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ABSTRACT

Future quantum based electronic systems will demand robust and highly accurate on-demand sources of current. The ultimate limit of quan-
tized current sources is a highly controllable device that manipulates individual electrons. We present a GaAs single-electron pump, where
electrons are pumped through a one-dimensional split-gate saddle point confinement potential, which show quantized plateaus with length
and width that can be independently tuned with the application of a source-drain bias and RF amplitude. The plateaus can be over two
orders of magnitude longer than conventional pumps, and flatness improves with the application of a source-drain bias.

VC 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0067428

Single-electron pumps allow for the on-demand supply of elec-
trons with a high degree of precision. The pumps are promising
building-blocks for solid-state quantum computation based on elec-
tron-quantum-optic devices,1–3 where the pump is used as a controlla-
ble electron source incident on electrostatic barriers. They are also a
leading contender for the calibration of the SI unit, Ampère, based on
its redefinition in terms of the fundamental charge of the electron, e.4

Initially, electron-counting devices were based on resonant
tunneling through a quantum dot (QD).5–7 Later, surface acoustic
waves on gallium arsenide (GaAs) were used to move single electrons
over a barrier.8,9 To pump at higher frequencies, non-adiabatic
dynamic QD pumps were developed, which operated like a quantum
charged coupled device (CCD).10 An oscillating voltage is applied to a
gate such that the QD forms, trapping electrons at the Fermi level and
pushing them over a barrier each cycle. A simple two gated CCD has
widely been adopted as the mechanism for producing high-accuracy
single-electron current.11,12 Further improvements have been found at
lower temperatures and in high magnetic fields13 and are also being
studied in silicon.14,15 Comprehensive reviews are given by Giblin
et al. and B€auerle et al.16,17 with errors associated with back-tunneling
discussed by Kashcheyevs and Kaestner.18,19

In this Letter, we present a pump that has a split-gate with a sad-
dle point potential as the exit gate, rather than a more conventional
finger gate. In the absence of a magnetic field, we can induce quantized

current in such pumps by increasing the source-drain bias voltage.
The induced current is extremely stable with respect to the exit gate
voltage. With the plateau length defined in terms of fitting parameters
to the universal decay cascade model (UDC),18,19 the plateaus can be
over two orders of magnitude longer than those of conventional
pumps and turnstiles. Control of the source-drain bias (Vbias) and RF
amplitude (ARF) allows for the plateau’s length, width, and minimum
slope to be tuned independently. This will enable experimenters that
would otherwise not be able to see pumping in their preferred parame-
ter space to tune into a quantized pumping regime by changing one of
these additional parameters. Additionally, the independent tuning
may lead to a better understanding of the physical mechanism and
improved modeling of the full design range of single-electron pumps.

The measurement circuit and device are shown in Fig. 1. The
device was fabricated on MBE grown high mobility GaAs/AlxGa1�xAs
Si-doped 2DEG wafers with the 2DEG 90nm below the surface
(10 nm GaAs cap, 40 nm Si-doped GaAs/AlxGa1�xAs, 40 nm
GaAs/AlxGa1�xAs spacer, and GaAs substrate)carrier density n ¼ 1:9
�1011 cm�2, mobility l ¼ 1:014� 106 cm2/V s). The 2DEG channel
pattern was defined using electron-beam lithography (EBL) and
etched to a depth of 40 nm using wet chemistry. The gates were
defined using EBL and deposited with 120nm of Ti/Au in a thermal
evaporator. The devices were loaded into a dilution fridge with a base
temperature of 7 mk. Outside the fridge, current was measured using a
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Keithley 6430 source measure unit (SMU), which was connected to
the drain side of the pump. A NI2969 cDAQ provided the voltages
that were applied to the gates. The RF source was a HP E4400B. The
effects have been observed in two devices with similar device structure
and fabrication but only data from one device are presented to focus
on the parameter dependence of the device. More details of the setup
are given in the supplementary material.

