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W e present an exp eri menta l study of a 2.5 GH z electron pump based
on t he quantized acousto electri c current dri ven by surf ace acoustic w aves
throu gh a shallow -etched point contact in a Ga A s/A lGaA s heterostructure.

A t low temp eratures and with an additi onal counter- propagating surf ace
acoustic w aves beam, up to n = 20 current plateaus at I = n ef could b e
resolved, w here n is an integer, e the electron charge, and f the surf ace
acoustic w aves frequency . In the best case the accuracy of the Ùrst plateau

at 0.40 nA w as estimated to be Â I =I = Ï 25 ppm over 0.25 mV in gate
voltage, which is better than previous results.

PAC S numb ers: 73.63.K v, 72.50.+ b, 06.20.J r

1. I n t rod uct io n

R ecently a new appro ach to wards single-electron m anipul ati on has been
dem onstra ted, where surface acousti c wa ves (SAW s) are used to tra nsfer elec-
tro ns across the potenti al hi l l of a quantum point conta ct (QPC) deÙned in a
GaAs / Al GaAs hetero structu re [1{ 5]. At gate vol ta ges below pinch- o˜ for the con-
ducta nce, when the conta ct is sti l l cl osed, the acoustoelectri c current develops
pl ateaus at I = n ef . Here e i s the electro n charge, f the SAW f requency, and
n an integ er. Qual i ta ti vely, thi s situa ti on can be described by \ m ovi ng quantum
dots" tra vel l ing wi th the sound vel ocit y [1, 2]: electrons are tra pped in local m in-
im a of the dyna m ic SAW potenti al and tra nsferred acro ss the potenti al barri er of
the point conta ct. Co ulomb repul sion between electrons in such tra vell ing m inim a
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determ ines the occupancy of the dots wi thi n som e interv al of gate vo lta ge, SAW
m agni tude, and SAW frequency.

The typi cal dri vi ng frequency of a SAW -based devi ce ( ¤ 2 : 5 GH z) is signi f-
icantl y higher tha n the m aximum operati on frequency of other existi ng electron
pum ps [6{ 8]. The latter devi cesoperate at frequenci es up to several 10 MHz, result-
ing in an output current of less tha n 10 pA. Thi s l imi ts thei r pro specti ve appl ica-
ti ons as a quantum standa rd of electri c current. On the contra ry , a high- frequency
SAW pum p del ivers quanti zed current in the 1 nA range | su£ cientl y hi gh for
m etro logical appl icati ons. Its accuracy, however, is l imited by the Ùnite slope of the
acoustoelectri c current plateaus as f uncti on of gate vo lta ge. Thi s m akes i t di £ cul t
to Ùnd the exact value of the quanti zed current. Possible mechanism s responsible
for such a devi ati on from the ideal value of I = nef , mainl y electron co- tunnel ing
and therm al acti vati on, have been discussed in a numb er of theo reti cal [9{ 11] and
exp erimenta l studi es [1{ 5]. The precision of the quanti zati on was signiÙcantl y im -
pro ved when the point conta ct was patterned by the shal low- etch techni que [3], or
when a second counterpro pagati ng SAW beam wa s used in devi ces wi th spli t- gate
deÙned constri cti ons [4].

W e ha ve combi ned these two techni ques to im prove the Ûatness of the
pl ateaus, by investigati ng the quanti zed acousto electri c current thro ugh shal low-
-etched point conta cts wi th two counterpro pagati ng SAW beam s. Thi s al lowed us
to vary the relati ve am pl i tude and phase of both SAW beams, as well as to take
adv anta ge of the pro perti es of the shal low- etched constri cti ons: thei r wel l -deÙned
shape and large subband separati on [12]. In thi s way we could observe up to
20 plateaus in the acousto electri c current at low tem peratures in high-mobi li t y
two -dim ensional electro n gas (2D EG) in GaAs/ Al GaAs hetero structur es.

2. Ex p er im ent

Fi gure 1a shows the sam ple layout. Two interdi gi ta l tra nsducers (ID Ts),
faci ng each other, generate the surface acousti c wa ves. The ID Ts were deposited
2.6 m m apart on both sides of a two -dim ensional electro n gas (2D EG) m esa wi th
a quantum point conta ct in the center. The interdi gi ta l electro de spacing set the
funda m ental acousti c wa velength of the tra nsducers to about 1 : 2 ñ m, and thus
thei r center frequency to around 2.45 GHz. The GaAs/ Al GaAs hetero struct ure had
a m obi li ty of 105 m 2 / (V s) and a carri er density of 2 : 8 È 1 0 1 5 m À 2 , m easured in the
dark at 10 K. The QPC was patterned by e-beam l i tho graphy. Two semicircul ar
shal low-etched trenches form ed a smooth constri cti on between the two electron
reservo i rs, whereas the large areas of the 2DEG across the channel served as side
gates (Fi g. 1b). The trenches had a curv ature radi us of 1 0 ñ m . They were 200 nm
wi de and 40 nm deep.

Our experim enta l setup was simi lar to tha t used by Cunni ngham et al . [4].
The rf signal from the micro wave generator wa s spli t up and simul taneo usly ap-
pl ied to both tra nsducers. D ue to the phase shifter and the attenua tor in one of
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Fig. 1. Exp erimental setup. (a) Sample layout w ith 2DEG mesa, quantum- point con-

tact, side gates, and interdigital transducers. (b) SEM picture of the QPC . (c) Schematic

of the rf system w ith generator, beam splitter, attenuator, and phase shif ter in the rf

line to the 2nd ID T .

the rf l ines (Fi g. 1c), the relati ve m agni tude and the relati ve phase of both sig-
nals could be vari ed and adj usted. A low- noise current preampl iÙer detected the
acoustoelectri c current. Al l m easurements were carri ed out at 1.2 K. Appl yi ng the
m icrowave exci tati on to the tra nsducers increased the tem perature readi ng up to
about 1.7 K.

