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The displacement of a single electron enables exciting avenues for nanotechnology with vast appli-
cation potential in quantum metrology, quantum communication and quantum computation. Sur-
face acoustic waves (SAW) have proven itself as a surprisingly useful solution to perform this task
over large distance with outstanding precision and reliability. Over the last decade, important mile-
stones have been achieved bringing SAW-driven single-electron transport from first proof-of-principle
demonstrations to accurate, highly-controlled implementations, such as coherent spin transport,
charge-to-photon conversion, or antibunching of charge states. Beyond the well-established piezo-
electric gallium-arsenide platform, first realisations of acousto-electronic transport have also been
carried out on the surface of liquid helium. In this review article, we aim to keep track of this
remarkable progress by explaining these recent achievements from basic principles, with an outlook
on follow-up experiments and near-term applications.

I. INTRODUCTION

Surface-acoustic-wave (SAW) technology is an integral
part of modern commercial products such as RFID tags,
television tuners, cars, touchscreens and communication
and positioning devices. In these applications, SAWs
are mainly used as sensors [1], transponders [2], pulse-
compression filters or band-pass filters [3]. For medical
applications, SAWs enable contactless displacement and
manipulation of microscopic droplets [4–7].

Moreover, SAW technology finds a growing number of
applications in quantum technology – based particularly
on solid-state devices [7]. One outstanding example are
hybrid implementations with superconducting qubits [8–
14] and the novel field of phonon quantum optics [15],
where the SAW itself carries quantum information. An-
other example of an exciting application – that is in the
focus of this review article – is the transport of single
electrons [16, 17]. Here, the SAW serves as a transport
medium, allowing to displace physically a real particle,
together with the quantum information encoded in its
quantum state.

Historically, SAW-driven electron transport originated
from the field of quantum metrology [18–21]. It was an-
ticipated to pave the way towards an extremely stable
current source [22, 23] resolving the metrological trian-
gle between frequency f , voltage V , and current I. The
central idea is to use the electric potential wave that ac-
companies a SAW in a piezoelectric device to form a train
of quantum dots moving along a transport channel. The
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wave transports a single electron per potential minimum
and drags these single electrons from one reservoir to the
other. Such a SAW-driven electron train carries a current
I = e fSAW that is defined by the product of the electron
charge e and the SAW frequency fSAW.

The accuracy achieved with this acousto-electric
pumps [20, 22, 23] was only 10−4 (100 ppm) at a current
of about 500 pA. It was soon outperformed by quantum-
dot pumps [21, 24–28], which nowadays achieve an accu-
racy of about 10−7 (0.1 ppm) at comparable rate. Re-
cently, the acousto-electric approach regained attention
via newly developed SAW generation techniques in the
GHz domain [29].

Along with the first experimental demonstrations of
SAW-driven quantised currents came theoretical propos-
als to use the electro-acoustic technology to perform spin-
based quantum calculations [30]. SAW-driven electron
transport is also an elegant way to implement coher-
ent links in large spin-qubit architectures [31]. In this
perspective, the electro-acoustic transport technique was
combined with standard quantum dots serving as source
and receiver of single flying electrons [16, 17].

The spin coherence of this SAW-driven electron trans-
port has been recently demonstrated in single-shot ex-
periments using the piezoelectric GaAs platform [32]. In
non-piezoelectric platforms such as silicon or germanium,
the deposition of piezoelectric layers should also enable
the realisation of SAW-driven spin transport, but exper-
imental investigations with such materials have not been
performed so far.

Besides the spin, the charge degree of freedom is also of
important interest for quantum-information technology
[33, 34], despite being more fragile. SAW-driven electron
transport provides an excellent tool to test the quantum
dynamics of flying charge qubits. The transport is slow

ar
X

iv
:2

40
2.

04
74

8v
1 

 [
co

nd
-m

at
.m

es
-h

al
l]

  7
 F

eb
 2

02
4

mailto: hermann.sellier@neel.cnrs.fr


2

enough for in-flight gate manipulations, and fast enough
to operate below the expected charge decoherence time
that is in the order of 10 ns in GaAs [35–38].

As a first step in this direction, SAW-driven single elec-
trons have been sent through tunnel-coupled wires to in-
vestigate the partitioning statistics [39] and the presence
of coherent tunnel oscillations [40]. Follow-up investiga-
tions demonstrated Coulomb-mediated antibunching of
two electrons sent simultaneously in the tunnel-coupled
wires [41]. These findings pave the way for applications
to coherent two-qubit gates using flying charge qubits,
and are likely to impact other flying-qubit implementa-
tions [34] such as levitons [42–47] or quantum-dot pumps
[48, 49].

Another topic that is both relevant for flying spin and
charge qubits is the transmission of the quantum infor-
mation to other types of elementary particles such as
phonons or photons. The emission of single photons from
a train of electrons that is transported within the poten-
tial minima of a SAW train has been recently successfully
demonstrated [50]. But the conversion of quantum states
from electron spins surfing on a sound wave into photon
polarisation has not been achieved yet.

Electron confinement within the SAW-induced poten-
tial was identified as a key aspect for further progress
in all of these experiments. Accordingly, the acousto-
electric transport technique was recently also tested em-
ploying more sophisticated transducer designs. Instead
of forming a long SAW train with a regular transducer
to transport a single electron within, a non-uniform de-
sign was implemented to perform chirped synthesis of a
solitary SAW pulse, enabling single electron transport on
a par with the regular method [51]. This implementation
set novel perspectives for the precision, synchronisation
and scalability of SAW-driven single-electron transport
and also revived the acousto-electric transport method
for quantum-metrology applications [29]. Although SAW
technology is very well developed [3], only a fraction of
the original methods for acousto-electric synthesis have
been utilised so far for single electron transport. Accord-
ingly, we expect there to be plenty of room for improve-
ment.

SAW-driven single electron transport is also applica-
ble in rather exotic frameworks such as the surface of su-
perfluid helium [52]. The platform provides outstanding
electron mobility and accordingly unprecedented charge
coherence is expected. We anticipate that similar imple-
mentations will be executable on the even more pristine
surface of solid neon [53, 54].

This review article keeps up with these major advances
in SAW-driven electron transfer that have been achieved
over the recent years. In section II, we start with an
explanation of basic principles and properties of SAW-
driven single-shot electron transport. After the basics,
we elaborate on coherent SAW transport of electron spin
states [32] in section III, and on in-flight manipulation of
charge states [39, 41] in section IV. In section V, origi-
nal SAW transducers are discussed that are promising to

enhance confinement and thus coherence of the electro-
acoustic transport technique [51]. Section VI focuses on
electron to photon conversion [50]. Finally, we look be-
yond results in GaAs heterostructures and review in sec-
tion VII SAW-driven electron transport on the surface of
superfluid helium [52].

II. SINGLE-ELECTRON TRANSPORT
BETWEEN DISTANT QUANTUM DOTS

A quantum dot (QD) is a versatile tool to trap and
manipulate a single electron. In a GaAs heterostructure,
it is typically formed via nanoscale electrodes deposited
on the surface that control the electrostatic confinement
of the electrons located in the two-dimensional electron
gas (2DEG). Highly controlled SAW-driven single-shot
transport of a single electron is achievable [16, 17] when
equipping the ends of a transport channel with such QDs,
as sketched in Fig. 1a. These two QDs serve as source and
receiver of single electrons transported by a SAW which
is emitted by a piezoelectric transducer and is travelling
from left to right. To detect the presence of an elec-
tron within each QD, quantum point contacts (QPC)
are placed close-by. An electron entering or exiting a
QD can be detected by tracing the conductance of these
very sensitive QPC electrometers.

Let us briefly sketch how SAW-driven single-shot
transport of an electron works. Initially, an electron is
loaded in the source QD from the close-by reservoir, us-
ing fast voltage variations (δVR and δVC) on the QD
electrodes – see Fig. 1a and Fig. 1b. The loaded electron
is then isolated in preparation for transport along the
channel – see Fig. 1c. At the same time, the potential
of the receiver QD is prepared in anticipation to catch
the electron at the end of the depleted transport chan-
nel. In this sending configuration, a finite SAW train
is launched. As the SAW passes along the channel, its
moving potential modulation superposes with the static
transverse confinement of the channel and forms a train
of quantum dots moving along [56]. As a result, the elec-
tron loaded in the source QD is picked up by the SAW
and transported along the channel – see Fig. 1d. After
the SAW has passed the device, the successfully trans-
ported electron remains in the receiver QD – see Fig. 1e
– which has been foresightedly prepared in a catching
configuration (via the voltage variations δV ′

R and δV ′
C).

