-
assembled quantum dot is a robust, narrow band and a fast
source of single photons.® A single self-assembled quantum
dot can also be used as a spin qubit using either an
electron’ ™ or hole spin,'®™"? potentially with applications as
a quantum repeater or quantum information processor. A key
advantage of self-assembled quantum dots is the ability to
embed the quantum dots into semiconductor heterostruc-
tures, allowing, for instance, single-electron charging in a
vertical tunneling device.'"*'> Another key advantage is the
use of post-growth processing, allowing, for instance, the
creation of microcavity structures, ' photonic nanowires,”
and, as is the case here, miniaturized electro-optic devices.
Electrical control of self-assembled quantum dots at GHz
frequencies for dark-to-bright exciton conversion,'® single-
photon generation,® and exciton coherent control'® has al-
ready been demonstrated. A recent breakthrough enabled the
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entanglement of two spins in a self-assembled quantum-dot
molecule with electrical pulses.?

There are two fundamental challenges in this area. The
first is the creation of a high-bandwidth electrical connection
between the room-temperature source and the self-assembled
quantum dot at low temperature, maintaining optical access
and optical alignment. The second is the accurate and reli-
able monitoring of the actual dot response to an external
GHz driving pulse. As shown previously, photolithography-
defined miniaturized charge-tunable devices with high-speed
cabling and electronics offer a potential solution to the first
challenge.'® However, characterizing the dot response has
remained elusive. Traditional electrical characterization, for
instance with a network analyzer, is not entirely suitable as it
monitors the response of the entire system, in particular, the
electrical characteristics of the entire macroscopic device at
low temperature, rather than the response of the active ele-
ment, the quantum dot. Instead, it is much better to use the
quantum dot itself as a probe of the electrical pulses. In par-
ticular, time-correlated, single-photon counting techniques
(TCSPC) (Ref. 21) can easily achieve sub-100-ps jitter,
allowing the optical response to be measured on timescales
corresponding to the jitter of the electrical pulse generator.

In this paper, we present three complementary optical
techniques to map accurately the response of a single self-
assembled quantum dot embedded within a miniaturized
charge-tunable device architecture. In each case, we utilize
the spontaneous emission from the quantum dot itself. We
report nanosecond response functions and, in particular,
demonstrate a technique that accurately maps the voltage
response of a single quantum dot to an ultrafast electrical
pulse, showing, in this case, a simple mono-exponential rise.

Il. EXPERIMENTAL SETUP

InGaAs quantum dots were grown within a GaAs charge-
tunable heterostructure by molecular beam epitaxy with a

© 2012 American Institute of Physics
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FIG. 1. (Color online) Schematic view of the GHz bandwidth device. (a)
The layer structure with the active region of quantum dots embedded
between the tunnel barrier to the highly n-doped back contact and the cap-
ping layer. On top of the capping layer, the AlAs/GaAs superlattice prevents
current flow to the 5-nm-thick NiCr, micron-sized Schottky gate. The ohmic
contact between the back contact and the surface is made by annealing
AuGe/Ni/AuGe layers. (b) Top view of the device, showing the 50-Q copla-
nar waveguide structure, the 400-nm deep etch, and the contact strip for the
miniaturized Schottky gate.

density gradient across the wafer.'* As shown in Fig. 1(a), the
quantum dots are located 25 nm above a heavily n-doped
GaAs back contact (n=4 x 10'8 cm_3). The intermediate
layer, undoped GaAs, acts as a tunneling barrier. A 10-nm
GaAs layer caps the quantum dots, and an AlAs/GaAs super-
lattice completes the structure.