Measuring current vs VExit and VEnt, we create a 2D color-map
“pumpmap” from which we investigate the effects of the control param-
eters. All data are taken at T¼ 45 mK with no magnetic field (B¼ 0 T)
and frequency¼ 180MHz, except where stated otherwise. Data in Fig. 2
have ARF¼ 220mV. Figure 2(a) shows derivative pumpmaps, dI/dVExit,
at different Vbias. The plateaus are enclosed by onset, ejection, and cap-
ture lines, all of which mark the transition from no pumped current to
quantized pumping. In the thermal regime, the first onset line marks
the transition where a QD, of size determined by the gate voltages inter-
secting the onset line, forms at the Fermi level. The ejection lines mark
where VEnt is negative enough to push the electron over the split-gate
potential. Only the ejection line that corresponds to the first plateau in
each pumpmap is shown. Apart from a small slope, likely due to cross-
talk between the gates, the ejection lines are independent of VExit. The
capture line marks where VEnt is set such that the dot forms at the
Fermi level. The first plateau has a plateau width (purple arrow)
between the capture and ejection lines and a plateau length (red arrow)
between the onset lines of the first and second plateaus.

At Vbias¼ 60mV, the plateau length is �0.11V. As the pump is
forward biased (Vbias is made more positive), the onset lines become
more curved and the plateaus lengthen, while the plateau widths
remain fixed. The pumpmap at Vbias¼ 120mV shows a markedly
increased plateau length of�0.60V.

This new dependence on Vbias makes it the only in situ parameter
for controlling the length of a plateau at fixed VEnt, other than

applying a high magnetic field. The physical mechanisms that govern
the changes in the pumpmaps due to the changes in applied gate vol-
tages, source-drain bias, RF amplitude, and magnetic fields are still not
well understood in the community, but the empirical improvement
observed when applying a high magnetic field makes it the standard
operating regime for metrological studies. In split-gate pumps, the
empirical improvement with Vbias can hopefully be utilized as well.

Figure 2(b) shows the minimum slope of the first plateau from
the pumpmaps at different Vbias. To look at the flatness in low resolu-
tion data, usually a “fingerprint” of flatness is used, based on fits to the
UDC model. This method is not applicable to our data as it assumes
the curvature parameter in the fit to be the same for different plateaus.
Instead, we measured the slope directly by applying a numerical deriv-
ative to the data. As Vbias increases, the minimum slope decreases
from 6:1� 10�4 ef/mV at Vbias¼�65mV to 3:3� 10�5 ef/mV at
Vbias¼ 95mV. Beyond this, the slope becomes comparable to the
noise of the data acquisition setup, and we cannot easily resolve a
slope. Measurement for metrology needs to be done empirically, as fits
do not necessarily capture all the error mechanisms in the pumping
process, and currently, there is no theoretical framework that describes
all the error mechanisms and provides a good fit to the data. Many
pumps at these low frequencies are already ideally flat to within the
measurement capabilities of metrology laboratories but only in a large
magnetic field. At the higher frequencies that are of interest to metrol-
ogy, the slope becomes less flat. Our split-gate pumps show that flat-
ness can be improved by applying a source-drain bias.

Figure 2(c) shows a derivative pumpmap, dI/dVExit against VExit

and Vbias. When Vbias is increased, the plateaus shift to more negative
VExit and the plateau length increases sharply. This means that at a
given VExit, quantized pumping can be induced by increasing Vbias,
and very long quantized plateaus can be generated. The long plateaus
offer the experimenter fine control of ejection energies, as they only

FIG. 1. Schematic of the experimental setup showing external equipment and connections to the device in the dilution fridge. A digital to analogue converter (DAC) supplies a
DC voltage through gate filters (GF1 and GF2), and an RF source supplies an oscillating voltage via a coaxial line (red). A false-color scanning electron microscope (SEM)
image of the device shows a 2 lm wide 2DEG channel (yellow), formed by etching away the substrate around the channel, and the Ti/Au entrance and exit gates (red and
green). When voltages are applied to the gates, they form an electrostatic QD (purple). The RF voltage added to the entrance gate pumps electrons to the right.
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change slightly with voltage applied to the exit split-gate. The potential
energy at the 2DEG due to the exit gate voltage can be approximated
from the contour line where the Ohmic current starts. The lever arm, a,
which maps the applied gate voltage to a potential energy by E ¼ a� V
þoffset, is not constant in our device. As Vbias becomes more negative, a
becomes very small [slope of the dashed white line in Fig. 2(b)].

