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Single-electron acoustic charge transport by two counterpropagating
surface acoustic wave beams
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A powerful surface acoustic wave can transport charge along a quasi-one-dimensional channel defined in a
piezoelectric semiconductor in packets confined to the minima of the wave’s electrostatic potential. The
interaction between electrons can suppress fluctuation in the number of electrons in a packet, resulting in a
current that is proportional to the surface acoustic we&AW) frequency. This effect has been observed
experimentally and is presently being considered as a possible route towards a standard of electric current.
Here we present further study of this acoustic charge transport. The main finding is that a weak counterpropa-
gating SAW beam can be used to improve the precision of the current delivered by the device.
[S0163-182€09)02431-5

INTRODUCTION shown that the arrangement with two counterpropagating
SAW beams can be used in order to substantially improve
The ability to manipulate charge on the level of singlethe flatness of the quantized acoustoelectric current plateau.
electrons has led to devices that are controlled by external ac
signals and produce current that is proportional to the fre-
qguency of the SignéITG One of the goals behind the devel- EXPERIMENTAL TECHN|QUE AND RESULTS
opment of such devices is an electric current standard. At
present the many-junction electron purffipan transfer elec-
trons with an error approximately one part pef.10he low
delivered current of around 1 pA is the main drawback of
this type of device.
A different approach towards a current standard was em

A schematic of the experimental arrangement is shown in
Fig. 1(@). This differs from that used in the previous
studie$~° by the provision to feed both transducers simulta-
neously with two coherent microwave signals. The relative

ployed in our previous work®that has resulted in quantized magnitude _and phase of the microwave signals can be
currents in the nanoamp range. We investigated the acoustg@n9ed with the help of a phase shifter and an attenuator.
electric current in a one-dimensional channel defined in d NiS Setup also allows experiments in the “one-beam geom-
GaAs-AlGa,_As heterojunction induced by a high- etry” with only one SAW t(ansducer connected. .
frequency surface acoustic wavSAW). The acoustic The sample geometrfFig. 1(b)] was the same as dis-
charge transport takes place in the form of moving quantun‘f“ssed in Refs. 7—9 with the SAW tran_sducers operating at a
dots with a fixed number of electrons in each dot, the chanfféduency around 3 GHz, corresponding to a SAW wave-
nel being formed by the split-gate technideThe acousto- '€ngth around 1um. The wafers used in this work are
electric current vs gate voltage trace was obsévao dis-  GaAs-AkGa,_,As heterojunctions with mObl'“t'esz around
play a plateaulike structure. The value of the current on th.0° c?/V's and carrier densities around20'*cm™? The
plateau isl =efn, wheree is the electron chargd,is the
SAW's frequency, and is the number of electrons trans- (@)
ferred through the channel per SAW cycle. [0 1st SAW

In the present study we attempted to address an intrinsic pepriscice
source of error in the SAW pump, namely, the slope of the
acoustoelectric current plateau. This problem had not been
investigated in detail in Refs. 7—9 mainly because of random
telegraph signa(RT9) like noise that affected the observa- (b) 1 2
tions. We have now found that the noise can be eliminated or -
greatly reduced by a proper choice of high-quality hetero- =
junction. We also noticed during the previous stufiiéshat l /%\
the slope may be influenced by a small change of the SAW A
frequency within the transducer passband. This was sug- i 5 3 4
gested as being due to a partial reflection of the SAW. from g6 1 (@ Schematic of the experimental setup. 1, the
the secondunconnectedtransducer. To clarify a possible ppg3620A microwave source; 2, an isolator; 3, minicircuits micro-
role of the reflected SAW beam we have employed an eXgave amplifier ZHL with a 27 dB gain;,4 3 dB mhybrid-coupler
perimental arrangement that allowed us to launch two countat serves as a splitter; 5, a HP attenuator; 6, MA/Com phase
terpropagating SAW beams and to vary the relative magnishifters (two shifters in series were used (b) Schematic of
tude and phase of the main and counterpropagating SAWample geometry. 1 and 2 Ohmic contacts between which acousto-
beams. The corresponding experiments, described below, nelectric current was monitored; 3, split gate 4, interdigital SAW
only confirmed the role of the reflected beam, but have als@ransducers; 5, mesa containing 2 DEG.

