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Electric field tuning of single InAs quantum dots (QDs) provides an important tool for physics experi-
ments and for the development of scalable and in situ–tunable devices. Control of a single QD with either
a growth direction or an in-plane electric field is well established, but a device that can apply the two-
dimensional (2D) vector electric fields necessary to simultaneously and independently tune more than
one parameter has not yet been demonstrated. We use COMSOL MULTIPHYSICS simulations to illustrate
the device-design challenges in applying a uniform 2D electric field in a GaAs solid-state system and
to systematically explore the effects of electrode coverage, mesa size, and doping on the device perfor-
mance. We develop and present a design that can apply 2D electric fields to a single QD while remaining
compatible with optical experiments. We then fabricate and characterize a proof-of-concept device that
validates the design presented here. We discuss the applications for this device and the potential for full
2D-electric-field control of a single QD or a quantum-dot molecule.
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I. INTRODUCTION

InAs quantum dots (QDs) and quantum-dot molecules
(QDMs) grown in GaAs heterostructures by molecular
beam epitaxy (MBE) have excellent optical properties and
have long been of interest for incorporation into quantum
optoelectronic devices for applications such as single-
photon generation [1–3], spin-photon coupling [4–6], and
spin manipulation [7,8]. A scalable platform for quan-
tum optics or quantum computing requires a large number
of identical quantum emitters, spin units, and so forth.
However, the random nucleation of the Stranski-Krastanov
MBE growth process typically leads to QDs and QDMs
with different sizes, shapes, and geometries [9–11]. Exter-
nal electric fields are commonly used to fine-tune the
optical properties of a QD to overcome these variations
and to control the charge occupancy of the QD. Specif-
ically, a QD is usually charged with electrons or holes
by embedding the QD in a vertical (growth direction)
diode structure and applying a vertical electric field that
tunes the QD energy levels relative to the Fermi level
set by the doping [7,12]. This same vertical electric field
is often used to tune the QD emission wavelength via
the Stark shift or, for QDMs, via indirect optical transi-
tions [13–16]. Lateral electric fields have also been used
to fine-tune the emission energies, fine-structure splittings
[17–19], and spin lifetime [20], but these lateral fields have
been applied in the absence of growth-direction (vertical)
fields and have typically relied on either neutral excitons or
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spontaneous optical charging of the QDs. Simultaneously
applying both vertical and lateral electric fields to create a
two-dimensional (2D) electric field profile in the vicinity
of a single QD could achieve simultaneous control over
charging, emission wavelength, and fine-structure split-
ting. Moreover, such a 2D electric field profile could be
used to controllably induce spin properties for qubit appli-
cations. Hole spin mixing in QDMs, for example, offers a
unique opportunity to execute coherent spin rotations with-
out transverse magnetic fields, which eliminates problems
with spin precession that inhibit nondestructive readout
[11,21,22]. Two-dimensional vector electric fields are an
important tool for controllably inducing and modulating
such hole spin mixing [23].

In this paper, we describe the design, simulation, fab-
rication, and characterization of a three-electrode device
that applies 2D electric fields to a single InAs QD. We first
present a device design that achieves the desired electric
field profiles while also achieving the device specifications
needed for optical interactions. We then systematically
analyze several device parameters, describe their poten-
tial impact on the generation of 2D electric field profiles,
and show that a model that accounts for depletion and
band bending is required. This analysis justifies the design
choices made. We then describe the device-fabrication
process and characterize a proof-of-concept device using
microphotoluminescence. We demonstrate that this proof-
of-concept device achieves the desired 2D-electric-
field profiles by comparing microphotoluminescence bias
maps of single-QD emission as a function of various
applied-voltage configurations with the 2D field profiles

2331-7019/20/13(6)/064029(9) 064029-1 © 2020 American Physical Society

https://orcid.org/0000-0002-4149-5156
https://orcid.org/0000-0002-6378-7221
https://orcid.org/0000-0001-7999-3567
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevApplied.13.064029&domain=pdf&date_stamp=2020-06-12
http://dx.doi.org/10.1103/PhysRevApplied.13.064029


MA, WANG, ZIDE, and DOTY PHYS. REV. APPLIED 13, 064029 (2020)

computed by COMSOL MULTIPHYSICS simulations. We con-
clude with a discussion of potential device improvements
and follow-up experiments.