Our device, previously used for the control of dark exci-
ton spin dynamics,'® is based on miniaturizing the active
area of the charge-tunable structure to reduce the RC time
constant. Photolithography was used to construct the minia-
turized devices (Fig. 1) out of low-quantum dot density (<10
dots ,um_z) wafer sections, as detailed in Ref. 18. A
U-shaped ohmic contact to the n-type layer was formed by
annealing a layer of AuGe, Ni, and AuGe (60/10/60 nm,
respectively) deposited onto a section of the wafer surface. A
5-nm-thick semi-transparent NiCr Schottky gate, of area
<700 um?, was positioned a few microns from the center of
the U-shaped ohmic contact layer. To minimize the capaci-
tance, the back contact between the two arms of the ohmic
contact was removed by etching. A 360-nm-thick NiCr layer
was deposited onto the etched surface, making contact at one
end with the Schottky gate. By removing the redundant back
contact, this arrangement minimizes the stray capacitance.

Our device geometry serves two purposes. First, the
ohmic contact and contact strip form a coplanar waveguide
impendence matched to 50 Q, maximizing the coupling effi-
ciency to our signal generator and high-speed coaxial cabling.
Second, the large length scales of the coplanar waveguide
allow the Schottky gate to be positioned underneath a 0.9-
mm-diameter Weierstrass solid immersion lens (SIL) without
compromising device performance. The SIL, with a refractive
index n=2.15, provides a near tenfold increase in the collec-
tion efficiency from a single quantum dot.??

The device is connected to high-speed, 50-Q, brass
SMA cabling using silver conductive paint. Voltage pulses
are provided by an Agilent 81133 A pulse pattern generator
(PPG). The PPG generates voltage pulses up to 2 V with 60
ps 10-90% rise time. The voltage pulses propagate through

J. Appl. Phys. 111, 043112 (2012)

the brass 50 Q impedance coaxial cabling with less than 100
ps 10-90% rise time (measured at 7=300 K). All experi-
ments are carried out in a liquid helium cryostat at 4.2 K.

Single quantum-dot optical excitation and photolumines-
cence (PL) collection is performed using confocal micros-
copy. The combination of Weierstrass SIL and 0.4 NA
objective produces a collection spot size of ~0.25 um?. The
device is mounted on a set of piezoelectric nanopositioners to
scan the sample relative to the focus. Depending on the par-
ticular experiment, optical excitation is performed using ei-
ther a non-resonant 830-nm continuous wave (cw) laser that
excites carriers into the wetting layer, or a 1-MHz spectral
bandwidth, tunable, cw external-cavity diode laser that
excites the optical transition resonantly. PL from the quantum
dot is spectrally dispersed by a blazed grating spectrometer
and detected using a liquid nitrogen-cooled charge-coupled
device (CCD) camera, with a spectral resolution of ~50 ueV.
A movable mirror within the spectrometer can be used to
direct the PL to a secondary exit port where a ~0.5-meV
spectral bandwidth section of the PL is collected by a 50-um
core size multimode optical fiber, delivering the PL to a sili-
con single-photon avalanche detector (SPAD). The SPAD has
a full width at half maximum jitter of ~400 ps and is used to
perform time-correlated single-photon counting (TCSPC) of
the PL. The detection efficiency of the SPAD is constant over
the spectral range of these measurements.

The charge-tunable device allows the energy levels of
the quantum dot to be manipulated precisely with respect to
the Fermi level of the highly doped back contact via an
applied voltage (V,) between the back contact and the
Schottky gate. Electrons tunnel into the quantum dot from
the back contact as the quantum-dot energy comes into reso-
nance with the Fermi level. Each additional electron must
overcome the strong Coulomb repulsion, giving rise to a pro-
nounced Coulomb blockade, i.e., single-electron charging at
progressively higher voltages.> Optical excitation provides
holes, and the presence of a single hole reduces slightly the
voltages of the Coulomb blockade plateau.”** In this way,
it is possible to form to a single hole, the neutral exciton
(X°), and the negatively charged excitons X", X*, and X°",
which each contain 0, 1, 2, 3, and 4 electrons, respectively,
as a function of the applied bias. Under certain conditions,
the positively charged exciton, X', can also form.?® Single-
electron charging events are observed as discrete jumps in
the PL energy because of the differing Coulomb energies for
each exciton configuration. Figure 2(a) shows an example
plot PL as a function of V,.