During such a transport sequence, the presence of an
electron is traced via the QPC currents recorded at the
source and receiver QDs. Figure 2 shows maps of the dif-
ference between the QPC currents before and after the
transport sequence, revealing the domain of gate volt-
ages (in the sending configuration) for which the loaded
electron is still present in the source QD (black region in
the left column) or has been transferred in the receiver
QD (black region in the right column). Let us first de-
scribe the holding map of the source QD in absence of
SAW, for which the electron should not be transferred
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FIG. 1: SAW-driven single-electron transport.
(a) Depleted potential landscape (grey regions) along
the transport channel. The surrounding red regions
indicates the Fermi sea. The red dot at the source QD
(left) indicates an electron. The receiver QD (right) is
empty. Next to each QD a quantum point contact
(QPC) is placed as electrometer. (b-e) Electron
potential energy U along the quasi-one-dimensional
channel for the following situations: (b) Loading an
electron from the Fermi sea. (c) Preparation of the
isolated electron for SAW-driven transport. (d)
Transport of the electron by a finite SAW train. (e)
Catching the flying electron at the receiver QD. Figure
reproduced from [55] with permission from the author.

(black color) – see Fig. 2a. The black region is however
limited to the top right part of the map, with two linear
thresholds when the electron is lost back either to the
reservoir (diagonal threshold with dashed arrow) or into
the transport channel (horizontal threshold with solid ar-
row). On the receiver QD, no change is observed in the
charge occupancy (white color), since the receiver QD
remains empty – see Fig. 2b.

Sending now a SAW train towards the QD that is at-
tached to a depleted transport channel, one observes a
shift of the threshold regions – see Fig. 2c. Looking now
on the QPC electrometer on the other end of the trans-
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FIG. 2: Sending and catching maps. QPC current,
∆IQPC, at the source QD (left) and receiver QD (right)
as function of the sending configuration on the source
QD given by the voltage variations on the gate next to
the reservoir (δVR) and next to the transport channel
(δVC). The color-map is set such that a black (white)
pixel indicates the presence (absence) of an electron.
(a,b) No SAW launched during at sending
configuration. (c,d) A 30 ns SAW train is launched
during the sending time frame. (e,f) The SAW is
launched with a short voltage pulse applied at the
plunger gate in time with the SAW arrival. Figure
reproduced from [55] with permission from the author.

port channel – see Fig. 2d – we observe catching events
that perfectly correlate with the events on the source.
Apparently, the electron is transported from one QD to
the other. The timing of the sending event is so far how-
ever uncontrolled, and it is also uncertain if the electron
remains all along its journey in its initial potential mini-
mum of the SAW train.

If the source QD is equipped with a surface gate allow-
ing voltage pulses that are faster than the SAW period,
one can trigger the sending process for transport in a
specific moving potential minimum of the SAW. For this
purpose, one brings the electron in a configuration where
the SAW alone is not able of taking it away from the
source QD – see configuration T in Fig. 2c,d. On the
other hand, with the help of a voltage pulse, the sending
process can be activated on demand – see Fig. 2e,f.

Figure 3 shows the sending probability for such a sit-
uation as function of the delay of the sending pulse [39].
During the transit window of the SAW, distinct peaks are
apparent that are spaced by the SAW periodicity, show-
ing that our voltage pulse enables to address a specific
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FIG. 3: Pulse-triggered single-electron transfer.
(a) SEM image of the source QD showing the pulsing
gate highlighted in yellow. (b) Measurement scheme
showing potential modulation, δU : The delay of a fast
voltage pulse, τ , is swept along the arrival window of
the SAW at the source QD. (c) Measurement of
probability, P , to transfer a single-electron with the
SAW from the source to the receiver QD for different
values of τ . (d) Zoom in a time frame of four SAW
periods, TSAW. Figure reproduced from [39] with
permission from Springer Nature.

moving potential minimum of the SAW train for trans-
port.

At this point, however, it is not clear if the transported
electron stays at the initially addressed position within
the SAW train on its journey to the receiver QD. In or-
der to probe the in-flight distribution of the transported
electron within the SAW, a barrier gate is placed along
the transport channel [57]. The barrier is normally set to
block the passage of the electron, but the barrier can be
opened during a fraction of the SAW period using a fast
voltage pulse. The time delay of the pulse is then swept
over the arrival window of the SAW at the barrier gate. If
the electron is well confined in a certain SAW minimum,
the transfer probability to the receiver QD should rise ex-
actly when the delay coincides with the electron location
in the SAW train. If the electron is at different loca-
tions within the SAW train (for repeated experiments),
the transfer probability will gradually rise according to
the in-flight distribution of the electron within the SAW
train. Figure 4 shows data from an experimental realisa-
tion of this time-of-flight measurement. The data shows
that the electron is indeed transported in a specific po-
tential minima of the SAW only if the acousto-electric
amplitude – or in other words, the confinement potential
within the SAW minima – is sufficiently high.
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FIG. 4: In-flight distribution within the SAW
train. Distribution D(t) of the electron within the
SAW minima for different values of the peak-to-peak
SAW amplitude ASAW. t1 indicates the expected arrival
time at the barrier gate according to the delay of the
sending pulse at the source QD. The data is obtained
via the normalised derivative of transport probability
data. Figure adapted from [57] with permission from
the American Institute of Physics.

III. COHERENT SPIN TRANSPORT

The ability to coherently transfer an electron spin is
an important tool to design a realistic quantum proces-
sor. As proposed by Vandersypen et al. [31], beyond a
certain size of quantum chip and for a finite qubit inho-
mogeneity within a single quantum device, the fan-out
of the gates to control the individual QDs becomes ex-
tremely challenging with today’s lithography and fabri-
cation processes. Operating all the qubits at the very
same biasing points using shared control gates seems
unreasonable given the present level of reproducibility.
Rather, large-scale quantum structures will have to rely
on some form of multiplexing. To make room for this ad-
dressing electronic circuitry, one strategy is to separate
the quantum core into smaller registers, spatially sepa-
rated to open enough room for a classical circuitry, which
could include multiplexers to reduce the final fan-out wire
density. However, that solution implies that all registers
can be coherently coupled, on-demand, at least to their
nearest neighbors separated by several microns. Mainly
two types of coherent couplings have been proposed and
experimentally implemented, either by sharing a coher-
ent photon (spin-to-photon conversion in microwave res-
onators via spin-orbit coupling and hybridisation of the
charge state with a cavity mode) [31, 58–66] or by coher-
ently displacing entangled spins [32, 67–69].

The coherent displacement of a spin within an ar-
ray (1D or 2D) of QD can be achieved (i) with itera-
tive SWAP operations between spin exchange coupled
qubits to transfer the spin state over the array [70],
or (ii) by displacing the charged particle (electron or
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FIG. 5: Different spin transfer strategies. (a)
Schematic representation of an electron sequentially
tunneling from a source to a reception dot. The
intermediate dots may have small variations in size and
shape due to the local electrostatic environment, which
in turn may affect the tunneling rates ti,j , the electron

g-tensor, or the spin-orbit field B⃗SO. (b,c) Schematic
representation of an electron in a gate-induced (b) and
SAW-induced (c) moving potential. These transfer
schemes are designed to avoid the successive tunneling
events (except at the source and receiver dots).

hole) through the array [71]. The coherent displace-
ment of a single spin in an array of few QDs was first
demonstrated in GaAs/AlGaAs heterostructures, inde-
pendently in Ref. [68] and [72]. Flentje et al. performed
a series of coherent dot-to-dot tunneling processes in a
circular triple QD geometry (bucket brigade) and probed
the coherence of the electron spin state after the displace-
ment. That experiment and the demonstration by Fujita
et al. opened the way to further investigations in larger
arrays [69] and in CMOS devices [73]. Recently, coher-
ent spin shuttling has been also performed with holes in
Germanium QDs [74].

There are two challenges to retain spin coherence.
First, the inter-dot tunnel coupling needs to be suffi-
ciently large. Second, the spin interactions – electron
Landé g tensor, transverse magnetic field and spin-orbit
(SO) interaction – have to be reproducible and constant
along the chain of QDs such that the transfer only in-
duces a deterministic spin evolution – see Fig. 5a.

To avoid the challenge of ensuring an adiabatic spin
transfer along a chain of QDs, an alternative is to
smoothly displace the confinement potential along the
transport direction using the so-called “conveyor-mode”
approach [67, 75–77]. This can be achieved in a less
hardware-intensive way by linking the gates of subse-
quent quantum dots together – see Fig. 5b.

As an alternative, to minimize the effect of micro-
fabrication on the QD properties (shape of the gates,
metal granularity) and to get a smooth transfer process
and large transfer velocity with a low overhead in terms
of local electrostatic gates, one can also use the potential
of a SAW to confine and displace a single electron spin –
see Fig. 5c.

A. Single-spin displacement in a SAW potential

In section II, we explained how to transfer reliably a
single electron between two QDs using a specific mini-
mum of the surface acoustic wave. In this section, we
explain how this technique can be used to demonstrate
the coherent transfer of a two-electron spin state.

The first demonstration of a single-spin displacement
in a moving quantum dot was achieved by Bertrand et
al. [78], using the same device as in Hermelin et al. [16]
which enables the transfer of a single electron through a
4-µm-long channel. Here the coherent transfer procedure
consisted basically of three steps. At the source dot, an
electron spin is first prepared either in |↑⟩ (spin ground
state as the electron g factor is -0.4 in GaAs) or in |↓⟩
(spin excited state). Then a SAW burst is launched to
pick up the electron and transfer it to the reception dot.
There, finally, the spin state is measured.