II. DEVICE DESIGN AND SIMULATION

The major challenge in designing a device that can apply
2D electric fields to single QDs is accommodating the ran-
dom nucleation sites that are typical of MBE-grown InAs
QDs. To do so, the device should (i) contain multiple opti-
cal apertures that can be used to locate and characterize
single QDs, (ii) apply semiuniform electric fields around
the QD location; (ii) generate electric fields with control
over both the direction and the magnitude so that the effects
of applied voltages can be fully understood from optical
measurements; and (iv) be easily fabricated with a high
yield. These are the criteria that guide our device-design
discussion.

The design of the three-electrode device with one opti-
mal set of parameters is shown in Fig. 1(a). The individual
active part of our device consists of three electrodes pat-
terned around a GaAs mesa with an intrinsic doping level
less than 1 × 1015 cm−3. The mesa has a trapezoidal shape
with a 550-nm-wide bottom, and the sidewalls have a slope
of 15◦. The InAs QDs are embedded 50 nm above the
bottom of the GaAs mesa. Two lateral electrodes are pat-
terned on the side of the mesa, with a sidewall coverage
slightly above the height of the QDs. The top electrode has
a 250 × 250 nm2 wide aperture, allowing optical access
to the QD from the top of the wafer. The aperture size
is chosen to be around one wavelength of light for effi-
cient optical coupling. There is a 15-nm semitransparent
Ti layer under the optical aperture to guarantee a uniform
electric potential on the mesa top surface. This individ-
ual unit can be fabricated repeatedly across the entire QD
wafer to increase the chances of finding one functional QD.

In devices with only a vertical p-i-n junction or only a
pair of lateral electrodes, the electric field can be inferred

accurately through a one-dimensional band diagram. In
contrast, the 2D electric field profile of a multielectrode
structure can have a very complicated dependence on the
bias voltages applied to each electrode. We calculate the
electric field of the three-electrode device using COMSOL
MULTIPHYSICS simulations with the semiconductor model.
The details of the simulation model are similar to those
presented by Mohiyaddin et al. [24]. For nonpolar semi-
conductors such as GaAs, we use 0.8 V as the Schottky
barrier height for the Ti/Au metal contact [25,26]. We
know that the Fermi level will approach the defect level
at low temperature, which is calculated through the intrin-
sic doping concentration. We keep the voltage between +1
and −1 V so that the field is relatively small and consis-
tent across all of our discussions. Figures 1(b)–1(d) show
the electric field profile generated under a vertical bias
[Fig. 1(b)], a lateral bias [Fig. 1(c)], and an asymmetric
bias [Fig. 1(d)]. In each case the voltage computationally
applied to each electrode is indicated. As these figures
show, the device is capable of generating a semiuniform
vertical [Fig. 1(b)] and lateral [Fig. 1(c)] electric field near
the QD region. Moreover, it can generate a 45◦ electric
field with a set of carefully selected voltages, as shown in
Fig. 1(d). These types of electric field can be used to apply
an on-demand 2D electric field to a single QD.

Next, we briefly discuss the influence of the background
doping level, mesa size, and lateral-electrode sidewall cov-
erage on the device performance. We analyze the effects
of these parameters on both fabrication feasibility and the
ability to apply large and tunable vector electric fields.
This analysis supports the design choices reported in
Fig. 1.

