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Single-electron transport in a one-dimensional channel by high-frequency surface acoustic wave
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~Received 30 June 1997; revised manuscript received 29 August 1997!

We report a detailed experimental study of the quantized acoustoelectric current induced by a surface
acoustic wave in a one-dimensional channel defined in a GaAs-AlxGa12xAs heterostructure by a split gate. The
current measured as a function of the gate voltage demonstrates quantized plateaus in units ofI 5e f wheree
is the electron charge andf is the surface acoustic wave frequency, the effect first observed by Shiltonet al.
The quantization is due to trapping of electrons in the moving potential wells induced by the surface acoustic
wave, with the number of electrons in each well controlled by electron-electron repulsion. The experimental
results demonstrate that acoustic charge transport in a one-dimensional channel may be a viable means of
producing a standard of electrical current.@S0163-1829~97!01248-4#
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INTRODUCTION

Electron-electron interactions in submicrometer devi
have made it possible to control electric current at the sin
electron level. Devices based on Coulomb blockade of
tunneling have been proposed that are controlled by an
ternal radio frequency~RF! signal and deliver quantized cu
rent, in units ofI 5e f wheree is the electron charge andf is
the RF signal frequency.1–6 Many-junction electron pumps
exist that are now capable of transferring up to 108 electrons
without an error.6 This field has attracted great interest b
cause of possible applications to an accurate current stan
and other devices. Unfortunately the existing devices e
ploying Coulomb blockade of the tunneling operate at l
frequencies~a few megahertz! and therefore deliver low
quantized current, which limits their applications.

In this paper we describe an approach to the problem
single-electron transport that results in quantized current
the nanoamp range, nearly three orders of magnitude la
than the ‘‘conventional’’1–6 devices produce. We employ
surface acoustic wave~SAW! to drag current through a one
dimensional channel formed in a GaAs-AlxGa12xAs hetero-
structure. A SAW propagating on a piezoelectric substr
such as GaAs, is accompanied by a wave of electros
potential, which acts on electrons in the channel@a discus-
sion of SAW-2DEG~two-dimensional electron gas! interac-
tion can be found in Ref. 7#. SAW’s of sufficient amplitude
will transport the charge in the form of electron packets
siding in the potential minima that can be considered, fo
small (l,1 mm) SAW wavelength, as moving quantu
dots. The Coulomb interaction between electrons in o
packet will result in the appearance of band gaps in the
ergy spectrum of the dots. In our experiments the o
dimensional channel is defined by a split gate8 so that the
SAW transfers electrons between two 2DEG areas, so
and drain, separated by the channel. When the chann
pinched off, electrons are brought up the potential hill in t
SAW potential well, the number of electrons in each w
being determined by the SAW electric potential strength a
the shape of the potential hill. If the local potential minimu
moving up the potential hill at the ‘‘entrance’’ to the chann
is not sufficiently deep~on the scale of the Coulomb charg
560163-1829/97/56~23!/15180~5!/$10.00
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ing energy! to hold more than one electron, then the syst
will demonstrate single-electron transport per SAW cy
and deliver quantized currentI 5e f within some interval of
the relevant parameters. As the gate voltage is made
negative the SAW will be able to bring two electrons up t
potential hill in each potential well, and so on.

Experimentally, the acoustoelectric current in a on
dimensional channel was studied in Refs. 9 and 10. In Re
the length of the channel was smaller than the SAW wa
length (l'3 mm), and for this reason single-electron effec
did not appear in those experiments. The extension of
work to higher SAW frequencies~f '3 GHz, l'1 mm! in
Ref. 10 did reveal single-electron effects in the acous
charge transport. At high SAW power levels, an acoustoe
tric current was observed at gate voltages beyond pinch-
and the current displayed a steplike behavior as a functio
the gate voltage with the current value on the plateau co
sponding to the transfer of one electron per SAW cycle.

In this work, we present a number of further observatio
concerning this acoustically driven single-electron transp
In particular, we have been able to observe clearly up to f
plateaus in the current corresponding to the transfer of on
four electrons in each SAW potential well. By studying th
acoustoelectric current for different SAW frequencies we
tected the expected frequency dependence of the quan
current. Accuracy of the measurement of the current has
been improved. Probably the most surprising fact is that
accuracy of the quantized current that the conceptu
simple arrangement produces is very high, and is limited
present by the error~0.3%! of our measuring instrument.