to 2nd SAW
transducer
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depth of the two-dimensional electron g@&DEG) from the
wafer surface was 100 nm in all cases. Samples were mea-
sured in a®He system fitted with coaxial lines to connect the
transducers to a microwave source. The SAW-induced cur-
rent was measured between contacts 1 apse2 Fig. 1b)]

as a function of gate voltage by a Stanford Research Systems
SR 570 low noise current preamplifier with quoted accuracy
+0.7%. Some samples were positioned in the cryostat in
such a way that an in-plane magnetic field could be applied \ . . ‘
along the one-dimensional channel. -1.3105 -1.31 -1.3095 -1.309

We used the following procedure for the measurements. Gate Voltage (V)
Initially, optimal conditions of the two main parameters,
SAW frequency and microwave power, were found. We
monitored the acoustoelectric current as a function of gate
voltage and incremented these two parameters iteratively to
obtain the flattest achievable plateau. For a more accurate
assessment of acoustoelectric current plateaus we (irsed
addition to continuous sweeps of gate voltageso-called Ty T
“stop and wait” technique of taking data. In this technique =
the gate voltage was kept constant for 10 sec and during this g 435 = =+ (b) |
time 100 readings of the acoustoelectric current were taken. . . . .

Then the gate voltage was incremented by 180and an- -1.3105 T e ",f)ﬁgzse v

other set of data was taken and so on. This allowed us to ) .

average values of current over time. FIG. 2. (a) An enlargement of the fl_rst acgustoelectrlc _c,L’Jrrent
. . . lateau for sample 1. Data were taken in the “stop and wait” fash-

The quantized steps in the acousmel.ecmc current havl n. Inset: the plateau with a dotted line showing the quantized
b,een observed only in a gate voltagg interval bQIOW_ th alue ef. (b) Data from(a) (main figure averaged over time at
plnch-off voltage of the channe{h possible reason is dis- each gate voltage. Error bars indicate the standard deviation of cur-
cussed in Ref. B All data discussed below were taken at 1.2 ot ot each gate voltage point.

K. Cooling the samples down to 300 mK has not shown an
improvement in plateau flatness. Only samples showing ndisplayed a straight flat section at the plateau center which
RTS-like noise will be discussed below. allowed us to determine an imprecision of aroung00 ppm

We have investigated many samples in the same way assing the above method. An enlargement of the first plateau
described previousl{;° with only one transducer connected, for this sample(sample 1 is shown in Fig. 2a). The noise
when there is no control over the reflected SAW beam. Thiseen in Fig. £a) is that produced by the 16 bit analog-to-
experimental geometry will be referred to as the “one-beandigital converter used to measure the analogue output signal
geometry” (despite the possibility that a second beam is re-of the current preamplifier. The exact value of the quantized
flected from the other, unconnected, transducer current for this samplé =ef=434.8 pA differs by 0.23%

We have found that the plateau shape is such that there feom the experimental value 435.8 pA, the deviation being
an inflection point. Part of the plateau around the inflectionwell within the quoted accurady-0.7% of the ammeter. In
point within a several millivolts interval of gate voltage can Fig. 2(b) the data are presented after averaging over the read-
be approximated rather well by a straight section. Thus théngs taken at the same gate voltage. The horizontal dashed
flatness of a plateau can be quantified by a fractional slopknes show the “imprecision interval.” Sample 1 represents
Al/1AV, the latter being expressed as percent per mV othe best result obtained in the one-beam geometry. The data
ppm (parts per million per mV. The length of this segment taken for some more samples in the same geontsémyples
determines the imprecision of the current that can be assoc® to 5 are shown in Table I. These samples showed an
ated with the plateau. As the length of the segment is typiinclined straight segment of approximately 1 mV in length at
cally 1-2 mV in gate voltage then a value of the slope ex-the plateau center and we define the imprecision as an inter-
pressed in %/mV or ppm/mV gives at the same time theval of current which includes all experimental points in this
imprecision of the current in % or in ppm, respectively. In segment. We believe that the most likely reason for the dif-
some cases, also discussed below, the first quantized currefietence in the form of the plateau for different samples is the
plateau displays a distinctive flat straight section and the imimpurity potential within the channel.
precision of the current can be estimated in a straightforward The split gates on the samples listed in Table | had
way. We use in these cases the stop and wait technique dslightly different widths and lengths in order to check any
scribed above to determine the mean and standard deviatigossible effect of the gate geometry on the quantized acous-
of the current for a series of consecutive gate voltage incretoelectric current. To date we have not observed any definite
ments on the plateau. We then define the imprecision of thinfluence of changes to the split-gate geometry on the slope
plateau as an interval of current which includes all the meansf the first plateau provided that the channel is long enough
with standard deviations taken at each gate voltage on th#®r a potential well to be formed within it.
flat section(Fig. 2). One sampldsample 6 in Table)lwas prepared for mea-