The initialisation of a single electron in the spin ground
state is done by setting the chemical potential of the dot
such that only an electron in the spin ground state can
tunnel in the QD (see Fig. 6a). Alternatively, it is also
possible to load an arbitrary spin state, and wait for the
spin relaxation time after loading. On the other hand,
the preparation of an excited state is not directly possi-
ble. Instead, the statistical loading of an arbitrary spin
state with 50 % |↓⟩ and 50 % |↑⟩ over repeated single-shot
experiments (see Fig. 6b) was used in this experiment.
Then, the procedure for the electron transfer is similar
to the one described in section II.

The spin readout at the reception dot is based on an
energy selective electron tunneling toward the electron
reservoir [79]. For that procedure, the chemical potential
of the reception dot is tuned such that a spin |↑⟩ state
(respectively |↓⟩) has an energy below (above) the Fermi
level of the reservoir. Therefore, if the spin of the caught
electron is |↑⟩, the electron will stay in the dot (Fig. 6c,e).
However, if the electron spin state is |↓⟩, the electron
will eventually tunnel out of the dot, and a new electron
from the reservoir will tunnel in the dot (Fig. 6d,e). By
recording the charge occupation of the dot with the QPC
electrometer, it is therefore possible to determine the spin
state of the caught electron.

Figure 7 shows the result of an experiment [78] where
the spin state is measured at the reception QD after a
50:50 initialisation in the source QD, a waiting time of a
few ms, and the electron transfer with the SAW. The spin
relaxation shown by the red curve is comparable with
that obtained without transferring the electron with the
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FIG. 6: Electron spin initialisation and readout.
(a) To initialize a single spin in the spin ground state,
the chemical potential of the launching dot is set so
that only a |↑⟩ can tunnel in the dot. (b) By setting the
chemical potential of the launching dot below the Fermi
sea (for both spin states), the probability of loading
either an electron spin up or spin down are assumed
equal. At this magnetic field, an equal population of
electron spin up and down can tunnel from the electron
reservoir. Moreover, the tunnel rates to the QD of an
electron spin up γ(↑) and down γ(↑) are equivalent
(similar orbital states for both spin states). Therefore,
repeating the single shot experiment, one gets a spin
down initialisation statistically equal to 1

2 . (c,d) To
readout the electron spin, the chemical potential of the
reception dot is set so that only an excited spin |↓⟩ can
tunnel out to the electron reservoir. Therefore, the
readout current i going through a nearby QPC charge
sensor would have a temporal signature corresponding
to i(1e) → i(0e) (electron tunneling out of the QD)
followed by i(0e) → i(1e) (loading of an electron into
the ground state) in case of an electron spin |↓⟩, and
i(1e) → i(1e) (no electron exchange between the QD
and the electron reservoir) for an electron spin |↑⟩, as
schematically depicted in (e).

SAW (blue curve), demonstrating the spin conservation
during the transfer.

The spin transfer probability in this experiment
reached 65 %. Here the main limitation was the in-
teraction of the SAW burst with the electron during its
idling time before and after transfer, at the source and
reception QDs. Actually, at the source QD location, the
SAW-burst electrostatic potential has a finite build-up
time (70 SAW periods) due to the IDT design and con-
trol scheme. During this period of time, the electron
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FIG. 7: Non-local spin relaxation measurements.
(a) Schematic sequence used to probe the relaxation of
a spin initially prepared in the source dot, then
transferred to and measured in the reception dot. (b)
Probability to measure the electron spin state in |↓⟩ at
the reception dot after the SAW transfer from the
sending QD as functions of the waiting time after
initialisation (red). The probability decay amplitude is
reduced compared to the calibration experiment (blue),
in which the same spin initialisation procedure is
performed, but instead of loading into the sending dot
and transferring the electron with the SAW, the
electron is directly loaded into the reception dot. One
can notice the comparable relaxation times in both
experiments. Figure adapted from [78] with permission
from Springer Nature.

has a lower probability to be injected in a moving po-
tential minimum of the SAW. In addition, the superposi-
tion of the static gate-defined electrostatic potential and
the moving SAW potential leads to an oscillating double
quantum dot, which in turn leads to Landau-Zener tran-
sitions of the initial spin state in presence of spin-orbit
interaction. Similarly, at the reception QD, the electron
is subject to the same effect during the SAW burst de-
cay. As we will show below, using more appropriate SAW
transducers, it is now possible to obtain a single SAW
minimum [51]. Such acousto-electric pulse should signif-
icantly enhance the spin transfer fidelity as the pertur-
bation from undesired SAW minima is removed.

In addition to these perturbations at the source and re-
ception QDs, spin relaxation is expected to occur during
the electron transport due to spin-orbit (SO) interaction
[80–82]. In a medium without charge noise (gate volt-
age noise or charge fluctuations in the substrate), the
SO interaction would be completely deterministic. The
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charge transfer would act as a quantum gate on the spin
state, which could be measured during a calibration pro-
cedure, and thereafter systematically corrected at the re-
ception dot. However, in presence of charge traps such
as ionised donors in GaAs/AlGaAs heterostructures – or
charge noise – the travelling path of the electron may not
be reproducible leading to an overall spin relaxation and
decoherence.

B. Coherent transfer of a two-electron spin state

An alternative spin qubit commonly used in the com-
munity is the S-T0 singlet-triplet qubit, defined by two
electron spins in a double quantum dot structure [70].
Its ground state |0⟩ corresponds to the anti-symmetric

combination of opposite spins |S⟩ = (|↑↓⟩ − |↓↑⟩)/
√

2.
This singlet spin state is energetically favored with re-
spect to the three possible triplet spin states, among
which |T0⟩ = (|↑↓⟩ + |↓↑⟩)/

√
2 is chosen as the excited

state |1⟩. This type of qubit exploits the spin exchange
interaction between the two particles for qubit control
and offers an easy readout procedure (the so-called Pauli
spin blockade). However, it is quite sensitive to magnetic
noise when the two electrons are separated (especially
in GaAs heterostructures, where the coherence time is
typically T ∗

2 ∼ 10 ns [70]).
Coming back to SAW-assisted shuttling schemes, the

ability to separate two electrons initially prepared in a
singlet spin state is an elegant way to generate long-range
entanglement in quantum processors. Indeed, the two
electrons spins would remain entangled even when sepa-
rated over several micrometers if the shuttling scheme is
spin-coherent. A first step towards this coherent quan-
tum link is the demonstration of a coherent singlet spin
transfer by a SAW burst, as represented Fig. 8.

The main challenge to achieve a coherent transfer is the
required fine control over the injection/catching processes
of each electron from/to a specific moving quantum dot
from the SAW burst. Exploiting the deterministic elec-
tron triggering scheme we have presented above to load
in a very precise way the first and second electron into
the SAW train, Jadot et al. [32] demonstrated the ability
to shuttle two electrons with a controlled time delay ∆t
varying between 0.5 and 70 ns with a resolution of 0.5 ns.

Under zero external magnetic field, the authors ob-
tained a singlet transfer fidelity as a function of ∆t follow-
ing a Gaussian decay (Fig. 9), similar to the case of two
electrons separated in a static double quantum dot. A
89.0±0.3 % maximum fidelity is obtained for Bz = 0 mT
and a minimum injection delay.

Under a finite magnetic field, oscillations appear in
the singlet probability measured after transfer. They
are attributed to the spin-orbit interaction affecting each
spin during its displacement at the large SAW speed
(vSAW ≈ 2700 m/s). The oscillation contrast reaches
a maximum of 56.7 ± 0.7 % under Bz = 25 mT. As this
contrast is above 50 %, one can conclude that the two

Δt

Δt

init. 

b

c

d

e

a

1μm

FIG. 8: Singlet spin transfer scheme. (a)
False-color SEM micrograph of the spin transfer device
where the transport channel is 6 µm long. Two
electrons, initialised in a singlet spin state in a double
quantum dot (b). Subsequently, they are sequentially
injected (c) into a moving quantum dot train with a
controllable delay ∆t. Once the transfer (d) is complete
(e), the singlet spin probability is measured to
determine the spin transfer fidelity. Figure adapted
from [32] with permission from Springer Nature.

electron spins remain entangled even when separated by
6 µm.

C. Spin-orbit effect and decoherence mechanisms

Varying the external magnetic field, Jadot et al. [32]
obtained an interference pattern (Fig. 10), whose main
features are well captured by a simple model based on
spin-orbit interaction during shuttling and hyperfine in-
teraction when electrons are idle in the injection of re-
ception dot. During its motion, each electron is submit-

ted to an equivalent magnetic field
−−→
Btot =

−−→
Bext +

−−→
BSO,

with
−−→
Bext the applied perpendicular magnetic field and−−→

BSO = 22.5 mT the spin-orbit equivalent magnetic field
at the SAW velocity. On the other hand, the hyperfine
interaction with the nuclei bath is averaged out during
the electron flight (a process called motional narrowing).
During its idle time in either the source or reception QD,
each spin is however affected by the local magnetic field
generated by the surrounding nuclear spins.