EXPERIMENTAL RESULTS

The device comprises two SAW interdigital transduce
separated by 4 mm, with a split gate on a 2DEG mesa
between. The 2DEG was a GaAs-AlxGa12xAs heterojunc-
tion with electron density 2.731011 cm22 and mobility
73105 cm2/V s. The transducers operate at frequency 28
MHz corresponding to a SAW wavelengthl'1 mm. The
split gate was 0.7mm long, with a 0.7-mm gap, dimensions
chosen to give an electrostatically defined channel the s
15 180 © 1997 The American Physical Society
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56 15 181SINGLE-ELECTRON TRANSPORT IN A ONE- . . .
length as the SAW wavelength. SAW-induced current wa
measured by connecting an ammeter to two Ohmic contac
on the 2DEG mesa on either side of the split gate. Both a
and dc techniques were used with the accuracy of the curre
measurements61% and 60.3% for ac and dc methods,
respectively. For ac measurements the RF source feeding
SAW transducer was pulse modulated with duty cycle 0.
and frequency around 200 Hz and a standard lock-in tec
nique was used. The experimental technique is described
more detail in Ref. 10.

The experimental data for the acoustoelectric current in a
open channel are presented in Refs. 9 and 10 and will not
discussed in this paper. We would like only to mention her
that the physics behind the acoustoelectric current in an op
channel9,11 is quite different from that discussed in the Intro-
duction. The picture of the transport in the form of electro
packets is not applicable in this regime~at least at the SAW
power levels attainable in our experiments! because of the
screening of the SAW electric field by 1D electrons.

When the split gate is pinched off, the acoustoelectr
current can be observed only for sufficiently high RF powe
levels, consistent with electrons being forced through th
channel by the SAW. This is shown in Fig. 1 along with the
channel conductance data. As the gate voltage is made l
negative the current shows quantized plateaus with up to fo
plateaus clearly seen@Fig. 1~a!# with the width and the flat-
ness of the plateaus consistently deteriorating. The expe
mental value of the quantized current agrees with calculat
value I 5e f n which implies that plateaus correspond to the
transfer of the same number of electrons in each SAW p
tential well, as illustrated by diagrams in Fig. 1. A smal
change of the SAW power shifts the threshold value of th
gate voltage where the current appears but leaves the qu

FIG. 1. ~a! The acoustoelectric current as a function of split gat
voltage. The different curves correspond to different RF power le
els from 13 up to 17 dBm in steps of 0.2 dBm. The diagrams
illustrate our explanation of the plateaus in the acoustoelectric cu
rent ~see text!. ~b! The conductance of the channel as a function o
the gate voltage on the same voltage scale. Curve 1 is taken w
17 dBm unmodulated SAW on.
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tized current value on a plateau unchanged. Figure 1~b! dem-
onstrates the conductance behavior close to pinch-off,
conductance being measured by the usual ac lock-in te
nique. Trace 2 was taken with17 dBm unmodulated applied
SAW. We can see that the SAW alters the conducta
curve, washing out the steplike increase of the conducta
at the pinch-off voltage. The data in Fig. 1~a! display an
interesting feature: the existence of domains of RF pow
level where the plateaus are clearly seen. The plateaus
seen to exist in intervals of the RF power levels from 7 to 5
dBm and from 4.0 to 3.2 dBm and to disappear in betwe
This fact is unexpected and at present we have no expl
tion. Another rather unexpected observation concerns the
fluence of a slight change in SAW frequency~within the
transducer’s passband! on the acoustoelectric current in th
gate voltage region close to pinch-off. This is illustrated
Fig. 2. The threshold gate voltage is seen to alter with
change of the SAW frequency in a nonmonotonic way. If t
gate voltage is set to a constant value below the pinch
voltage then this mechanism can result in giant 0.7 M
oscillations of the acoustoelectric current as a function of
SAW frequency, as shown in the inset in Fig. 2. This
explained as being due to partial reflection of the SAW fro
the second~unconnected! transducer, which causes a slig
spatial modulation of the SAW amplitude due to the inte
ference between the forward and the backward beams
slight shift in the SAW frequency~well within the transduc-
er’s passband! will change the position of the SAW ampli
tude’s minima and maxima along the channel. This spa
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FIG. 2. The acoustoelectric current vs gate voltage for sligh
different SAW frequencies. Curves from 1 to 6 correspond to f
quencies from 2.885 600 to 2.885 850 GHz incrementing in 50-k
steps. RF power level16 dBm, temperature 1.3 K. Inset: variatio
of the acoustoelectric current with frequency for constant gate v
ageVg522.77 V. RF power15 dBm, temperature 1.3 K.
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15 182 56V. I. TALYANSKII et al.
distribution of the SAW amplitude repeats itself periodica
as the SAW frequency varies and the period can be ca
lated from the distance between the transducers and
SAW velocity giving a value of 0.7 MHz. When the spl
gate is open then the movement of the spatial distribution
the SAW amplitude gives rise to a weak modulation of t
acoustoelectric current.10 Below or close to the pinch-of
voltage the small change in RF frequency has a more
nounced effect as shown in Fig. 2. This is because the thr
old voltage for the acoustoelectric current is very sensitive
the SAW magnitude~see Fig. 1!. Different RF frequencies
correspond to different SAW amplitudes at the entrance
the channel and therefore to different threshold voltages
the acoustoelectric current. This proposed explanation of
0.7-MHz modulation is supported by the observation tha
sample with only one SAW transducer did not show t
modulation.