A. Background doping

GaAs grown by MBE typically has some level of back-
ground p-type doping that inevitably affects the width
of the depletion layer in the device. Figure 2 shows the

(a) (b) (c) (d)

FIG. 1. (a) Optimal device geometry and (b)–(d) its electric field profile with various applied-voltage configurations. The vertical
and horizontal scale bars (white) at the lower left of each panel are both 100 nm. The colored contour map shows the field potentials
in volts. The electric field lines are included to indicate the direction of the electric field. The electric field values are referenced to
the vacuum, which is taken to be at 0 V. The combination of the applied voltages (e.g., −1, 0, and 1 V), the band gap, and the work
function results in calculated electric field values of approximately −4 to −6 V, which sets the range for the color-bar scales we use.
This representation is used in all subsequent figures depicting the spatial variation of field potentials. The text inset in each panel
indicates the average lateral (x) and vertical (z) electric field over the region in the center of each mesa at the height of the QD layer
(red boxes). (b) A vertical bias that generates a uniform growth-direction electric field. (c) A lateral bias that generates a semiuniform
in-plane electric field. (d) A 45◦-field profile generated with custom voltages on three electrodes.
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(a)

(c)

(b)

FIG. 2. Electric field profiles of the QD region (red box) under
a constant lateral bias for various intrinsic doping levels. (a)
A uniform lateral electric field is obtained with 1 × 1015 cm−3

intrinsic doping. (b) A diagonal electric field is obtained under
the same lateral bias when the intrinsic doping is increased
to 1 × 1016 cm−3. (c) A very weak electric field forms at the
center of the mesa when the intrinsic doping is increased to
5 × 1016 cm−3. The field lines in the middle of the device with
high doping do not bunch or cross. Rather, the very small and
relatively uniform electric potential in the middle of the device
leads to electric field lines that are so closely spaced that they
cannot be distinguished on the scale of this figure.

effect of intrinsic doping on the magnitude and direc-
tion of the electric field. As the background doping level
increases from 1 × 1015 cm−3 [Fig. 2(a)] to 1 × 1016 cm−3

[Fig. 2(b)], the electric field profile under a lateral bias
changes from a semiuniform lateral electric field to a
diagonal electric field. When we further increase the back-
ground doping to 5 × 1016 cm−3 [Fig. 2(c)], the electric
field magnitude drops by more than a factor of 10. Com-
pared with all the other parameters, the background doping
has the most-significant impact on the ability of the device
to apply large and directional 2D electric fields.

B. Lateral electrode coverage

Figure 3 shows the electric field profile for different
lateral-electrode configurations. All other device param-
eters are kept the same as for the optimal device model
shown in Fig. 1. When the lateral electrodes end 50 nm
from the bottom of the mesa, as shown in Fig. 3(a), the
electric field uniformity and magnitude decrease. Conse-
quently, an antisymmetric bias between the lateral elec-
trodes (e.g., +1 and −1 V as depicted) does not generate
a uniform lateral electric field near the QD region. This
somewhat surprising result occurs because of different
band bending at the two metal-semiconductor interfaces
subjected to opposite voltages (+1 and −1 V). Figures 3(b)

(a) (b)

(c)

FIG. 3. Electric field profiles of the QD region (red box) under
various biases and lateral-electrode geometries. (a) A diagonal
electric field profile results when lateral electrodes are deposited
50 nm from the bottom edge of the mesa. (b),(c) Uniform elec-
tric field profiles under a vertical bias (b) and a lateral bias (c)
can be achieved with lateral electrodes covering half of the mesa
sidewall.

and 3(c) consider the opposite condition—sidewall cover-
age that is much larger than that depicted and simulated
in Fig. 1. Specifically, Figs. 3(b) and 3(c) show the elec-
tric field profile under a vertical [Fig. 3(b)] and a lateral
[Fig. 3(c)] bias when we increase the lateral-electrode
sidewall coverage to 150 nm. The electric fields gener-
ated by these biases are uniform and the direction control
is straightforward. However, fabricating such a geometry
with high yield across the entire wafer can be extremely
challenging. The optimal sidewall coverage depicted and
simulated in Fig. 1 offers an acceptable balance between
performance and fabrication yield.