This model and the experimental data presented in
Fig. 10 helps to understand the decoherence mechanisms
at play during the shuttling protocol. Hyperfine inter-
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FIG. 9: Coherent spin transfer demonstration.
At zero external magnetic field, the singlet transfer
fidelity reaches 89 % for small separation ∆t ≈ 0 ns. At
Bz = 25 mT, coherent oscillations appear due to the
combination of external field and spin-orbit interaction,
with a contrast of 0.567 ± 0.007.

FIG. 10: High-contrast spin interference
pattern. Varying both the external magnetic field and
the sending delay, a high-contrast oscillation pattern
appears. Each pixel is the average of 10000 realisations.
Inset shows a numerical simulation performed using the
model described in the main text. Figure adapted from
[32] with permission from Springer Nature.

action with the sending and catching dot nuclear baths

explains the loss of visibility for the large idling times
induced by large delays ∆t ≥ T ∗

2 . Charge disorder may
also affect the trajectory of the electron, in turn lowering
the spin transfer fidelity via the strong spin-orbit cou-
pling. In their result, the authors observed evidence of
such disorder-induced decoherence in the reduction of fi-
delity at Bz = 60 mT. They propose a mechanism based
on the work of Huang et al. [80], with a B2

z dependence
on the external magnetic field, where the electron tra-
jectory within the depleted channel is perturbed by the
random electrostatic background induced by the ionised
donors of the AlGaAs layer.

This experiment clearly shows that disorder reduction
is necessary to increase the spin-shuttling fidelity. One
possible pathway in this regard are undoped heterostruc-
tures, using additional surface gates to fill the QD with
electrons from a distant ohmic contact [83–87]. We an-
ticipate that such accumulation gates will also have a
beneficial screening effect, making the propagating elec-
tron less vulnerable to residual charge fluctuations.

D. SAW-assisted shuttling as a large-scale spin
qubit mediator

SAW-based spin qubit transport is thus validated by
experimental realisations, first by Bertrand et al. [78]
with a single-spin transfer probability of 65 %, while
Jadot et al. [32] demonstrated a coherent spin transfer
protocol of a S-T0 spin qubit. More recently, demon-
strations of gate-defined spin shuttling were reported in
GaAs/AlGaAs [68, 71, 72] and Si/SiGe heterostructures
[75, 88].

Comparing the two approaches, the main advantage of
SAW transfer is its speed, orders of magnitude faster than
gate-based shuttling. In particular, this fast motion leads
to a strong motional narrowing effect for SAW-based
shuttling protocols, while nuclear-spin-free materials are
required for a slower gate-based shuttling. However, this
high speed transfer can lead to strong decoherence for
materials with non-zero spin-orbit interaction if the elec-
tron path is affected by disorder. Similarly, disorder is
expected to limit the coherence for gate-defined shuttling
protocol, as the shape of the moving quantum dot may
evolve during the displacement. Both approaches thus
require to minimize electric and magnetic fluctuations
along the qubit path, to ensure a smooth reproducible
spin qubit evolution during the transfer.

One drawback of SAW-assisted shuttling in a spin
qubit network could have been the necessity to protect
every other non-shuttled qubits of the qubit network from
the global effect of the SAW. However, the triggered elec-
tron injection presented in section II demonstrates that
an electron spin can be effectively protected from the
SAW drive by a controlled launch using a fast pulse on
the source dot, therefore lifting this limitation.
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IV. IN-FLIGHT OPERATIONS ON CHARGE

Having described coherent spin transfer as a link be-
tween quantum nodes, let us now shift the focus on SAW-
driven experiments exploiting the charge degree of free-
dom. In particular, we discuss implementations using
a pair of tunnel-coupled transport channels to realise
single-electron partitioning and two-electron collision ex-
periments.

The ability to perform in-flight manipulations of
single propagating electrons is a central requirement
for quantum-optics-like implementations such as Mach-
Zehnder (MZ), Hanbury-Brown and Twiss (HBT) [89]
and Hong-Ou-Mandel (HOM) [90] interferometers. Ow-
ing to the rapid progress in semiconductor-device fab-
rication, pioneering experiments have been realised at
a single-electron level in platforms using mesoscopic ca-
pacitors [91], single-electron pumps [92–94], and levitons
[42, 95] (for more details, see the review by Bäuerle
et al. [33]). These demonstrations pave the way for
more advanced single-electron implementations such as
the electronic Mach-Zehnder quantum eraser [96, 97] or
the Elitzur–Vaidman bomb tester [98].

A new promising approach is to employ the SAW-based
platform and use the SAW-transported electrons as flying
charge qubits for quantum logic implementations [30, 33].
Similar to the photonic qubit architecture [99, 100], the
quantum state is encoded in the location of the flying
qubit within one of two transport paths. As schemat-
ically shown in Fig. 11, the presence of the electron in
one or the other path is described as |0⟩ and |1⟩. A su-
perposition state can be prepared in a region where the
pair of channels are at close proximity, only separated
by a thin tunnel barrier. When the transverse confine-
ment potential is symmetric, the states |0⟩ and |1⟩ hy-

bridise to form the symmetric |S⟩ = (|0⟩ + |1⟩)/
√

2 and

the antisymmetric state |A⟩ = (|0⟩−|1⟩)/
√

2 [33]. As the
single electron propagates across this tunnel-coupled re-
gion, part of the wavefunction is coherently transmitted
to the neighbouring channel, occupying both sides with
equal probability. This implementation is the electronic
equivalent to the photonic beam splitter, and it will be
focus of section IV A.

On the other hand, to induce a phase shift on the fly-
ing electron, we can exploit the Aharonov-Bohm effect
by separating and then recombining the two transport
paths, thereby forming an enclosed surface. The addi-
tional phase shift is then controlled by a perpendicular
magnetic field or by a side gate voltage. The first demon-
stration of such a single qubit rotation has been shown a
decade ago using a continuous stream of electrons [101].
Only recently, this realisation has been achieved at a
single-electron level using levitons in graphene [47].

Another essential ingredient for a flying charge qubit
is a two-qubit gate, where a target qubit acquires a phase
shift in the presence of a control qubit. Unlike pho-
tons [99, 100, 102], electrons offer a direct path to two-
qubit gates through their long-range Coulomb interaction

[33, 103, 104]. In section IV B, we will present recent
progress on two-electron experiments which demonstrate
the feasibility of this Coulomb-mediated coupling.

Target
qubit

Control
qubit

Coulomb
Coupler

Beam Splitter

VG

FIG. 11: A flying qubit based on electron
charge. Schematic of two flying charge qubits coupled
via a Coulomb coupler that allows to implement a
two-qubit gate for flying electrons. Each qubit is
composed by a pair of transport paths (grey). The
states |0⟩ and |1⟩ are defined by the presence of an
electron in the upper and lower channels, respectively.
A beam splitter is constructed by coupling both paths
with a tunnel barrier (dashed line). The
Aharonov-Bohm ring (middle enclosed area) allows to
induce a phase shift to the flying electron via a
perpendicular magnetic field (not shown) or a side gate
voltage VG. The Coulomb-coupling region enables
non-linear interaction between a pair of synchronised
electrons, resulting in an additional phase shift on the
flying electrons. This architecture represents the
controlled-phase gate for flying charge qubits.

A. Partitioning of a flying electron

The ability to partition a flying electron is an essen-
tial ingredient to realise a coherent beam splitter. It was
first demonstrated for SAW-driven electron transport by
Takada et al. [39]. The authors employed two trans-
port paths that are coupled via a thin tunnel barrier (see
Fig. 12a). The side gates, VU and VL, and the middle bar-
rier, VT, provide fine control of the confinement potential
in the coupling region.

In order to study the transfer efficiency along the indi-
vidual channels, the authors first decoupled the two paths
by strongly augmenting the tunnel barrier. Despite the
long distance between the source and receiver QDs (∼ 22
µm), the authors showed that a single electron is trans-
ferable with an efficiency above 99 %. Such a condition
is an essential requirement for high-fidelity flying-qubit
operation.

In order to partition a single electron during the flight,
the tunnel barrier VT was lowered, and the transmission
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probability to the neighbouring channel was controlled
by applying a detuning voltage ∆ = VU − VL between
the side gates. Figure 12b shows the probability of the
electron arriving at the upper (U) and lower (L) receiver
QD. The data exhibits a gradual change of the transfer
probability enabling to set any desired partitioning con-
figuration. In the case of zero detuning, the electron has
equal probability to occupy both channels, thus acting as
a 50:50 beam splitter.