The miniaturized charge-tunable device has been
designed to have a small capacitance and, therefore, small
time response to an applied voltage pulse. Under ideal condi-
tions, GHz bandwidth modulation would allow for the selec-
tion of exciton charge at a rate higher than the radiative
recombination rate (~1 GHz).?’ The intrinsic dynamics are
fast as the electron tunneling rate between the quantum dot
and the back contact is ~100 GHz.*® The challenge is to
characterize the temporal response experienced by a single
dot to an external driving voltage pulse. In this paper, we uti-
lize the PL signal from the quantum dot as a probe, taking
advantage of the inherently fast tunneling rates, to provide
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FIG. 2. (Color online) The X'~ voltage plateau under cw non-resonant optical excitation as a probe of the response time of the device. (a) The PL for a range
of V, for a single dot illuminated with 270 nWum 2 of 830 nm cw laser light. The scale depends linearly on the counts (the readout signal from the CCD
camera), starting from white (less than 300 counts) with increasing intensity to red = 10000 counts. The exciton responsible for each PL line is identified.
V., =—10mV and V;;= 160 mV (dotted lines) are voltage points chosen to be 20 mV beyond either edge of the X'~ voltage plateau. (b) An oscilloscope trace
of the output of the PPG, showing a 10-MHz repetition rate square-wave voltage pulse applied to the device between V, and V as a function of time. (c)
TCSPC measurements of X” (black dotted line), X'~ (red solid line), and X% (blue dashed line) with the square wave applied to the device.

clear and concise information from a single quantum dot,
under known conditions. The difficulty in translating this in-
formation to the opto-electronic characteristics of non-ideal
devices is related to the equivalence of the device bandwidth
and the radiative recombination rate. We present three sepa-
rate complementary methods of varying complexity to
extract directly the temporal voltage response from a single
quantum dot.

lll. SWITCHING OF THE CHARGE STATE: THE
RESPONSE TO A VOLTAGE STEP

The exciton charge determines the energy at which PL
emission occurs. Hence, time-dependent spectroscopy can
yield information about a time-varying charge. With non-
resonant excitation, the quantum dot is populated within sev-
eral ps of excitation®® with the excitonic configuration
depending on the applied voltage, V,, as shown in Fig. 2(a).
For instance, PL from the negatively charged exciton (X 1’) is
only observed in the corresponding voltage range between
10 mV and 140 mV. In this first characterization method, the
voltage plateau of X'~ is used to probe the response to the
GHz voltage pulse. The voltage pulse is applied from a volt-
age in the X° plateau to a voltage in the X* plateau. Using
the SPAD configuration, the experiment collects only emis-
sions from the X'~ exciton. Whenever the voltage moves into
the X'~ plateau, a PL signal of the X'~ exciton is observed.
The time dependence of the X'~ PL emission relative to the
driving voltage provides a measure of the response of the
quantum dot to the voltage pulse.

A single quantum dot was excited non-resonantly with
270 nWum 2 of 830 nm cw laser light. Figure 2(a) shows
the PL emitted by the quantum dot against the applied volt-
age (V). The exciton configurations responsible for each
PL line are labeled. X'" has a voltage extent of ~130 mV,
from 10 mV <V, <140 mV. Two voltage points (marked
Vi=—10 mV and V5; =160 mV in Fig. 2(a)) were chosen,
both ~20 mV beyond the edge of the X'~ plateau. The PPG
was used to apply a 10-MHz square wave pulse with a rise
time of 60 ps as a GHz-bandwidth time-varying voltage

between V; and V (Fig. 2(b)). TCSPC was carried out using
a start voltage pulse synched to the PPG signal and a stop
pulse triggered by the quantum-dot PL when collected by the
SPAD. Time-resolved dynamics of XO, X 1’, and X> are
shown in Fig. 2(c) (black dotted, red solid, and blue dashed
lines, respectively).