C. Mesa width

Figure 4 shows the effect of the mesa width on the mag-
nitude and uniformity of the lateral electric field. Three
examples with different width at the bottom of the mesa
are shown; all other parameters are the same as the opti-
mal parameters described above. When the mesa is as wide
as 800 nm [Fig. 4(a)], we see a nearly 40% drop in the
total magnitude of the electric field compared with the
optimal case [Fig. 4(b)], and a significant increase in the
vertical component of the electric field. When the mesa
width is reduced to 300 nm [Fig. 4(c)], we see a significant
reduction in the vertical fringe field and a 100% increase
in the lateral electric field component, both of which are
desirable. However, besides the significant challenges of
fabricating such narrow mesas, such a device geometry
also requires the size of the optical aperture at the top of
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(a)

(c)

(b)

FIG. 4. Electric field profiles of the QD region (red box) under
a constant lateral bias with various mesa sizes. (a) An 800-nm
mesa yields a diagonal field profile under a lateral bias. (b) A
550-nm mesa yields a semiuniform lateral electric field profile
with a 10% vertical component. (c) A 300-nm mesa yields a uni-
form lateral field profile, but reduced vertical outcoupling of light
in the 1-μm region.

the device to be decreased below one wavelength (typ-
ically on the order of 1 μm for InAs QDs), which can
significantly decrease the optical-coupling efficiency. The
550-nm mesa width used in our device design offers a com-
promise between the best electric field configuration and
the fabrication and optical-performance requirements.

III. DEVICE FABRICATION

We grow our QDs using MBE on an intrinsic GaAs(001)
substrate. We first grow 500-nm unintentionally doped
GaAs on top of the substrate. We then deposit approx-
imately 1.7 monolayers of InAs for QD nucleation and
truncate the height of the dots with a 2.7-nm GaAs par-
tial cap and subsequent flush of the exposed In at elevated
temperature. We then grow 280-nm unintentionally doped
GaAs on top of the QD. We stop the substrate rotation
briefly during QD growth to form a QD density gradient,
allowing us to locate a region of the wafer with rela-
tively low QD density such that, on average, only one
to three QDs lie within each device. We perform Hall-
effect measurements to determine that the unintentionally
doped GaAs is slightly p type with a bulk carrier con-
centration of 5 × 1016 cm−3. This background doping is
far from the optimal level of 1 × 1015 cm−3 to gener-
ate large 2D electric fields, as discussed in Sec. II, but
still allows us to accomplish the objective of building
a proof-of-concept device that demonstrates the desired
two-dimensional-electric-field behavior.

(a)

(e) (c) (d)

(b)

FIG. 5. Device layout viewed at different magnifications. (a)
Two chips can be fabricated on a 1 × 1 cm2 die. (b)–(d) Layout
for one chip with (c) [100]-direction lateral electrodes and (d)
[010]-direction lateral electrodes. (e) Active area of the device.
The aperture size is later adjusted during the fabrication.

The device layout is presented in Fig. 5. As shown
in Fig. 5(a), each 1 × 1 cm2 die has two 3 × 5 mm2

blocks. Each block consists of four segments. Each seg-
ment contains 45 individual three-electrode-device units
as shown in Figs. 5(c)–5(e). Two segments in each block
are designed to apply lateral electric fields along the
[100] direction; the other two blocks apply lateral elec-
tric fields along the [010] direction. Figure 5(b) provides
an expanded view of the top-two segments of the left
block. The two orthogonal lateral-electrode configurations
are shown in Figs. 5(c) and 5(d). In all cases the top elec-
trode used to apply vertical electric fields (red) sits on top
of the mesa (see Fig. 1) and is continuous as it threads
through the entire segment and connects to the large bond-
ing pads (black). The lateral electrodes (green and purple)
are patterned around the mesa and connected to the large
green bonding pads so that the 45 devices in each segment
are connected in parallel. The purple areas distinguish the
portions of the lateral electrode deposited in a separate fab-
rication step so as to obtain the desired precision in the
electrode location and sidewall coverage, as illustrated in
Fig. 5(e). An optical aperture [black square in Fig. 5(e)]
can be fabricated on the top electrode for out-of-plane
optical access. The size of the patterns used for lithogra-
phy are varied on the basis of the fabrication conditions
(e.g., desired undercut) so that the device dimensions after
fabrication match the design and simulation results.