Pumping with VExit¼�4V would have a corresponding peak
barrier energy of 160meV [on the white dashed line in Fig. 2(b)]. The
energy of the pumped electrons is assumed to be near the peak energy
of the barrier.1 The 160meV is comparable to the measured ejection
energy in the literature of �150meV1 for a finger gate pump at VExit

��0.5 V with Vbias �10mV. Our pump requires a much larger Vbias

than what is usually applied to the finger gate pump, but the energies
appear to be stable in Vexit once Vbias is large enough. There is a diffi-
culty in using Vbias to calibrate the energy of a gate defined potential
when the gate potential is dependent on Vbias, and ideally a device with
a second barrier could be used to measure the ejection energies directly.

In finding a physical mechanism for the source-drain dependence,
we examine previous literature on QPC gate potentials under source-
drain bias, which shows that the bias has a direct influence on the effec-
tive gate potentials and tunnel current.20,21 We invoke a model detailed
by Gloos et al.,22 where a hard-wall potential with eigen energies given by

En wðxÞ½ � ¼ n2h2

8m�w2ðxÞ ; (1)

is used instead of a more conventional saddle-point approximation.
Here, h is Planck’s constant, m� ¼ 0:067me is the effective electron
mass in GaAs, the index n denotes the different 1D subbands, and
w(x) is the width of the constriction approximated by an inverted
Gaussian given by

wðxÞ ¼ w0 exp
x2

L2

� �
: (2)

Here, w0 is the minimum width of the unbiased constriction at a
fixed gate voltage and L defines its length. In the far pinched-off
regime, the applied source-drain bias changes the barrier energy as
seen by the electrons in the 2DEG. This change in electrostatic energy
is approximated by

EbiasðxÞ � �
eVbias

2
1þ tanh

5x
2L

� �� �
; (3)

which is added to the eigen energies given in Eq. (1).
Figure 2(d) shows the variation of the potential energy of the

QPC with Vbias¼ –100mV (blue), 0mV (yellow), and 100mV
(green). As the potential of the drain is lowered, the effective exit bar-
rier height is also lowered and the dot gets bigger. This induces
pumped current where otherwise the dot would be too small and
allows for pumping over a larger range of gate voltages. Gloos et al.22

indicate that this regime of transport is due to quantum tunneling

FIG. 2. (a) Pumpmaps, dI/dVExit, at different source-drain voltage biases. The dark blue regions show where there is no change in current. The number of pumped electrons
per cycle is shown in white. The first plateau is bordered by onset lines (gray) either side, a capture line (dashed yellow) below, and an ejection line (dashed green) above.
The black region is where the electrometer is out of range as Ohmic current dominates the pumped current. As Vbias is increased, the plateau length increases but the plateau
width remains constant. (b) Minimum slopes, dI/dVExit, of the linescans at VEnt¼�0.3 V for different Vbias. (c) Plot of dI/dVExit vs Vbias and VExit at VEnt¼�0.3 V. The dashed
white line is used for the lever arm term calculation. The lighter blue vertical line near Vbias¼ 0 mV appears to be a measurement artifact. The region near the gate pinch-off
(red rectangle) is shown in higher resolution on the right. Schematics in the corners are a guide showing the relative entrance and exit gate potentials (red and green) of a
cross section of a split-gate pump. (d) Electrostatic potential model of the source drain bias effect on split-gate potential.
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through the saddle-point potential and not thermal effects due to local
heating from the applied source-drain.