When V, =V,, the device is at a bias within the X° Volt-
age plateau. Consequently, TCSPC on X° shows a large
uncorrelated count rate, and the TCSPC of X " and X* show
only background signal (arising from the SPAD dark
counts). When V, =V, the device is at a bias within the xX*
voltage plateau. The TCSPC of X* has a large uncorrelated
count rate, the TCSPC of X° shows only background counts,
and the TCSPC of X'~ shows a count rate, which is slightly
higher than the background count rate. This increased count
rate from X'~ is a result of the detection of small amounts of
X* PL when centered on the X'~ wavelength because of of
the imperfect spectral filtering of the PL. When V, changes
from V; to Vi (at t =23 ns), the TCSPC signal of X" shows a
rapid decrease in count rate, the TCSPC of X% shows a rapid
increase in count rate, and the TCSPC of X 1" Sshows a peak in
counts. Conversely, when V, changes from Vjy to V, (at
=173 ns), the TCSPC of X* shows a rapid decrease in count
rate, the TCSPC of X° shows a rapid increase in count rate,
and the TCSPC of X'~ shows a second peak in counts.

The peaks recorded at =23 ns and t =73 ns in TCSPC
of X' show that PL is emitted from X'~ during the voltage
transition from V; to V. The full width at half maximum
(FWHM) of each peak is ~1.6 = 0.1 ns. This time can be
considered as the total time taken for the voltage experienced
by the quantum dot to pass through the X'~ plateau. Taking
the rise/fall time of the voltage applied by the PPG (~60 ps)
into account, and the 400 ps response time of the SPAD, the
voltage response time of the quantum dot is, therefore,
approximately 1.5+ 0.1 ns. We see similar results from
other excitons in the same quantum dot and from other quan-
tum dots in the same sample.

This method is simple to perform and gives an approxi-
mate measure of a crucial time in applications, the time taken
to traverse a Coulomb blockade plateau. However, it lacks the
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ability to map the specific voltage response, which is a poten-
tially limiting factor at higher repetition rates. Nevertheless,
these results demonstrate near-GHz response behavior from a
single quantum dot under external electrical modulation.

IV. SWITCHING OF THE CHARGE STATE: THE
RESPONSE TO A VOLTAGE PULSE

Our second method for measuring the voltage response
time of the quantum dot follows a more complex approach
but provides, in addition to the response time, an indirect
measurement of the temporal form of the response. This
approach is based on the attenuation of a voltage pulse when
applied to a device with smaller response time than the pulse
width. If the pulse duration (AT) of an input voltage pulse is
much larger than the response time (7) of the device, there is
no pulse attenuation. On the other hand, if the pulse duration
is comparable to or shorter than 7, there will be an inherent
pulse attenuation as the device is unable to respond to the
full dynamic range of the input signal. Here, a measurement
of the pulse attenuation against the pulse duration produces a
value for 7, as well as the temporal form of the quantum-dot
voltage response. Consequently, unlike Methods 1 and 3, the
PL spectra are recorded under steady state conditions, with-
out the need for TCSPC. This was performed on the same
quantum dot as the method described in Sec. III.

The quantum dot was illuminated exactly as in Method
1, with 270 nW,um*2 of 830 nm cw laser light. Figure 3(a)
shows again the PL emitted by the quantum dot against V,,

J. Appl. Phys. 111, 043112 (2012)

but this time with different labeling specific to this measure-
ment method. A square-wave voltage pulse (rise/fall time
<100 ps, repetition rate =20 MHz) was applied to the device
by the PPG, Fig. 3(b). The voltage amplitude, V; — V,, was
fixed at 200 mV.

While keeping the pulse duration (AT) fixed, the X'~ PL
spectra were recorded as the voltage offset (the mean value
of V;; and V) was varied. The experiment was then repeated
for different values of AT. Figure 3(c) shows the results for
AT =10 ns, where PL from X' is observed at two separate
voltage offset regions. At lower voltage offsets (—0.1 V
t0 0.02 V), X " PL is recorded because Vy lies within the X 1-
voltage plateau, whereas at higher-voltage offsets (0.1 V to
0.23 V), X" PL is recorded because V, lies within the
X' voltage plateau. The voltage difference between the
onset of the X'~ PL extent at lower and higher offsets (AV)
was 200 mV, signifying that for AT = 10 ns, there is no no-
table attenuation of the driving voltage pulse.