To understand quantitatively these partitioning
curves, the authors performed numerical simulations of
electron transport taking into account the exact geom-
etry and properties of the employed device. Assuming
the flying electron to stay in the ground state all along
the transfer, the calculations showed that the partition-
ing transition should spread over a detuning interval of a
few µV only. On the contrary, the experiment showed a
transition spreading over tens of mV, which was only ex-
plainable by assuming excitation of the flying electron to
higher energy states. The entrance of the tunnel-coupled
region was identified as a central source of excitation, due
to abrupt changes by tens of mV in the electrostatic po-
tential, leading to a non-adiabatic evolution of the quan-
tum state. However, the numerical simulations showed
that, for stronger SAW confinement, the electron state
should become more robust against abrupt potential vari-
ations.

To reveal the existence of coherent tunnel oscillations
despite the presence of such excitation, it is necessary to
improve the precision of the measurements and therefore
reduce the statistical fluctuations inherent to single-shot
experiments. For this purpose, Ito et al. [40] employed
a continuous SAW to drive a steady flow of single elec-
trons through the tunnel-coupled wire and could observe
weak tunnel oscillations with a visibility of about 3 %.
In line with the experiment by Takada et al., this low
visibility was attributed to the presence of electron ex-
citation. By enhancing the SAW generation techniques,
device geometries and materials, it will likely be possible
to minimize the non-adiabatic evolution and enable an
efficient coherent beam splitting of flying electrons with
tunnel-coupled channels.

B. Electron pair antibunching

To achieve a universal platform of operations with fly-
ing charge qubits, besides the preparation of quantum-
state superposition with tunnel barriers, it is essential
to implement a two-qubit gate. One way to couple two
flying charge qubits is to make them interact via their
Coulomb interaction.

Wang et al. [41] investigated this electron-electron in-
teraction in a SAW-driven collision experiment using a
Hong-Ou-Mandel setup. The authors used a new gen-
eration of devices (see Fig. 13a) which integrated three
major improvements in order to mitigate electron exci-
tation. First, the transduction efficiency of the inter-
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FIG. 12: Single-electron partitioning. (a)
Schematic of a pair of coupled channels for SAW-driven
flying electrons. The barrier-gate voltage, VT, and the
side-gate voltages, VU and VL, offer full control of the
potential landscape of the coupling region. Dashed
arrows indicate a possible trajectory of an electron. The
moving confinement SAW minima are schematically
indicated by dark elongated spots. (b) Probability P of
catching the electron at the upper (U) or lower (L)
receiver QD for various potential detuning ∆. The
transition width is indicated as σ. Figure adapted from
[39] with permission from Springer Nature.

digital transducer was enhanced by 16 dB by replac-
ing gold with lighter aluminum electrodes [105]. This
larger confinement potential made the transport more
robust against potential fluctuations and ensured that
the electron remains at the same SAW minimum during
the flight [57]. Second, the gate design was optimised
using a quantitative electrostatic model for GaAs het-
erostructures [106] in order to reduce the potential varia-
tions along the transport path, especially at the entrance
of the coupling region. Third, the length of the tunnel-
coupled region was extended from 2 µm [39] to 40 µm
[41] in order to set the propagation time (14 ns) longer
than the energy relaxation time (T1 ∼ 10 ns for charge
qubits in GaAs heterostructure [37]). With such a long
coupling region, the flying electrons should have enough
time to relax from some excited quantum states towards
their ground state.

These improvements enabled the authors to perform a
two-electron collision experiment and study the in-flight
electron-electron interaction. Two single-electrons were
launched simultaneously from two source QDs and the
coupling region was tuned to a 50:50 beam-splitter con-
figuration for each electron. The transfer probability was
recorded as a function of the time delay between the volt-
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age pulses triggering the electron emission from the two
source QDs (see Fig. 13b). When the electrons are trav-
elling in different SAW minima, the probability P11 of
capturing one electron at each detector shows the classi-
cally expected 50 % probability. Only when the electron
pair is confined in the same moving potential, P11 in-
creases, reaching up to 80 %.

This antibunching effect could originate either from
the Pauli exclusion of the fermionic statistics, or from
the repulsive nature of electron-electron Coulomb inter-
action. To clarify the origin of the effect, the authors
performed this two-electron partitioning experiments as
a function of the detuning between the side-gate voltages
(see Fig. 13c). They found that the broadening of P11 can
be explained by an electron-gating effect. Specifically, the
presence of an electron on one side of the tunnel barrier
modifies the electrostatic potential felt by the other elec-
tron. Combining this purely electrostatic effect with the
Bayes’ theorem, the predicted partitioning probabilities
reproduced the experimental data without any adjustable
parameter. Therefore, the authors concluded that the
antibunching effect is a result of long-range Coulomb re-
pulsion, rather than a quantum-statistical effect.

The strength of the Coulomb interaction was estimated
theoretically to be Uee ≈ 0.5 meV. With such a large
interaction, a phase shift of π between the electron pair
– the requirement for Bell state preparation – would be
obtained after an interaction time of only 4 ps (equivalent
to a propagation length of 12 nm by considering a SAW
speed of about 3000 m/s). Owing to such a strong and
long-range interaction, the transport channels should be
placed further apart, with a wider barrier gate, relaxing
the nanofabrication overhead.

It is worth to note that the same electron-gating effect
was reported in similar HOM experiments but using sin-
gle electrons launched into quantum Hall edge channels
[48, 49] in agreement with theoretical studies [107, 108].
These experiments therefore demonstrate the feasibility
of the Coulomb-mediated coupler as a two-qubit gate im-
plementation for flying charge qubits. For completeness,
a similar antibunching effect due to Coulomb interaction
has also been observed recently in a very different type
of experiment using free electron beams [109].

C. Outlook on in-flight manipulations with
real-time control

A specificity of SAW-assisted electron transport is its
relatively slow propagation velocity of about 3×103 m/s
compared to photons (3× 108 m/s) and other solid-state
single electrons (104 − 105 m/s [94, 110–113]). Owing
to this orders-of-magnitude lower timescale and the ad-
vances of radio-frequency electronics [114], the SAW plat-
form offers the unique opportunity to dynamically con-
trol the electron state during the flight in real time. In-
flight dynamical control can be implemented by applying
tailored voltage waveforms on the tunnel barrier. Syn-
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FIG. 13: Antibunching of an electron pair. (a)
Scanning electron micrograph of a SAW-assisted
Hong-Ou-Mandel interferometer. A voltage pulse at the
upper (lower) source QD with controlled delay tU (tL)
selectively loads an electron into a desired SAW
minimum. The pair of synchronised electrons (blue and
red circles) are transported towards the coupling region
before being captured by the receiver QDs. (b)
Transfer probabilities P20 (both electrons at lower
detector), P02 (both electrons at upper detector) and
P11 (one at each detector) as function of the time delay
between the electrons in units of SAW period
TSAW ≈ 350 ps. (c) Two-electron partitioning
probabilities (data points) when the electron pair is
confined in the same (solid color) or different
(semi-transparent) SAW minima. The solid lines are
predictions from a Bayesian model with and without
Coulomb interaction, respectively. Figure adapted from
[41] with permission from Springer Nature.

chronising the trigger-send pulse with such a waveform,
the barrier height can be arbitrarily controlled along the
entire coupling region.

Regarding the necessary time resolution, Wang et al.
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[41] showed high-fidelity electron transport over a 40-µm-
long coupling region, corresponding to a flight time of
14 ns. Since state-of-the-art arbitrary waveform genera-
tors can reach nominal bandwidths above 20 GHz [114],
time resolution is not a limiting factor for performing
real-time control.

Let us now describe a typical in-flight manipulation of
a single flying electron. Before sending the electron, the
energy barrier of the middle electrostatic gate is set high
to decouple the two channels. When the flying electron
is in the coupling region, the barrier is lowered during a
short period of time to allow coherent tunneling to the
other side. Detecting the statistics of single-shot events
at the receiver QDs as a function of the coupling dura-
tion, we expect to observe coherent in-flight Rabi oscilla-
tions. This experiment would demonstrate a single-qubit
rotation for SAW-assisted flying electrons. In general,
dynamical control opens up a plethora of experiments
for studying, for example, electron relaxation during the
flight, Landau-Zener transitions at the beam splitter or
electrostatic inhomogeneities along the channels.

V. NOVEL TRANSDUCERS FOR SAW
ENGINEERING

Experiments from the last decade showed that the field
of flying electrons based on SAW transport has advanced
significantly. The main focus was on improving gate ge-
ometries and mastering on-demand sending of an elec-
tron. However, since the pioneering single-electron shut-
tling experiments [16, 17], the IDT design has barely
changed. In this section, we focus on recent developments
in IDT designs, and their benefits for SAW-mediated
electron transport.

A. Optimisation of transduction efficiency

As mentioned at the beginning of this review, SAW
technology has been widely used for quantum applica-
tions [7]. Numerous innovations have been introduced to
improve the transduction efficiency and generate stronger
acoustic waves. These innovations include focusing the
acoustic beam on a small region [115, 116], pulse com-
pression techniques [51, 117] and unidirectional SAW
emission [3, 118, 119]. Using the latter IDT design for
instance, Qiao et al. [15] were able to strongly couple su-
perconducting qubits with single phonons, demonstrat-
ing for the first time the bunching effect between a pair
of acoustic phonons.