We use electron-beam lithography to fabricate the
device because the fabrication requires a layer-to-layer
alignment error smaller than 10 nm. Figure 6 shows
the key fabrication steps for this device. We first fab-
ricate the top electrode (20-nm Ti plus 100-nm Au)
using a lift-off process with a PMMA/MMA [poly(methyl
methacrylate)/methyl methyacrylate] bilayer resist and
electron-beam metal deposition. We then pattern the

064029-4



THREE-ELECTRODE DEVICE... PHYS. REV. APPLIED 13, 064029 (2020)

FIG. 6. Key fabrication steps. Top left: Top-electrode metal deposition with bilayer resist. Top right: Optical-aperture etching with
ion milling. Bottom left: Mesa etching with ICP. Bottom right: Lateral electrode deposition with angle calculated from SEM pictures.
CSAR, our electron beam lithography resist; LOR, lift-off resist; MMA, methyl methacrylate.

aperture on the top electrode and use ion milling to etch
away the Au. The ion-milling-etching recipe has high
selectivity between Au and Ti so that the etch can stop
at the Ti layer without damaging the underlying GaAs.
The 20-nm Ti is semitransparent in the near-infrared (NIR)
wavelength range, which allows optical characterization
from the top. We then etch the mesa by BCl3 inductively-
coupled-plasma (ICP) etching, creating the trapezoidal
mesa shape with the angled sidewalls. The angle of the
sidewall is engineered by our balancing the chemical etch-
ing and the physical bombardment during the ICP etching.
To fabricate the lateral electrodes, we use a bilayer resist,
angled electron-beam metal deposition, and a final lift-off
process. To guarantee that the lateral electrodes cover the
mesa sidewalls, we first characterize the resist geometry
using SEM, and then calculate the appropriate metal-
deposition angle. The result is a 50-nm-high sidewall
coverage that brings the metal up the mesa sidewall to just
above the QD layer. To maximize our chances of observ-
ing a single QD in an aperture, we fabricate 180 individual
apertures on a 5 × 3 mm2 die, each one identical to the
structure shown in Fig. 5(e). These electrodes are con-
nected to 500 × 500 μm2 bonding pads for wire bonding.

IV. DEVICE CHARACTERIZATION

A. Microphotoluminescence

We mount the sample in an ARS-DMX20 cryostat to
study its photoluminescence (PL) at 8 K. We use a light-
emitting-diode light to locate each aperture and a 5-μW
780-nm cw laser to excite the quantum dots. We focus
the laser light with a NIR objective with a spot size close
to the diffraction limit so that we will only excite QDs
from a single aperture. We collect the PL through two
OD5 900-nm long-pass filters and measure the energy of

the emitted photons with a NIR spectrometer equipped
with a liquid-nitrogen-cooled CCD. We use a Keithley
2230 multichannel voltage source to apply voltages to the
device.

We first survey all the apertures to find the ones that
contain a single QD, and then apply voltages for detailed
studies of the selected apertures. Figure 7 shows the PL-
intensity graphs from four different apertures (QDs) under
different electric field conditions. In every case we verify
that the device current (leakage current) remains below 500
μA throughout the range of voltages applied during the
PL measurement. This upper bound on the leakage current
confirms that there are no shorts between the three elec-
trodes. We choose the value of 500 μA as an upper bound
because it is close to our current detection limit. For all
data presented in the left column, we ground the two lat-
eral electrodes and apply the voltage V to the top electrode.
We name this bias configuration “the vertical bias.” Under
these conditions, we observe asymmetric charging in the
PL map for all four QDs presented here. We assign the
charge states on the basis of excitation-power dependence
and literature reports of the typical energy shifts between
various charge configurations [12,13,27]. For example, in
QD a, the positively charged state (X +) with energy 1317.8
meV becomes visible at −0.3 V, as indicated by the dashed
line. The neutral exciton state (X ) with energy of 1314.3
meV and the neutral biexciton state (XX ) with energy
of 1313.1 meV disappear at the same voltage. Although
the neutral exciton states disappear when we apply a suf-
ficiently large positive voltage to the top electrode, we
do not see a negatively charged state appear. We there-
fore attribute the loss of signal from the neutral exciton
states to electric fields that allow at least one carrier to
escape the QD before recombination. We observe similar
PL features in QD b, QD c, and QD d. The precise energy