The best result obtained so far in the “one-beam” geom-surements with the two SAW beams as shown in Fig. 1.
etry is presented in Fig. 2. The first plateau for this sampleSample 6 had interdigital transducers with slightly different
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TABLE I. This table shows the precision of quantized current for several de(seestext, along with
details of gate geometrigdimensions refer to the gap between metal fingers and the length of the gate along
the current path Note that samples 1 and 6 displayed flat straight sections at the plateau center, whilst
devices 2 to 5 had a finite slope as discussed in the text. All data were taken in zero magnetic field.

Gate geometry Precision Mobility Carrier concentration
Device Gap, length(um) (all are ) (X1E6 cntV ish (X1E1lcm?)
1 0.7, 0.95 200 ppm 0.77 1.7
2 0.7, 0.25 1.7% 0.77 1.7
3 0.7, 0.25 0.2% 0.77 1.7
4 0.7, 0.8 0.2% 0.89 1.7
5 0.8, 0.6 0.5% 0.89 1.7
6 1.1, 0.6 50 ppm 1.1 2.2

resonant frequencies so that when one transducer was dield parallel to the channel noticeably improves the flatness
connected from the source the reflected counterpropagatingf the plateaus. The mechanism behind the effect of a mag-
SAW beam was weak and could be neglected. This is illusnetic field is currently under investigation and will be dis-
trated in Fig. 3 where traces of the acoustoelectric currentussed elsewhere. The magnetic-field data are included here
induced by both transducers are shown. These traces weoaly in order to demonstrate how many quantized current
taken at a gate voltage ofl V corresponding to open chan- plateaus can be seen.
nel conditions. Carriers in the channel are expected to screen The distance between consecutive plateaus in Fig. 4 de-
any impurity potential so that the relative magnitude of thepends on plateau numbeét) and can be rather well approxi-
peaks in Fig. 3 is determined by the SAW transducers and, tmated by ann~*? dependence as demonstrated in Fig. 5.
a lesser extent, by any possible asymmetry of the split gat&'hese data contain information about the shape of the poten-
From the data in Fig. 3 it is clear that when only one trans- .
ducer is connected to the source the reflected beam is negli w onemy /
gible. When both transducers are connected to the source on 6 e ]
can compensate for the off-resonance excitation of one trans 2;
ducer by applying a.sufﬂmently large microwave signal from :E’ ilef
the source. Thus this arrangement allowed us to explore anc g
compare the “one-beam” and “two-beam” regimes of de- ‘
vice operation_ SO Y ‘_5'64 X Ry s e P AU
In Fig. 4 we show the acoustoelectric current versus gate § -7¢f Gate Voltage (V)
voltage dependence for sample 6 with only one transducer’g sor .
connected to the source. The SAW frequency and power g 2 ' .

were set to provide the flattest first plateau. The optimum § ..3ef

T

a

=1
T

4= 9ef. ..

ric Curr

SAW frequency(2.6822 GHz was found to coincide with i )
the resonant frequency of the transducer. o

One of the two curves shown in the top panel in Fig) 4 L T 36 355 33 345
was taken with an in-plane magnetic field of ®irected Gate Voltage (V)

parallel to the channel. The computed derivatives of these
dependences are presented on the bottom panel. At least 1 8
quantized current plateaus are revealed in the data in Fig. 4 _
An enlargement of the first plateau is shown in the inset in 2
Fig. 4a). The data in Fig. 4 show that an in-plane magnetic

—
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355 33 345
Gate Voltage (V)

<

FIG. 4. (a) Traces of the acoustoelectric current for sample 6 in
the one-beam geometry. The dotted and solid lines correspond to

'
wn

Acoustoelectric Current (nA)

2.64 266 268 27 2.72 2.74 zero aml 7 T magnetic field, respectively. Inset: an enlargement of
Frequency (GHz) the first plateau. (b) Derivative of the data fronfa) (main figure
FIG. 3. Acoustoelectric current for both transducers of sample 6obtained numerically. The difference between consecutive plateaus
The microwave power applied in both cases wak) dB m. AV, is indicated.
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FIG. 5. The difference in gate voltage between the center of -3.5342 -3.534 -3.5338 -3.5336 -3.5334 -3.5332

consecutive plateaus, normalized and plotted against plateau inde:. Gate Voltage (V)
n (squares The data closely resemblesa®? dependencédashed FIG. 7. Graph obtained using the stop and wait technique for the
line). optimal phase shift between the two SAW beams in zero magnetic

field. The flatter center section of the plateau allows us to choose an

tial well (which carries electrons through the channel as dis€XPerimental value of current with a precision-050 ppm.
cussed in the next sectipmvhich will be valuable when a
more quantitative theory of the device operation becometo find optimal values of these parameters resulting in the
available. flattest possible plateau. The best result obtained in this way