Similarly, stronger acoustic waves are also essential
for high-fidelity single-electron transfer, by producing
stronger confinement in the SAW potential. Therefore,
enhancing the transduction efficiency has a direct benefit
for SAW-driven electron transport experiments.

The transducer employed in the pioneering experiment
by Hermelin et al. [16] was a regular IDT with a single-

finger design (see Fig. 14a). In such a structure, metal-
lic electrodes are located uniformly at half-period, λ/2.
Since each electrode acts not only as a SAW emitter, but
also as a reflecting mirror, such a design exhibits a cav-
ity effect where SAW is trapped in the transducer for a
certain time before leaving the structure [3]. Owing to
the low electromechanical coupling coefficient k2 of GaAs
and this cavity effect, the electron transfer probability
was limited to 92 %.

A double-finger design mitigates the formation of
standing waves inside the transducer [3] (see Fig. 14b).
In the first experimental implementation of this design
for SAW-assisted transport, Takada et al. [39] reported
a transfer efficiency of 99.7 %, even though the transfer
distance was 5 times longer. Despite this achievement,
the SAW confinement potential was not strong enough
to keep the electron during transport within the SAW
minimum where it was originally loaded [55].

The transduction efficiency can be further enhanced
by reducing the mass-loading effect [3]. In particular,
Edlbauer et al. [57] replaced gold with lighter aluminum
electrodes. Performing time-of-flight measurements, the
authors demonstrated the generation of a strong and ro-
bust SAW confinement potential (above 24 meV peak-
to-peak) which traps the electron in the same SAW min-
imum even in the presence of large variations (tens of
meV) in the electrostatic potential landscape along the
gated channel.

A similar aluminum IDT was employed later on by
Wang et al. [41] and the enhanced transduction proved
essential for synchronising two flying electrons, enabling
the realisation of SAW-mediated collision experiments.
Despite the improvements in transduction efficiency, it
was still required to apply a strong radio-frequency in-
put power to the IDT (above 25 dBm). The associated
direct electromagnetic coupling disturbs the confinement
potential at the source QDs before the arrival of the SAW
[105]. Furthermore, such a high input power also intro-
duces unwanted heat into the system.

To reduce the input power while maintaining high
transduction efficiency, one strategy is to employ uni-
directional IDT designs [118, 119] (see Fig. 14c,d). The
asymmetry in the transducer’s unit cell promotes the re-
flection of waves propagating in the backward direction
[3] which superpose constructively with the waves propa-
gating in the forward direction. Therefore, the unidirec-
tional SAW emission provides an amplitude increase of
3 dB compared to regular IDTs.

From the material perspective, the weak electrome-
chanical coupling of GaAs is the main limiting factor
of the transduction efficiency. A solution is to deposit
the IDT on a thin film of stronger piezoelectric sub-
strates such as lithium niobate (LiNbO3), aluminum ni-
tride (AlN) or zinc oxide (ZnO). For instance, it has been
shown that ZnO can be integrated with GaAs by deposit-
ing in between a metal film [120] or a SiO2 layer [121]. At
last, circuit impedance matching should be considered to
further enhance the acousto-electric amplitude.
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FIG. 14: Interdigital transducer designs.
Classifications of IDTs with schematic indications on
the generated SAW shape (line) and its travelling
direction (arrow). Regular or bidirectional IDTs with
(a) single-finger, and (b) double-finger designs.
Unidirectional IDTs known as (c) DART (distributed
acoustic reflection transducer) [119], and (d) FEUDT
(floating electrode unidirectional transducer) [118].
Transducer designs with multiple resonance frequencies
for Fourier synthesis: (e) Split-52 IDT [117] generating
periodic delta-like SAW pulses, and (f) chirp IDT [51]
with broadband response producing a single-cycle SAW
pulse.

B. SAW engineering via Fourier synthesis

Currently, the surface acoustic wave employed for
single-electron transport has typically hundreds of con-
finement locations. A major detrimental consequence of
this long acoustic wave is that the unwanted minima can
disturb the quantum state encoded in the electron [78].
Furthermore, as explained in section II, the control of the
sending time relies on a picosecond voltage pulse applied
on the source QD. This requires not only fine tuning of
the QD potential, but also the need of a high frequency
line per single-electron source, rendering the triggering
technique hard to scale. The solution to these problems
is to engineer an acoustic wave with a single confinement
potential.

A pioneering SAW engineering experiment was per-
formed by Schülein et al. [117]. The authors designed a
novel transducer called Split-52 (see Fig. 14e). This IDT
has multiple harmonics from the fundamental resonance
frequency (see Fig. 15a). Based on Fourier synthesis, the

authors excited different harmonics with carefully cali-
brated power and phase, and showcased the ability to
engineer the acousto-electric shape. Figure 15b shows
the particular case of a periodic SAW train with delta-
function pulses.

The generation of a single-cycle SAW pulse, i.e. non-
periodic, was demonstrated recently by Wang et al. [51].
Here, the authors employed a non-uniform transducer,
the so-called chirp IDT [3] (see Fig. 14f). Owing to its
gradually changing electrode periodicity, the frequency
spectrum shows, in contrast to Split-52, a broadband re-
sponse (see Fig. 15c). Based on the same principle of
Fourier synthesis, an input chirp signal was applied to
generate acoustic waves with gradually increasing fre-
quencies. When these individual waves are perfectly
synchronised, the interference results into a single delta-
function-like acoustic pulse (see Fig. 15d). The authors
further validated the efficiency of such a single-cycle SAW
pulse for single-electron transport between QDs, showing
that the electron is transferred beyond 99 % efficiency
while being confined in the single confinement potential
of the acoustic pulse.
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FIG. 15: SAW engineering. (a) Frequency response
of a Split-52 IDT featuring discrete harmonics, and (b)
the generated periodic delta-like SAW pulses. (c)
Frequency response of a broadband chirp IDT, and (d)
the engineered single-cycle SAW pulse (red line). Figure
adapted from [117] with permission from Springer
Nature and [51] with permission from the American
Physical Society.

Another advantage of SAW pulses compared to con-
tinuous SAWs is the suppression of the electromagnetic
cross-talk, which is known as a limiting factor for pump
accuracy [122]. SAW pulses with well defined sending in-
tervals indeed allow to separate the arrival times of elec-
tromagnetic field and SAW pulse at the quantum chan-
nel. A pulse compression technique can be used to gen-
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erate successive SAW pulses with controlled amplitudes
and delays. More generally, arbitrary acoustic waveforms
can be generated by simply changing the input radio-
frequency signal.

Finally, this novel SAW engineering technique is not
only limited to SAW-assisted transport, but is also di-
rectly applicable to a wide range of quantum acoustic
applications [7, 10, 123–126].

C. On-demand single-electron source with a
single-cycle SAW pulse

A compressed SAW pulse with a single potential min-
imum has a couple of advantages for scaling up a qubit
network. First, it can drastically simplify the synchro-
nisation between multiple single-electron sources by re-
moving the need for the pulse-trigger technique explained
in Fig. 3. Second, it can also simplify the realisation of
an on-demand single-electron source by removing com-
pletely the need for the source QD, with the SAW pulse
directly picking up the single electron from the reservoir.

As briefly discussed in the introduction, when a si-
nusoidal SAW – generated by a standard IDT – travels
through a depleted quantum wire, a continuous flow of
single electrons is generated, each minimum of the sinu-
soidal potential being occupied by a single electron [19].
This technique was first applied to metrology [20, 22, 23]
and later to study the dynamics of single flying electrons
[40, 127]. Exploiting the chirp SAW pulse technique,
it should be possible to realize an on-demand single-
electron source since the timing of the SAW pulse can
be arbitrarily controlled.

Based on this idea, a single-electron pumping experi-
ment with SAW pulses has been performed [29] using the
device shown in Fig. 16a. To realize an on-demand single-
electron source, the central quantum wire was completely
depleted by applying a large negative gate voltage to pre-
vent electrons from flowing through the quantum wire
when biasing the ohmic contact. An acousto-electric cur-
rent ISAW was then generated by applying SAW pulses
with a repetition period Tcycle = 1.28 µs. In the event
that each SAW pulse carries n electrons of elementary
charge e, the expected current is ISAW = ne/Tcycle. Fig-
ure 16b shows the normalised acousto-electric current as
a function of the gate voltage on the quantum wire, for
different SAW amplitudes. For small amplitudes, the cur-
rent smoothly decreases as the gate voltage is swept to
more negative values. On the other hand, for larger am-
plitudes, the current shows a flatter dependence on the
gate voltages around the value e/Tcycle corresponding to
a single electron transferred by each SAW pulse.