Figure 3(d) shows the PL from X !“ under the same con-
ditions as Fig. 3(c) only with AT =1 ns. For this pulse dura-
tion, AV is reduced to ~120 mV. This is because the
quantum dot takes a finite time to experience a change from
Vi to V. As AT becomes comparable to this response time,
the voltage experienced by the quantum dot no longer has
the time to reach V. As such, AV measures the voltage
experienced by the quantum dot at time AT.

The measured value of AV relative to various values of
AT is shown in Fig. 3(e). As AT becomes smaller, AV
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decreases. The data points are fitted well by a single expo-
nential with a 1/e rise time (7) of 1.0 £ 0.1 ns. Although of
comparable magnitude, this value is slightly smaller than the
1.5 ns determined with Method 1 for the same quantum dot.
Even though this approach successfully maps the voltage
response from a single quantum dot, measurements of AV
are difficult to perform when AT is small (at low-PL rates);
hence, there is a larger error in the measurements of AV at
small values of AT.

V. THE HYBRIDIZATION REGION AS A PROBE OF THE
RESPONSE TO A VOLTAGE STEP

An alternative approach to the first method described,
where the voltage extent used as the probe is similar in magni-
tude to the applied pulse amplitude, is to use a probe region
that is significantly smaller in extent than the voltage pulse.
Such an approach would increase the precision in mapping
the voltage response and reduces complexities related to inter-
nal exciton dynamics. However, the implementation is some-
what challenging. The simplest approach would be to increase
the voltage amplitude to several volts, around 10 V, and to
use the exciton emission over the extent of the entire charging
regime, ~0.5 V, as the probe. However this has several limita-
tions. First, selecting only one exciton is unrealistic if the volt-
age amplitude is very large as the quantum-dot emission can
become spectrally very broad once the wetting layer is occu-
pied at higher gate voltage. Second, large voltages, beyond a
few volts, can lead to breakdown of a Schottky diode device.
Finally, such voltages are unrealistic for real-world applica-
tions and are impossible for many GHz sources, our PPG
included. Our alternative approach is to exploit the
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“hybridization region” H, a narrow region at the low bias end
of the X'~ plateau, in which resonant excitation of X° leads to
X' emission.’”** In this case, the probe region is much
smaller than our 200-mV applied voltage pulse.

The PL against V, is recorded in Fig. 4(a), for a single
quantum dot excited by 5.5 nWum 2 of non-resonant cw
830-nm laser light, with the exciton emission labeled. H is
the hybridization region in which the lowest stable state with
one hole in the quantum dot is X 1', and the lowest stable state
without a hole is an empty quantum dot (10>).***! For a
given V, within H, the resonant excitation at 1.3023 eV pop-
ulates the quantum dot with an X° exciton. An electron tun-
nels into the quantum dot from the back contact, forming X'
on a time scale (~50 ps) much faster than the radiative
recombination time of the exciton (~1 ns). After the X
decay via electron-hole recombination, a single electron is
left in the quantum dot, which then tunnels to the back con-
tact leaving the quantum dot empty. The system is therefore
reset, and the quantum dot can be re-excited by the laser.
Figure 4(c) shows the result of this cycle. The quantum dot
is excited with 73.4 uWum 2 of resonant cw laser light and
tuned to 1.3023 eV. X'" PL is observed over a voltage region
of ~24 mV. The small amount of laser light also seen in the
contour is a result of limitations of the filtering method used
before imaging with the CCD. However, this has no adverse
effect on the SPAD measurement as the SPAD collection ge-
ometry provides a second level of spectral filtering that
effectively removes the laser signal. The voltage region over
which the X' PL emits in Fig. 4(c) is shifted relative to the
region H marked in Fig. 4(a), because of a reduced degree of
hole storage in the capping layer with resonant as opposed to
non-resonant excitation.***