For su£ cientl y hi gh rf -power levels, the acoustoelectri c current can be ob-
served below pinch- o˜ vol ta ge f or conducta nce. Fi gure 2 shows how thi s current
changes wi th gate vo lta ge. The slope of the current pl ateaus depends on gate vol t-
age, f requency, the rf power, as wel l as on the relati ve magni tude and pha se of the
m icrowave signals at the tw o tra nsducers. To help opti m izing these param eters
for a m inimum slope, a small 117 Hz modul ati on of dV g ç 1 mV r m s was added
to the gate vol ta ge and the ac com ponent of the acoustoelectri c current, dI , was
m oni to red wi th a lock- in am pl iÙer. Fi gure 2 also shows the di rectl y m easured slope
d I =dV g . Af ter opti m izatio n, the slope of the Ùrst pl ateau wa s reduced by nearl y
an order of m agni tude wi th respect to the case when the second beam was o˜.
Accordi ng to Fi g. 2, up to 20 pl ateaus appeared in I ( V g ), al tho ugh only about
hal f of them are well -pro nounced whi le the other hal f are rather weak. The obvi -
ousl y clear distincti on between the two typ es of pl ateaus could be due to the typ e
of spati al orderi ng of electrons in the movi ng quantum dots. Fi gure 3 shows the



536 P. U tko et al.

Fig. 2. A cousto electri c current I normalized to ef = 39 4 :79 6 pA and its

deriv ative d I = dV g versus gate voltage V g at T = 1 : 2 K . T he rf p ower of 16.5 dB at

f = 2464 : 125 MH z w as applied to the p ort of the Ùrst I DT . T he excitation applied to

the port of the second IDT was reduced by 8.5 dB (solid line) and 20.5 dB (dashed line),

resp ectively . T he conductance pinch- o˜ w as at 0.145 V w hen the rf w as o˜.

Fig. 3. Position of the acousto electri c current plateaus at minimum slop e d I = dV g for

the indicated attenuation of the counter- propagating beam. T he rf power on the port to

the Ùrst transducer w as 16.5 dB at f = 2464 :125 MH z. T he position of the Ùrst plateau

at gate voltage V g; 1 depends on the applie d power.

positi on of the current plateaus wi th respect to the Ùrst pl ateau for the di ˜erent
power levels on the second ID T. The numb er of platea us per gate vol ta geincreases
stro ngly when the power is increased.
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3. D iscu ssio n

The two counterpro pagati ng SAW beam s can be described as a sup erpositi on
of a tra vel ling wave and a (usua l ly weaker) standi ng wave. The positi on of i ts nodes
and i ts magni tude can be vari ed wi th respect to the constri cti on by changing the
phase (or the frequency). The dyna m ical tuni ng of the tra vel ing SAW potenti al
m inim a by the standi ng wa ve can be parti cularl y im porta nt for electron tra nsport
when a node sits at the ri sing slope of the QPC potenti al hi l l or near an im puri t y
whi ch coul d be at the entra nce to the constri cti on.

Fig. 4. A cousto electric current I versus gate voltage V g at the optimum settings. T he

SA W frequency was f = 245 8 :250 MH z. O nly the data p oints around the minimum

slop e are show n. Error bars represent the standard deviatio n of the current reading.

T he tw o horizontal dashed lines comprise a Â I =I = Ï 25 ppm interv al. Inset: full I ( V g )

curve w ith a mar k at the Ûattest part.

Fi gure 4 shows the m ost preci se quanti zati on of the Ùrst pl ateau obta ined
by us so far. 200 readi ngs of the current were ta ken over 5 seconds at constant
gate vol ta ge. Then the gate vol ta ge was increased by 2.5 ñ V and another data set
ta ken. For each of the data points obta ined in thi s way, the standard devi ati on
of the mean current wa s calcul ated and plotted as error bars. The locati on of
the quanti zed current was found by a two -step pro cedure. Fi rst, the derivati ve of
I ( V g ) wa s calcul ated and a ¤ 1 m V wi de region around the m inimum slope was
chosen for further inspecti on. On avera ge, thi s m inimum slope wa s qui te smal l,
onl y 0.06 pA/ m V. Second, the Ûattest part over thi s range was selected. Thi s
turned out to be 0.25 mV wi de, conta ining about 100 data points. If we attri bute
thi s Ûat region to the ideal quanti zed current I = ef , we get a relati ve accuracy
of Â I = I = Ï 2 5 ppm . The absolute value of the experim enta l quanti zed current
of 394.695 pA di ˜ered by 0.21% f rom the theo reti cal value of ef = 3 9 3 :8 5 5 pA.
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Thi s was wi thi n the accuracy of the current am pl iÙer and AD converter of about
Ï 1 pA.

4. Su m m ar y

T o concl ude, we ha ve inv estigated the sing le-electron tra nsport thro ugh
shal low-etched point conta cts dri ven by two counterpro pagati ng SAW beams.
Thro ugh proper opti m izati on of the electri cal param eters up to 20 plateaus ap-
peared in the acousto electri c current. The highest accuracy of the Ùrst plateau
wa s estim ated to be Ï 2 5 ppm over a gate vol ta ge interv al of 0.25 mV, whi ch is a
considerable impro vement compared to the previ ous results.
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