064029-5



MA, WANG, ZIDE, and DOTY PHYS. REV. APPLIED 13, 064029 (2020)

FIG. 7. Microphotoluminescence of four different QDs from
four different apertures on the three-electrode device. The left
panel shows the PL-intensity map under a vertical bias, and the
right panel shows the PL-intensity map under a lateral bias. The
x axis represents the applied voltage V in each case, and the y
axis represents the PL energy observed from each aperture.

differences between the neutral exciton state and the pos-
itively charged state vary between different dots. This is
common in MBE-grown InAs QDs and is likely due to the
different electron-hole interaction strengths that result from
variations in QD size and composition.

For the data presented in the right column, we apply
equal and opposite voltages to the two lateral electrodes
while grounding the top electrode. We name this bias

configuration “the lateral bias.” We apply the same mag-
nitude of voltages as for the vertical bias. In this case, we
observe charging in each QD exactly analogous to what
is observed in the left column for the vertical-bias condi-
tion, but with different symmetry. For example, in QD a
the positively charged exciton emerges symmetrically at
both positive and negative lateral biases (V = 0.6 V and
V = −0.6 V). The same symmetric charging PL map can
be seen in QD b and QD c. This symmetric charging pat-
tern is representative of the majority of the apertures that
we survey and is different from the asymmetric charging
pattern observed for all apertures under a vertical bias.
Very occasionally, we observe an asymmetric charging
pattern under a lateral bias, as shown in QD d. The faint
charged line around 1298.5 meV shows up only on one
side of the lateral-bias PL map, in contrast to the symmet-
ric charging pattern observed in QD a, QD b, and QD c.
In the next section we explain how these charging patterns
arise from and validate the existence of 2D vector electric
fields.

B. COMSOL MULTIPHYSICS simulation

The charging pattern under the vertical or lateral bias
can be explained through the electric field profile presented
in Fig. 8. We consider first the vertical-bias condition.
Figures 8(a) and 8(b) show the electric potential of the
three-electrode device when we apply a vertical bias. As
shown in Fig. 8(a), when we apply −1 V to the top elec-
trode, the bias forms a large potential gradient near the
two lateral electrodes, while the rest of the mesa’s poten-
tial remains relatively flat. As shown in Fig. 8(b), when
we apply +1 V to the top electrode, the bias forms a large
potential gradient near the top of the mesa. The experi-
mental data show that charging happens only when we
apply a negative voltage to the top electrode, indicating
that holes are electrically injected into the QDs by the
lateral electric fields formed on both sides of the mesa.
Wavelength-dependent PL (see Fig. 9 in the Appendix)
also confirms the possibility of a hole reservoir forming
near the wetting layer. We do not observe hole charg-
ing when we apply a positive voltage to the top electrode
because the lateral electric field is small. For QDs near the
center of the mesa, holes can be injected through the large
potential gradient near the positive lateral electrodes when
the top voltage is negative, thus resulting in the observed
asymmetric charging patterns in the left hand column in
Fig. 7.