FIG. 4. (Color online) TCSPC of X'~ fol-
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A 10-MHz square-wave time-varying voltage, with 50/
50 duty cycle (shown in Fig. 4(b)), was applied to the sam-
ple with a fixed amplitude of 200 mV and with a tunable
voltage offset as described in Method 2. We use here a dif-
ferent quantum dot from Methods 1 and 2, embedded within
a separate device. However, both devices have been manu-
factured under similar conditions, to the same specifications,
and from the same wafer material. Figure 4(d) is a TCSPC
measurement of X 1', showing the interaction of the quantum
dot with the laser as the voltage changes from V=275 mV
to V, =75 mV at 26 ns and the opposing voltage rise from
75 mV to 275 mV at 76 ns. Two peaks are observed that
can be attributed to the points at which V, enters or leaves
the voltage region H. Two points on each PL peak are
defined: A is at the maximum of each peak, and B is at half
of maximum on the rising edge of each peak. The time of
occurrence of A and B were recorded as a function of the
voltage offset (Figs. 4(e) and 4(f), respectively). The data
provide an accurate picture of the quantum-dot response to
an applied voltage. An exponential function fits the data
very well with a value of ~1.9 = 0.2 ns for the 1/e voltage
response time of the quantum dot, from both measurement
points A and B. This value is larger than found for the pre-
vious device. This is most likely because of small fabrica-
tion differences, for example, the size of the Schottky gate,
the resistivity of the contact layers, or the contacting to the
sample. This method is more difficult to employ because of
the use of resonant excitation. It provides, however, a very
precise idea of the temporal form of the quantum-dot volt-
age response.

VL. CONCLUSIONS AND OUTLOOK

Three separate methods, all based on exploiting the opti-
cal response from well-defined exciton states, have been
developed to measure the voltage response in a GHz band-
width of a single InGaAs quantum dot embedded within a
microstructured charge-tunable device at low temperature to
a fast voltage pulse. The form of the quantum-dot response
to an applied voltage was found to be a single exponential
using two separate techniques performed on different quan-
tum dots within different devices. With this present genera-
tion of device, the electrical response time, 1.0 ns, is
comparable to the excitonic radiative decay time. We can en-
visage a number of improvements to enable faster electrical
switching. In the present experiment, one significant limita-
tion, quite probably the major one, is the limited bandwidth
of the connection between the high-frequency cable and the
sample itself. This connection is flexible to allow sample
scanning in the optical microscope, but a high-bandwidth
semi-rigid cable could be used instead by redesigning the op-
tical microscope. The sample itself can also be improved.
Further miniaturization will reduce the capacitance. The re-
sistance can be reduced by using both a more conductive
gate material, gold for instance, and a more conductive back
contact, a high-mobility two-dimensional electron gas. These
simple improvements should enable the realization of devi-
ces with switching speeds matching state-of-the-art PPGs
(sub-100 ps).

J. Appl. Phys. 111, 043112 (2012)

In conclusion, we report opto-electronic measurements
of the response time of a quantum-dot device at low temper-
ature to a voltage pulse. A 1.0-ns response time is demon-
strated. These results pave the way to the application of GHz
electronics to the opto-electronic control of excitons and
spins in self-assembled quantum dots.

ACKNOWLEDGMENTS

We acknowledge financial support from the Swiss
National Science Foundation (SNF), NCCR QSIT and
EPSRC (UK).

'J. Q. You and F. Nori, Nature 474, 589 (2011).

R.J. Schoelkopf and S. M. Girvin, Nature 451, 664 (2008).

31.R. Petta, A. C. Johnson, J. M. Taylor, E. A. Laird, A. Yacoby, M. D.
Lukin, C. M. Marcus, M. P. Hanson, and A. C. Gossard, Science 309,
2180 (2005).

‘K. C. Nowack, F. H. L. Koppens, Yu. V. Nazarov, and L. M. K. Vander-
sypen, Science 318, 1430 (2007).