In Fig. 3 we compare the quantized current values on
first plateau obtained in the present and previous work.10 The
frequencies of SAW in these two experiments differ by 5
and the experiments have confirmed the expected frequ
dependence of the quantized current~see Fig. 3!. The present
data shown in Fig. 3 were taken by a dc technique, wh
resulted in a smaller error.

Application of a rather large (65 mV) dc source-drain
bias does not change the quantized acoustoelectric cu
for the first plateau, as shown in Fig. 4. These data allow
to estimate the internal impedance of the device as a cur
source to be well above 10 MV.

The experimental data described above~except for the
one point in Fig. 3! were taken by ac lock-in technique. Fo
a metrological application dc measurements of the curr
providing higher accuracy, are preferred. For these meas
ments a Keithley 236SMU operating in the ‘‘current me
sure’’ mode was directly connected to the Ohmic contact
the 2DEG mesa and unmodulated RF power was applie
the SAW transducer. The 236SMU instrument was se
have an averaging time of about 0.7 s. In Fig. 5 we show
current curves for different RF generator power levels. T
data display the presence of noise that is most intense in
regions between the plateaus. The behavior of the nois

FIG. 3. Comparison of the value of the acoustoelectric curr
on the first plateau for two samples. The straight line correspond
I 5e f dependence wheree is the electron charge.
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demonstrated more clearly in Fig. 6 for RF power leve
dBm. The data in this figure were obtained by taking seve
~nine for this figure! readings of the current at fixed values
gate voltage separated by 0.25 mV. The noise is see
behave differently on each side of the plateau. When the g
voltage is more negative, ‘‘spikes’’ point downwards and
the right-hand side of the plateaus where the acoustoele
current exceeds the quantized value ‘‘spikes’’ are direc
upwards. It is natural to choose the point on a plateau wh
the ‘‘spikes’’ change direction to determine the experimen
value of the quantized current. In this way we determined
experimental quantized currents for seven sweeps simila

t
to

FIG. 4. The acoustoelectric current vs split gate voltage at
ferent source-drain bias. The value of source-drain bias increm
in 1-mV steps.

FIG. 5. The acoustoelectric current vs gate voltage for differ
values of SAW power level. The leftmost trace corresponds
17 dBm SAW power level and the power level decreases by
dBm from trace to trace. Data taken by dc technique.
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that shown in Fig. 6 and taken for the RF power levels fro
5.8 to 7 dBm~in steps 0.2 dBm!. The value averaged ove
these sweeps was found to be 462.8 pA. If values of
current are taken at the middle of the plateaus, determine
eye, then the corresponding averaged result is 462.1 pA.
experimental value is remarkably close to the expectede f
5462.348 pA, but caution is advised, as the quoted accur
of the ammeter~a Keithley 236SMU! would correspond to
an error of 1.3 pA. Nonetheless, the agreement is encou
ing for such early experiments.