We now discuss the effect of a second SAW beam. Figurés shown in the 11th panel in Fig. 6. The slope of the plateau
6 shows the acoustoelectric current vs gate voltage around this panel is 0.09% mV, nearly four times smaller than the
the first plateau at various fixed values of the phase shifslope obtained without the second begee the inset in Fig.
between the SAW beams. The phase shift for consecutivd). In an attempt to decrease the slope further we changed the
panels differs by roughly 23°. The initial phase shiitst  phase shift and the source power in very small increments
panel of Fig. 6 of one SAW beam relative to the other is around the setting that corresponds to the 11th panel. We
unknown since the path from microwave source to transducfound that the shape of the plateau can be changed in such a
ers is different for the two signalsee Fig. 1 Nevertheless, way that the previously straight part of the plateau trans-
we are able to control the phase shift throughout the 2 formed into two straight nearly parallel sections intercon-
interval continuously and are therefore able to monitor thenected by a segment with a very small slope. This is shown
effect of any phase difference between the two beams on thia Fig. 7 from which it is seen that an experimental value of
current. the quantized current can be determined with an imprecision

The attenuatok5 in Fig. 1) was set to 0 dB for all the of £50 ppm using the same method as that described above
panels. This corresponds approximately to a 10:1 power ratifor sample 1. We would like to emphasize that the absolute
of the main and counterpropagating SAW beams. The effectalue of all currents measured in this paper is subject to the
of the second SAW beam is dramatic and one can use it t&0.7% accuracy of our preamplifier mentioned above. It is
reduce the slope of the first acoustoelectric current plateainteresting to note that the optimal value of the source power
Data similar to those shown in Fig. 6 were taken for differentthat results in the flattest plateau in the two-beams geometry
settings of attenuator @ig. 1) and the source power in order differs from that in the one-beam geometfig. 4).

DISCUSSION

g 0.4} . T 1 ] The main and rather unexpected experimental result of
= 0.2f . 1 J3 1 ] this study is the influence of a weak second SAW beam on
§ 0= - < ‘ = ‘ ] the shape of the acoustoelectric current plateau. The super-
g 04; b1 1 1 1 position of the two traveling SAW beams can be described
% 0.2¢ 5 // P 71 8] as a superposition of a strong traveling acoustic wave and a
= 0= S S e T — weak standing wave. The experimental arrangement
§ 0.4 1 H 1 ] sketched in Fig. () allows one to change the magnitude and
E 0.2¢ 901 10§ u f 12 ] position of the standing-wave pattern with respect to the
*g Og- ‘ S T T ] channel. As a SAW minima moves along the channel it is
S ' affected by the oscillating standing-wave field. This changes
< 02 131 /4 ] 15 1 16 | the shape of the wellwidth and depth Therefore the field

0355 35 355 35 355 35 355 35 associated with the standing SAW can be considered to per-

Gate Voltage (V) form a dynamic tuning of the potential wells propagating

FIG. 6. Graphs of the acoustoelectric current vs gate voltage forough the one-dimensional channel. The dynamic tuning is
different phase shifts between the main and counterpropagating'Ore effective than a static one because it changes the chan-
SAW beams in zero magnetic field. AttenuatdisBe Fig. ta)]was ~ Nel potential at a particular value of time that is synchronized
set to 0 dB, source power was9.5 dB m after the amplifiefsee ~ With the SAW potential. By comparison a static tuning po-
Fig. 1(a)]. The phase change between consecutive panels was 23€ntial may improve the well shape during one interval of
The change in phase moves the position of the standing wave witime within the SAW cycle and degrade it in another. An-
respect to the channel. other advantage of the tuning by the standing SAW is that it
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toelectric current platea(Fig. 6).

On the other hand, the probability of events that contrib-
ute to the error in the quantized current, such as failure of the
first electron to leave the well or backward tunneling of the
last electron out of the well, is very sensitive to the well

\\ shape. At this stage it is not possible to state which of these
‘ possible error mechanisms is being suppressed using the
counterpropagating SAW beam, but our data demonstrate

that a counterpropagating SAW beam with properly chosen
o amplitude and phase shift can change the well shape in such

a way that the probability of unwanted events is reduced.