SC. Ospelkaus, U. Warring, Y. Colombe, K. R. Brown, J. M. Amini, D.
Leibfried, and D. J. Wineland, Nature 476, 181 (2011).

SA. Shields, Nature Photon. 1, 215 (2007).

M. Atatiire, J. Dreiser, A. Badolato, A. Hogele, K. Karrai, and A. Imamo-
glu, Science 312, 551 (2008).

p. Press, T. D. Ladd, B. Zhang, and Y. Yamamoto, Nature 456, 218
(2008).

°R.-B. Liu, W. Yao, and L. J. Sham, Adv. Phys. 59, 703 (2010).

198, D. Geradot, D. Brunner, P. A. Dalgarno, P. Ohberg, S. Seidl, M. Kro-
ner, K. Karrai, N. G. Stoltz, P. Petroff, and R. J. Warburton, Nature 451,
441 (2008).

1p, Brunner, B. D. Geradot, P. A. Dalgarno, G. Wiist, K. Karrai, N. G.
Stoltz, P. M. Petroff, and R. J. Warburton, Science 325, 70 (2009).

12K De Greve, P. L. McMahon, D. Press, T. D. Ladd, D. Bisping, C. Schnei-
der, M. Kamp, L. Worschech, S. Hofling, A. Forchel, and Y. Yamamoto,
Nat. Phys. 7, 872 (2011).

3A. Greilich, S. G. Carter, K. Kim, A. S. Bracker, and D. Gammon, Nature
Photon. 5, 702 (2011).

4. Drexler, D. Leonard, W. Hansen, J. P. Kotthaus, and P. M. Petroff,
Phys. Rev. Lett. 73, 2252 (1994).

R, 1. Warburton, C. Schiflein, D. Haft, F. Bickel, A. Lorke, K. Karrai,
J. M. Garcia, W. Schoenfeld, and P. M. Petroff, Nature 405, 926
(2000).

'6K. J. Vahala, Nature 424, 839 (2003).

'J. Claudon, J. Bleuse, N. S. Malik, M. Bazin, P. Jaffrennou, N. Gre-
gersen, C. Sauvan, P. Lalanne, and J.-M. Gérard, Nature Photon. 4, 174
(2010).

18y, McFarlane, P. A. Dalgarno, B. D. Gerardot, R. H. Hadfield, R. J. War-
burton, K. Karrai, A. Badolato, and P. M. Petroff, Appl. Phys. Lett. 94,
093113 (2009).

195, M. de Vasconcellos, S. Gordon, M. Bichler, T. Meier, and A. Zrenner,
Nature Photon. 4, 545 (2010).

2p, Kim, S. G. Carter, A. Greilich, A. S. Bracker, and D. Gammon, Nat.
Phys. 7,223 (2011).

2IR. H. Hadfield, Nature Photon. 3, 696 (2009).

22K A. Serrels, E. Ramsey, P. A. Dalgarno, B. D. Gerardot, J. A. O’Conner,
R. H. Hadfield, R. J. Warburton, and D. T. Reid, J. Nanophotonics 2,
021854 (2008).

23B. T. Miller, W. Hansen, S. Manus, R. J. Luyken, A. Lorke, J. P. Kotthaus,
S. Huant, G. Medeiros-Ribeiro,and P. M. Petroff, Phys. Rev. B 56, 6764
(1997).

243, Seidl, M. Kroner, P. A. Dalgarno, A. Hogele, J. M. Smith, M. Ediger,
B. D. Gerardot, J. M. Garcia, P. M. Petroff, K. Karrai, and R. J. Warbur-
ton, Phys. Rev. B 72, 195339 (2005).

238, Laurent, B. Eble, O. Krebs, A. Lemaitre, B. Urbaszek, X. Marie, T.
Amand, and P. Voisin, Phys. Rev. Lett. 94, 147401 (2005).

20M, Ediger, P. A. Dalgarno, J. M. Smith, B. D. Gerardot, K. Karrai, P. M.
Petroff, and R. J. Warburton, Appl. Phys. Lett. 86, 211909 (2005).