In the flattest region indicated by the red points, the
deviation of the current from an ideal single-electron
pump is better than 4 %. This value is however two
orders of magnitude lower than achieved by the most ac-
curate SAW-based single-electron pump whose deviation
is about 10−4 [21]. The design of the chirp IDT was in-

a

b

FIG. 16: On-demand single-electron source with
a quantum wire and a single-cycle SAW pulse.
(a) Schematic of the device composed of a chirp IDT on
the left, a quantum wire in the center and a SAW
detector on the right. (b) Normalised acousto-electric
current, ISAW, induced by the single-cycle SAW pulses
as a function of the voltage Vb at Vt = −2.2 V. The
SAW amplitude varies from 30 to 36 meV (from right to
left). The range indicated in red corresponds to the
flattest part where the SAW current is almost
quantised. Figure adapted from [29] with permission
from the American Physical Society.

deed optimised to generate a delta-function SAW pulse,
but the optimised shape of the SAW pulse (maximizing
the electron transfer efficiency) is not a delta-function
(see red dashed line in Fig. 1c of Ref. [29]). The IDT
design and pulse shape could therefore be even better
optimised.

To improve the accuracy, it will be also important to
increase the SAW amplitude. For example, impedance
matching of the chirp IDT to 50 Ω and improvement of
the conversion efficiency between electromagnetic fields
and acoustic waves by employing a piezoelectric thin film
such as ZnO or AlN should be investigated.

Although the present accuracy at the 10−2 level is not
yet useful for metrology purpose, the on-demand single-
electron source developed in Ref. [29] could be useful
for single-electron quantum optics experiments using the
charge degree of freedom. It does not require the elec-
tron preparation in a QD for electron sending, and hence
can operate potentially faster. In addition, the num-
ber of single-electron sources can be increased by simply
forming many quantum wires in parallel and transferring
several single-electrons at the same times thanks to the
wide wavefront of the SAW pulse. The synchronisation
of all sources is also guaranteed by the single potential
minimum of the SAW pulse. This SAW-pulse technique
should therefore contribute to the development of quan-
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tum experiments using single flying electrons transported
by SAWs.

VI. SINGLE-ELECTRON TO SINGLE-PHOTON
CONVERSION

Coupling between distant localised electron qubits for
quantum computation or quantum communication re-
quires the coherent conversion of an electron into a pho-
ton. The generation of a single photon from a single elec-
tron in a semiconductor nanostructure can be achieved
by controlling the recombination of the single electron
with a hole of the valence band. This challenging single-
particle recombination process has recently been achieved
by Hsiao et al. [50].
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FIG. 17: Conversion from single electrons to
single photons in a SAW-driven n-i-p junction.
(a) Schematic of the device showing the surface gates
used to induce electrons (n-type region on the left) and
holes (p-type region on the right) in a GaAs quantum
well, forming a lateral n-i-p junction along an etched
1D channel. A SAW is generated by applying an RF
signal to a transducer placed 1 mm from the junction.
(b) Schematic diagram showing the band structure of
the n-i-p junction modulated by the SAW potential, for
an applied forward bias less than the bandgap. A single
electron is carried in each SAW minimum, creating a
single photon when it recombines with a hole. (c)
Source-drain current (top) and electro-luminescence
intensity (bottom) as a function of applied RF
frequency. Both signals show up around 1.163 GHz,
which is the resonant SAW frequency of the IDT. (d)
SAW-driven electro-luminescence intensity as a function
of time. The 860 ps periodic feature corresponds to the
applied SAW frequency of 1.163 GHz. (e) Energy
spectrum of the SAW-driven electro-luminescence. The
spectrum shows a peak at 1.531 eV which matches the
exciton energy in the quantum well. Figure reproduced
from [50] with permission from Springer Nature.

In their experiment, a 2.5-µm-wavelength SAW is
emitted from an interdigital transducer and then trav-
els through a GaAs quantum well (QW) equipped with
two surface gates in series to create a n-i-p junction
(Fig. 17a). In the n-type region where electrons are ac-
cumulated, the SAW splits the electron gas into wide
stripes with several electrons in each potential well min-
ima. In the intrinsic i region between the two surface
gates, the channel width is reduced by etching and by two
side gates forming a quantum point contact (QPC) such
that only one electron remains in each SAW minimum,
the other electrons being reflected back into the n-type
region. Each single electron is then transported across
the one-wavelength-long intrinsic region, where the 1.5 V
potential barrier of the n-i-p junction at equilibrium is
reduced to a much smaller value using a large source-
drain bias. In this regime, the slope of the electrostatic
potential in the intrinsic region is small enough to not
overcome the potential minima of the SAW. The single
electrons can thus be efficiently transferred to the p-type
region of the junction, resulting in a nearly-quantised
electrical current I ∼ efSAW = 0.186 nA governed by
the SAW frequency fSAW ∼ 1.163 GHz (Fig. 17c, top
panel). A detailed study of the current quantisation in-
duced by SAW transport and QPC filtering has also been
performed for n-n and p-p junctions [128].

For the n-i-p junction case presented here [50], the
single electrons transported by the SAW arrive in the
p-type region where holes are accumulated by the sec-
ond surface gate. The recombination process of the sin-
gle electron with one of the many holes of this region
produces a 809 nm photon whose energy corresponds
to the 1.53 eV band gap of the GaAs QW (Fig. 17e).
This electro-luminescence is collected with a lens focused
on the p-type region and coupled to an optical fiber
for detection at room temperature using a single-photon
avalanche photodiode (SPAD). The internal quantum ef-
ficiency of the photon emission has been estimated to be
only about 2.5 % despite the dedicated etching of the
QW around the p-type region to avoid electron loss out-
side the recombination region. This low efficiency could
be the result of non-radiative recombination via surface
states along the edges and to late radiative recombination
outside the micron-size region of the collected light.

Single-photon emission has been demonstrated using a
Hanbury-Brown and Twiss (HBT) interferometer to mea-
sure the probability to have two photons arriving at the
same time. A clear photon antibunching effect has been
observed with a suppression of the second-order corre-
lation function below the 0.5 threshold value for single-
photon emission. This regime could be obtained thanks
to a 94 ps recombination time which is shorter than the
860 ps period of the single-electron arrivals in the SAW
train (Fig. 17d).

To apply this single-electron-to-photon conversion to
quantum information transfer, the next step will be to
demonstrate the conversion of an electron spin into a
circularly polarised photon. Such an experiment will
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require a source of spin-polarised electrons, that could
be obtained either by spin injection with ferromagnetic
contacts, or by magnetic focusing using a perpendicu-
lar magnetic field, or using the spin-orbit interaction of
holes in the valence band, or by employing 2D materi-
als such as monolayers of transition metal dichalcogenide
with non-equivalent and spin-polarised K and K’ valleys.

Another perspective could be to combine the two-
electron interferometer presented in section IV with this
single-electron-to-photon conversion technique based on
n-i-p junctions to produce entangled pairs of photons.
The antibunching observed in the partitioning statistics
of the two interacting electrons would be transferred to
the two photons emitted at the n-i-p junctions placed
in the output channels of the interferometer. This effect
typical to fermionic statistics would be unusual for pho-
tons whose bosonic statistics usually produces a bunching
effect.

VII. ELECTRONS SURFING ON
SUPERFLUIDS

Up to now, we have mainly discussed recent progress
in single-electron transport with electrons in a two-
dimensional electron gas provided by a semiconductor
heterostructure. In this section, we highlight another
platform where electron transport is performed using sur-
face acoustic waves: the surface of liquid helium.

The surface of superfluid 4He at low temperature is
like a fantastically pristine substrate without the defects
that are unavoidable in almost all other material systems.
Electrons placed near the surface of superfluid helium are
attracted to it and float several nanometers above the
liquid, forming a unique two-dimensional electron system
(2DES) with the highest electron mobility attained so far
in condensed matter systems (µ > 108 cm2/Vs) [129].

In the past, this system has been extensively studied
because of the strong Coulomb interaction between elec-
trons as an ideal system for the experimental realisation
of an electronic crystal phase of strongly correlated elec-
trons predicted originally by Wigner in 1934 [130–133].
For completeness, let us also mention that similar studies
have also been realised with electrons on superfluid 3He
[134]. Such experiments are however extremely challeng-
ing as the superfluid transition temperature is 1000 times
lower than that of superfluid 4He.