Figure 3(a) shows pumpmaps at different RF amplitudes with fixed
Vbias¼ 60mV. At ARF¼ 200mV, the plateau length is 420mV. As ARF

is increased, the position of the onset lines is unchanged, and the plateau
length at a given VEnt remains constant. However, as the first and sec-
ond onset lines have different curvatures, we can measure longer plateau
lengths at less negative VEnt. As ARF increases, the plateau width
increases linearly, pushing out the capture and ejection lines equally.
Plateau width¼ 3:5� ðARF � 125mVÞ. Although the plateau width is
larger than the applied RF amplitude, this is attributed to the cross cou-
pling of the gates. This linear dependence agrees with the literature on
conventional pumps.23 We do not observe a reduction in the minimum
slope as we did for increased Vbias, as the onset lines do not move.

Figure 3(b) shows line scans at different Vbias with ARF¼ 400mV
and VEnt¼�0.3V. Our investigation was restricted to a maximum
voltage applied to the split gate of �9.5V, but currently no upper lim-
ited has been determined for the length of plateau as a function of the
split-gate voltage. The plateau length in Fig. 3(b) as defined from the
UDC fit is 10.26V. Note that while the plateau extends beyond the left
of the plot, we can still use the fit from a partial section of the plateau
to determine its length. To do this, we fit the UDC double exponential
fitting equation

I ¼ ðef Þ
X
n

exp �exp ð�anðVExit þ dnÞÞ½ �; (4)

and extract the length.18 Here, an and dn are fitting parameters over n
plateaus. an (different to the lever term a discussed earlier) gives the

curvature of the rise from the n–1-th to the n-th plateau with a large
an being more step-function-like. dn are locations in VExit of the transi-
tion between plateaus n – 1 and n. The plateau length can be defined
as Lplateu�n ¼ dnþ1 � dn. Note that our use of an and dn differ slightly
from the parameters a and D used in the UDCmodel.

In our split-gate pumps, a change in ARF results in a change in
the plateau width without modifying the plateau length at a fixed VEnt.

A change in Vbias results in a change in the plateau length without
modifying the plateau width. Combining these two effects allows for
a level of control not seen before in conventional pumps. Figure 3(c)
is a derivative pumpmap, dI/dVbias vs Vbias and ARF, at fixed
VEnt¼�0.3V and VExit¼�1.2V. The pumpmap shows an unex-
pected structure at the boundary of non-pumping to pumping (red
dashed line). This structure is similar in shape to the boundary of non-
pumping to pumping in the ejection lines of a standard VExit and VEnt

pumpmap,10 suggesting that the Vbias and ARF have a similar effect on
the size of the QD at key points in the pumping cycle. The effect that
Vbias and ARF have on the potentials at the exit and entrance gates
may be equivalent to manipulating VExit and VEnt directly. The lighter
blue vertical line near Vbias¼ 0mV is a measurement artifact.

A simple design change to the gates defining the dynamic QD
allows single-electron pumps to be tuned by a source-drain bias. This
source-drain bias dependence, together with the RF amplitude depen-
dence, gives researchers in the fields of quantum information and
metrology two experimental parameters for maximizing the robust-
ness of single electron pumping in both gate voltages defining the QD.
The design changes are unobtrusive and still allow for the ability to
integrate our device into more complicated quantum based electronic

FIG. 3. (a) Pumpmaps dI/dVExit at different RF amplitudes. (b) Pump plateaus at different Vbias with ARF¼ 400mV and VEnt¼�0.3 V. (c) Derivative plot of current against
Vbias and RF amplitude.
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systems and more sophisticated high-accuracy measurement setups.
Initial results indicate a substantial improvement in the minimum
slope when increasing Vbias, which is measured on a standard non-
metrological grade measuring system. To improve in accuracy, these
pumps could be measured by metrological institutes incorporating
years of advancements in measuring techniques, coupled with highly
calibrated traceable instruments.24 By offering an additional control
parameter via the source-drain bias, these pumps can be tuned into
the desired quantized pumping level in the far pinched-off regime that
has been until now, previously inaccessible with conventional pumps.

See the supplementary material for details of the experimental
setup, plateau fitting, and lever arm term.
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