X If the above interpretation is correct then a similar effect

could be obtained by applying a microwave signal, synchro-

~ FIG. 8. Schematic of the SAW potential in the 1D channeV  noys with the SAW, to an additional gate close to the split
is the well width ancH the depth. gate. This alternating signal could be used to reduce the

provides some control over the spatial position of the tuning¥idth of the SAW potential well and therefore enhance the
field. Altering the phase of the counterpropagating SAWeI_ecjcron-electron Interaction at an appropriate time mte_rval
beam changes the position of the standing-wave pattern rel%i‘f!th!n the SAW cycle. An adjustment of t.h.e potennal prc_)flle

tive to the channel. within the channel by means of an additional signal with a

The observation that a relatively weak counterpropagatin%’rOper time and space dependence may significantly reduce

SAW beam can drastically change the shape of the plateau 18€ €rror of future SAW devices.

in agreement with the picture we have used to explain the The lresults p(;esentfed In thlsdwqu r?howl an ufm;]royement
quantized acoustoelectric currént. According to this pic-  ©f Nearly two orders of magnitude in the value of the impre-

ture the selection of the number of electrons to be transferref>'o" imposed by the slope of the quantized acoustoelectric

takes place when the potential well moves up the potentiafU'™ent in comparison with our first publicatiofis. It is

hill at the entrance to the chann@lig. 8. The shape of the most I!kely_ that further improvements are possnbl_e. This ex-
well is determined by two factors, the static potential due tg?€Ctation is supported by our recent observatioref a

the split gate and the traveling potential of the SAW. There-(wahm('jzed CL(er_rent V\."th |mprer?|3|on|of aboﬂf(sjo pp(;n n %n d
fore the shape changes as the well moves into the channiC ef one-_lr:nensmnallD) ¢ ahnne(prepare as describe
because the static potential depends on position. Screening 15 Ref. 13 W.'t out employing t. € counterpropagating SAW
the SAW potential by the gates and adjacent 2DEG als(g)eam technlq_ue. It is interesting to note that the o_bserved
contributes to a spatial dependence of the well shape. B§hape of the first platedtiis similar to that shown in Fig. 7.

setting a gate voltage value one can control the desired num- The p.rlncr:]lpal sou(jrpebof_ error |nhth<(aj_SAW ;mgle—slefctrgn
ber of electrons to be transferred. If the gate voltage is set tgeViIces iS the nonadiabaticitgee the discussion in Refs. 8,
, and 14 of their operation which limits their ultimate ac-

a value that only one electron per cycle can pass through, i I lear h | hi
then, as the local potential minimum moves into the channel?yrgCY' It |s|.pr_es(e)nty ufnchear OIW cfofse we aredt.o t 'S."ngna'
its depth becomes insufficient to contain two electrons and/iabaticity limit. One of the goals of future studies will be

only one electron is left in the welFig. 8). At this moment the unequivocal observation of nonadiatic effects in split

the well depth(H) is approximately related to the strength of gate SAW dewce.s..Thls W'". help to establish an .adequate
interaction between two electrons in the well Hy theoretical description of single-electron acoustic charge
=ele.4fW, Whereeq¢; is an effective dielectric constant. transport.

€eff IS approximately equal teg,ad2 since the distance be-

tween electrons is much greater than the distance to the wa- We have presented data concerning the shape of the first
fer surface. The widthW is determined by the SAW wave- plateau of the quantized acoustoelectric current. The central
length and the spatial distribution of the potential due to thepart of the plateau is usually a straight segment within an
gate. ForWw=0.5um ande=6 one hasH=0.5mV. The approximately 1 mV interval of gate voltage. Typical values
depth of the local minim&Fig. 8) is much smaller than an of the imprecision associated with the plateau have been pre-
unscreened SAW magnitudaround 30 mV for the trans- sented.

ducers used with-10 dB m power applied from the micro- The RTS-like noise that plagued first observatioR®f
wave sourceand the height of the potential barrier due to the quantized acoustoelectric current can be eliminated by a
the split gate. The latter can be estimated as the value gfroper choice of GaAs-AGa _,As heterostructure. The
source-drain bias required for the current to start to flowpresence of a weak counterpropagating SAW beam was
through a pinched off channel. The correspondingfound to substantially improve the flatness of the plateau.

CONCLUSIONS
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