Electrons in this system are also interesting for quan-
tum information science due to their predicted long co-
herence time [135]. The main limiting factor is however
the presence of surface excitations due to the liquid char-
acter of the helium system [136, 137]. The introduction of
solid neon in vacuum as a substrate overcame this draw-
back [138–140]. Compared to liquid helium, its much
stronger surface rigidity compared strongly suppresses
decoherence mechanisms induced by surface excitations.
With such an ultra-clean system, unprecedented charge
qubit coherence times have been obtained [53] reaching

nowadays 100 µs [54].
It is worth to mention that such condensed (liquid or

solid) noble-gas elements with positive (repulsive) elec-
tron affinity are the only materials in nature that can
hold electrons on a free surface in vacuum. All other ma-
terials – even those that are electronically insulating and
atomically smooth – have negative (attractive) electron
affinity, and contain charged contaminants or dangling
bonds on the surface that can capture and localise excess
electrons at atomic to molecular scales [141].

a b
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FIG. 18: Schematic of electron transport on top
of helium using SAWs. (a) Cross-section view of the
device. Two opposing interdigital transducers (IDTs)
are used to excite and receive SAWs. A saturated
superfluid 4He film is formed on the surface of the
LiNbO3 piezo-substrate at 1.55 K. Electrons are
trapped above the surface of the superfluid film by
applying a positive bias voltages to three underlying
electrodes arranged in a field-effect transistor
configuration. Lateral confinement of the electron layer
is achieved with a negative bias to guard electrode
positioned on the outside of the LiNbO3 substrate. (b)
Measured acousto-electric current Iae of electrons on
helium driven by the SAW as a function of frequency.
Inset: Fourier transform of the signal which reveals a
peak due to a SAW interference in the device. (c)
Frequency dependence of the transmission coefficient
S12 of the SAW device, demonstrating an expected
resonance at 296 MHz. Figure reproduced from [52]
with permission from Springer Nature.

Electrons on helium are also very attractive for the
development of flying qubits. A recent study [52] has
demonstrated electron transport on the surface of he-
lium using an evanescent piezoelectric SAW. The elec-
trons surf on the piezoelectric wave, and high-frequency
charge pumping has been realised. A schematic of the
system is shown in Fig. 18a. The electron system floats
above the surface of a 70-nm-thick superfluid film that is
supported by an underlying piezoelectric substrate made
of lithium niobate (LiNbO3). SAWs on the lithium nio-
bate crystal are launched by applying a high-frequency
voltage to an interdigital transducer (IDT) on the surface
of the lithium niobate and are directly detected using an



17

opposing IDT.
Thermally-emitted electrons are trapped above the

surface of the superfluid film by applying a positive gate
voltages to the underlying electrodes arranged in a field-
effect transistor, and laterally confined using electrodes
around the piezoelectric substrate. The underlying elec-
trodes also serve to capacitively detect the signal pro-
duced when the evanescent electric field of the SAW car-
ries the electrons along the surface of the superfluid. An
evanescent coupling of electrons to the high-frequency
SAWs submerged beneath the liquid helium provides a
probe of the high-frequency conductivity of the 2DES
(see Fig. 18b).

With this piezoacoustic method, one can transport
very precisely a small number of electrons down to about
0.01 % of the total electrons, opening the door to quan-
tised charge pumping experiments. Besides single elec-
tron transport, SAWs represent also a route to directly
investigate the high-frequency dynamical response and
relaxation processes of collective excitations present in
liquid and solid electron phases on helium.

For the development of flying electron qubits with sur-
face acoustic waves, it would be highly interesting to
combine the approach discussed above for electrons on
helium with the electron on neon system. If neon could
be adsorbed on a piezoelectric substrate such as LiNbO3

and if electron reservoirs could be engineered, then one
could envision single electron transport in a system with
minimal background perturbations and coherent in-flight
quantum manipulation of charge and spin degrees of free-
dom should be possible.

For the semiconductor approach which we extensively
discussed in this review, this is also possible by moving
from doped semiconductor heterostructures to undoped
heterostructures. This would remove the random electro-
static charge background due to the ionised dopants in
the heterostructure [142]. This comes with the drawback
of a more complicated nanofabrication as accumulations
gates have to be added, but is certainly doable as exper-
iments on spin qubits with Si/Ge and strained Ge have
shown.

VIII. CONCLUSION

Remarkable progress has been achieved over the last
decade in the field of SAW-driven single-electron trans-
port. The aim of the present review was to highlight some
of the major milestones obtained in this field, focusing on
GaAs heterostructures.

First, we have seen that single electron transfer proba-
bility has now reached values well above 99 %, with trans-
mission distances of over 60 µm, which makes this tech-
nology promising for applications in quantum technology.
Single-electron couplers with similar precision have then
been developed as first elements of future quantum gates.

Two different on-demand single electron sources have
been realised that allow to synchronize several single elec-

trons flying in different electronic circuits. One is based
on the triggering of the electron in a precisely defined
minimum of a long surface acoustic wave train, the other
exploits the engineering of a single SAW minimum in
which the electron is carried.

Recently, these techniques have been used to collide
two individual electrons on a beam splitter and record
their partitioning statistics. In this experiment, the mu-
tual Coulomb interaction between the two electrons was
demonstrated for the first time by single-shot measure-
ments of the electron antibunching. The interaction
strength has proven to be extremely strong, so that in
future experiments it should be possible to realize a C-
phase gate with an interaction distance of well below one
micrometer.

Continuing in this line, promising experiments on sin-
gle electron-to-photon conversion in the perspective of
quantum information transfer have also been achieved.
This novel conversion interface marks the first major step
towards long-distance semiconductor qubit transfer via
single optical photons.

Another important milestone was the demonstration of
coherent spin transport over a macroscopic distance. In
this experiment, entanglement over large distances was
achieved between two electrons that were initially in a
two-electron singlet state and were separated in a con-
trolled manner over a distance of 6 µm. All along the
displacement the electron spin undergoes coherent spin
rotations and traces a new route towards fast on-chip
deterministic interconnection of remote quantum bits in
semiconductor quantum circuits.

Although these achievements were obtained using the
most simple and most established SAW generation tech-
nology (the regular IDT), we have pointed out that more
sophisticated transducers and signal waveforms enable
single-electron transport with better precision, synchro-
nisation and scalability than the regular approach. In
particular, implementations of chirp transducers produc-
ing acousto-electric pulses allow SAW-driven electron-
quantum-optics experiments in GaAs devices without
source and receiver QDs, strongly simplifying device ge-
ometries. Furthermore, there is plenty of room for en-
hancements, via unidirectional and focusing IDT de-
signs, impedance matching and materials optimisation,
for providing stronger in-flight confinement of the elec-
trons within the SAW minima.

Beyond this traditional GaAs platform, we have dis-
cussed recent demonstrations of SAW-driven electron
transport on the surface of superfluid helium and pointed
out exciting routes for implementations on the surface of
solid neon.

IX. PERSPECTIVES

Let us now discuss several on-going investigations
based on tunnel-coupled single-electron circuits for in-
flight quantum manipulation of SAW-driven electrons.
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Compared to photons and electrons propagating in a
Fermi sea, SAW electrons propagate very slowly, at the
velocity of an acoustic vibration. This specificity enables
their potential landscape to be varied in real time during
the electron propagation, using the most recent radio-
frequency equipment reaching 80 GHz bandwidth. By
sending a properly engineered waveform on the tunnel-
barrier gate of the circuit, the dynamical evolution of
the electron state can be controlled during its propaga-
tion. Possible experiments include the investigation of
energy relaxation and Landau-Zener transitions during
the flight, the mapping of the static potential inhomo-
geneities along the channel, and the control of the coher-
ent tunneling oscillations between the two channels.

Regarding the Coulomb-mediated coupling revealed
and quantitatively measured via the antibunching effect
in the two-electron collision experiment, further inves-
tigations will be carried out to better characterize the
Coulomb interaction in moving quantum dots. In par-
ticular, more than two electrons can be launched simul-
taneously from the source QDs to study the partition-
ing statistics of a multi-electron interacting system. The
single-shot measurement capability of this experiment
will enable to record the complete set of partitioning
probabilities that can be analysed using the full-counting
statistics formalism. Such a study will provide quantita-
tive information on the electrostatic interaction between
two small sets of electrons flying in two adjacent tunnel-
coupled channels.

Another direction is the development of high-
impedance SAW resonators employing focusing IDTs
[115] to create strongly confined resonant modes [116].
These resonators are expected to exhibit large vac-
uum electric-field fluctuations and have the potential
for strong capacitive coupling to a variety of solid-state
quantum systems that couple to electric fields [143]. In
the past, photon-assisted tunneling in a double quantum
dot has been observed by coupling the dot to a standard
traveling acousto-electric wave [144]. Now, the coupling
strength can be made large enough to dominate over both
the typical dephasing rate of charge qubits and the de-

cay rate of the piezoelectric resonator. This requires in
particular cavities with high quality factors obtained by
properly designing the resonator geometry. The delicate
coupling between the phonon field and the qubit also re-
quires a precise knowledge of the local strain field in the
piezoelectric material. For this purpose, standing waves
in IDT resonators can be characterised by direct imag-
ing of the strain field using X-ray diffraction techniques
[145]. Having achieved a strong enough coupling, the
objective will be to couple the single charge of a quan-
tum dot to a single phonon of the cavity, and demon-
strate a coherent transfer of quantum information. On a
longer term, a spin-phonon coupling might be achieved
through a weak intermediate spin-orbit coupling, but this
would require an even stronger charge-phonon coupling.
To achieve this ultimate goal, more sophisticated hybrid
architectures might also be envisioned such as coupling
the qubit to the high-impedance piezoelectric resonator
through an even-higher-impedance superconducting res-
onator. These perspectives show the huge potential of
SAWs for creating quantum interconnects between solid-
state qubits.
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