27p, A. Dalgarno, J. M. Smith, J. McFarlane, B. D. Gerardot, K. Karrai, A.
Badolato, P. M. Petroff, and R. J. Warburton, Phys. Rev. B 77, 245311
(2008).


http://dx.doi.org/10.1038/nature10122
http://dx.doi.org/10.1038/451664a
http://dx.doi.org/10.1126/science.1116955
http://dx.doi.org/10.1126/science.1148092
http://dx.doi.org/10.1038/nature10290
http://dx.doi.org/10.1038/nphoton.2007.46
http://dx.doi.org/10.1126/science.1126074
http://dx.doi.org/10.1038/nature07530
http://dx.doi.org/10.1080/00018732.2010.505452
http://dx.doi.org/10.1038/nature06472
http://dx.doi.org/10.1126/science.1173684
http://dx.doi.org/10.1038/nphys2078
http://dx.doi.org/10.1038/nphoton.2011.237
http://dx.doi.org/10.1038/nphoton.2011.237
http://dx.doi.org/10.1103/PhysRevLett.73.2252
http://dx.doi.org/10.1038/35016030
http://dx.doi.org/10.1038/nature01939
http://dx.doi.org/10.1038/nphoton.2009.287
http://dx.doi.org/10.1063/1.3086461
http://dx.doi.org/10.1038/nphoton.2010.124
http://dx.doi.org/10.1038/nphys1863
http://dx.doi.org/10.1038/nphys1863
http://dx.doi.org/10.1038/nphoton.2009.230
http://dx.doi.org/10.1117/1.3068652
http://dx.doi.org/10.1103/PhysRevB.56.6764
http://dx.doi.org/10.1103/PhysRevB.72.195339
http://dx.doi.org/10.1103/PhysRevLett.94.147401
http://dx.doi.org/10.1063/1.1937996
http://dx.doi.org/10.1103/PhysRevB.77.245311

043112-7 Prechtel et al.

27 M. Smith, P. A. Dalgarno, R. J. Warburton, A. O. Govorov, K. Kar-
rai, B. D. Gerardot, and P. M. Petroff, Phys. Rev. Lett. 94, 197402
(2005).

2. Kloeffel, P. A. Dalgarno, B. Urbaszek, B. D. Geradot, D. Brunner, P.
M. Petroff, D. Loss, and R. J. Warburton, Phys. Rev. Lett. 106, 046802
(2011).

30C.-M. Simon, T. Belhadj, B. Chatel, T. Amand, P. Renucci, A. Lemaitre,
O. Krebs, P. A. Dalgarno, R. J. Warburton, X. Marie, and B. Urbaszek,
Phys. Rev. Lett. 106, 166801 (2011).

J. Appl. Phys. 111, 043112 (2012)

3p_ AL Dalgarno, M. Ediger, B. D. Gerardot, J. M. Smith, S. Seidl, M. Kro-
ner, K. Karrai, P. M. Petroff, A. O. Govorov, and R. J. Warburton, Phys.
Rev. Lett. 100, 176801 (2008).

21 M. Smith, P. A. Dalgarno, B. Urbaszek, E. J. McGhee, G. S. Buller, G.
J. Nott, R. J. Warburton, J. M. Garcia, W. Schoenfeld, and P. M. Petroff,
Appl. Phys. Lett. 82, 3761 (2003).

3B. Urbaszek, E. J. McGhee, J. M. Smith, R. J. Warburton, K. Karrai, B. D.
Gerardot, J. M. Garcia, and P. M. Petroff, Physica E (Amsterdam) 17, 35
(2003).


http://dx.doi.org/10.1103/PhysRevLett.94.197402
http://dx.doi.org/10.1103/PhysRevLett.106.046802
http://dx.doi.org/10.1103/PhysRevLett.106.166801
http://dx.doi.org/10.1103/PhysRevLett.100.176801
http://dx.doi.org/10.1103/PhysRevLett.100.176801
http://dx.doi.org/10.1063/1.1577830
http://dx.doi.org/10.1016/S1386-9477(02)00726-9