We now consider what happens under lateral-bias con-
ditions. The colored surface maps in Figs. 8(c) and 8(d)
show the electric potential when we apply lateral biases.
We can see that large potential gradients can be formed
near the electrode with the positive bias, and the electric
field remains flat near the electrode with negative volt-
age. For QDs near the center of the mesa, holes can be
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(a) (b)

(c) (d)

FIG. 8. Charging predictions from COMSOL MULTIPHYSICS
simulations. The simulations show the electric field direction
(lines) and electric field potential (color) under (a),(b) vertical-
bias and (c),(d) lateral-bias conditions. Arrows indicate the
possible charging processes in each case.

injected through the large potential gradient near the pos-
itive lateral electrode, regardless of which side it is on.
Consequently, we observe symmetric charging patterns in
the right-hand maps in Figs. 7(a)–7(c). We believe that the
asymmetric charging pattern observed in Fig. 7(d) results
when the QD is located relatively close to one electrode,
resulting in charging only when that nearby electrode
is positive. Taken together, the microphotoluminescence
data presented in Fig. 7, specifically the different charging
patterns observed for vertical-bias and lateral-bias condi-
tions, demonstrate that our device creates both vertical and
lateral electric fields.

V. DISCUSSION

Throughout our device design, we follow the princi-
ple that the device should be easy to operate, meaning
that a vertical bias should generate only vertical electric
fields, and vice versa. It is entirely possible that the optimal
device does not have to follow this principle and could be
operated with preprogrammed voltage configurations that
are neither intuitive nor simple. Such a design approach
will, however, require significantly more simulation time
to systematically explore all possible voltage combinations
and their corresponding electric field profiles. We also
note that the COMSOL MULTIPHYSICS simulations, which
are consistent with the experimental data, indicate that this
device has generated a 2D electric field. Another clear
indication of the 2D electric field control would be the
observation of a Stark shift from both the vertical and lat-
eral electric fields. Although we observe a Stark shift of
around 200 μeV at high voltages, as indicated in Fig. 7(d),
the overall magnitude is very small. This indicates that the
magnitude of the electric field at the QD is small. This is
a direct consequence of the high p-type-defect density in
the intrinsic GaAs of the material used for these particu-
lar devices. This high doping level increases the depletion

(a)

(b)

FIG. 9. Excitation-wavelength dependence of PL from a sin-
gle QD. The same wavelength threshold for QD PL is found in
measurements with excitation powers of (a) 5 μW and (b) 50
μW. The insets indicate the excitation wavelength used for each
trace. Each trace is offset along the y axis for clarity.

width and reduces the band bending near the Schottky
contact. Future device iterations can seek to lower this
background doping level and/or introduce a δ-doping layer
near the QDs to charge a single QD with an electron or a
hole.

VI. CONCLUSION

We report the design and fabrication of a three-electrode
device that can apply 2D electric fields to single QDs
embedded in an unintentionally doped GaAs matrix. We
characterize single QD PL under different bias configu-
rations and observe asymmetric charging patterns under
vertical biases and symmetric charging patterns under lat-
eral biases. Combining the experimental data with electric
field simulations, we deduce that these charging events
likely originate from electrically injected holes whose tun-
neling into the QDs is induced by lateral electric fields.
This device thus demonstrates an important step toward
the generation of devices that apply arbitrary 2D electric
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fields to single QDs or QDMs and, separately, demon-
strates deterministic charging of single QDs arising from
lateral electric field components.
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APPENDIX: WAVELENGTH-DEPENDENT PL

To further understand the charging behavior reported
in Fig. 7, we conduct wavelength-dependent PL mea-
surements of these QDs. The PL of QD c as a func-
tion of excitation wavelength is shown in Fig. 9. The
PL intensity begins to drop significantly when the exci-
tation wavelength increases from 820 to 830 nm and
reaches zero for excitation wavelengths longer than 830
nm. This excitation-wavelength threshold does not change
with different excitation powers, as compared in Figs. 9(a)
and 9(b).

The fact that the PL suddenly quenches when the exci-
tation wavelength increases from 820 to 830 nm indicates
a lack of carriers available for excitation when the laser
wavelength is longer than 830 nm. This wavelength cor-
responds to the energy of the p-type defects formed dur-
ing growth. These defects push the Fermi level close to
the valence-band edge, and large band bending can be
formed near the Schottky contact. At 8 K, holes in these
defects are likely to freeze or relax to the wetting-layer
valence band because their energy levels are close. We
suspect that holes trapped in the wetting layer are the reser-
voir for the electrically injected holes observed in the PL
spectra.
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