Observations of similar noise have been reported in c
ductance measurements on 1D channels.12 The authors ex-
plained their results as being due to a nearby impu
switching between two states, and altering the effect
width of the channel~random telegraph signal!. There are
effectively two curves, offset in gate voltage, and the co
stant switching between them has the effect of smoothing
the plateau in an experiment if the time constant of d
acquisition is longer than the switching time of the noise.
this is the case with our devices, then it should be possibl
fabricate samples that do not show this behavior by vary
the growth conditions. The experimental data presented d

FIG. 6. The acoustoelectric current vs gate voltage taken by
technique. Temperature 1.3 K, SAW frequency 2.885 75 GHz,
power 16 dBm. The trace consists of many sets of data each
corresponding to nine readings of the current taken at fixed valu
gate voltage within 10 s time interval. To enable these reading
be seen separately the corresponding points were shifted hori
tally and connected by straight lines. After one set had been c
pleted the gate voltage was incremented by 0.25 mV and the
set of nine readings was taken. Upper inset: blowup of the fi
plateau of the current. The neighboring sets of data are seen s
rately. The dashed line represents the acoustoelectric current v
(I 5e f ) for true single-electron transport. Lower inset: variatio
of the acoustoelectric current with time at a single fixed-gate v
age in the middle of the first plateau. The SAW frequency 2.885
GHz, RF power17 dBm.
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onstrate single-electron transport with promising accur
for such a conceptually simple experimental arrangem
and raise the question of what the ultimate accuracy o
SAW-based current standard could be. A quantitative the
tailored to the experimental conditions is needed to ans
this question. According to the qualitative picture given
the Introduction there are two sources of error in the qu
tized current. Firstly, not all ‘‘extra’’ electrons may hav
enough time to escape the SAW potential well. This er
depends on how quickly the electron system adjusts to
changing potential shape of the well and can in some ex
be controlled by varying the shape of the entrance poten
Secondly, some electrons that are supposed to be transf
through the channel can leave the well by tunneling un
the potential barrier. To estimate these errors one need
know the SAW potential within and near the channel. U
fortunately, this is rather difficult to calculate because of t
screening action of the gates and adjacent 2DEG’s.

One important aspect to be addressed by any future th
is how the accuracy of the quantized current delivered
SAW-based devices depends on the operation frequenc
the regime when the acoustoelectric current is quantized s
that only one electron is allowed in a potential minima t
SAW potential amplitude can be estimated to beASAW
'e/kl wherek is an effective dielectric constant andl is
the SAW wavelength. The effective SAW electrostatic fie
that acts on electrons isE5ASAW/l'e/kl2;e f2/k and in-
creases with the increase of the SAW frequency. The im
rity potential, which is always present to some extent a
brings an element of unpredictability in any single-electr
SAW device, does not of course depend on the SAW f
quency. So we may conclude that the higher the SAW f
quency the more robust the device will be against an im
rity potential. Another advantage of increasing the operat
frequency is the larger quantized current delivered. In
spirit of Refs. 13–15 one may expect that it is the nonad
baticity that will determine the ultimate accuracy of th
SAW-based current standard. If we assume that the rati
sound to electron velocities is a parameter to describe
nonadiabaticity then the fractional error will not increa
with the frequency. So at present increasing the SAW f
quency appears to be a promising way of developing a c
rent standard.

In conclusion, we have presented experimental data
unequivocally demonstrate acoustically driven sing
electron transport. The accuracy of the current quantiza
observed in our experiments suggests that SAW-based
vices may open a route towards the creation of a curr
standard. An advantage of the acoustic charge transpor
vices is that they deliver current in the nanoamp ran
nearly three orders of magnitude larger than their ‘‘conve
tional’’ counterparts based on Coulomb blocka
phenomena.1–6

The authors are grateful to Yu Galperin for fruitful dis
cussions. D.A.R. acknowledges support from the Tosh
Cambridge Research Centre. This work was supported
EPSRC and, in part, by the U.S. Army Research Office.
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