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Abstract

®

CrossMark

The current state of research on quantum and ballistic electron transport in semiconductor
nanostructures with a two-dimensional electron gas separated from the substrate and
nanoelectromechanical systems is reviewed. These nanostructures fabricated using the surface
nanomachining technique have certain unexpected features in comparison to their
non-suspended counterparts, such as additional mechanical degrees of freedom, enhanced
electron—electron interaction and weak heat sink. Moreover, their mechanical functionality
can be used as an additional tool for studying the electron transport, complementary to the
ordinary electrical measurements. The article includes a comprehensive review of
spin-dependent electron transport and multichannel effects in suspended quantum point
contacts, ballistic and adiabatic transport in suspended nanostructures, as well as
investigations on nanoelectromechanical systems. We aim to provide an overview of the
state-of-the-art in suspended semiconductor nanostructures and their applications in
nanoelectronics, spintronics and emerging quantum technologies.

Keywords: suspended, semiconductors, nanostructures, physics, technology, quantum point

contact, quantum wire

(Some figures may appear in colour only in the online journal)

1. Introduction

From the viewpoint of electron transport, nanostructures are
usually called conductors when their characteristic dimen-
sions, reaching 100 nm or less, significantly exceed molec-
ular dimensions. Nanostructures, however, are still too small
for the phenomena we observe in them to be described by
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physical laws applicable to micro- and macrostructures. Since
the early 1980s, similar structures, which occupy an interme-
diate position between atomic and macroscopic objects, have
been united by the term ‘mesoscopic’. Since then, successive
studies of micro- and then nanostructures have demonstrated a
range of physical phenomena specific to them. Nanostructures
are deservedly considered a very special field of physics, and
have grown tremendously over the past few decades.
Typically, semiconductor nanostructures are created on the
basis of objects, one of the dimensions of which is already
quite small. The most common nanostructure is a 2D elec-
tron gas. Nanostructures exhibit unusual properties when their

© 2022 The Author(s). Published by IOP Publishing Ltd
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Figure 1. Conductance as a function of gate voltage. Inset: a typical
QPC architecture. Reprinted (figure) with permission from [9],
Copyright (1988) by the American Physical Society.

characteristic dimensions L become comparable to or less
than certain lengthscales characterizing the conductor, which
include, for example, the electron phase coherence length L,
the mean free path / and the electron wavelength A [1]. In
some cases (for example, at L < /), electron transport in them
requires fundamentally new approaches, since the local con-
nection between the current density and the electric field is
lost, in others, as is well known, quantum interference and
spin phenomena play a decisive role. The unusual properties
of nanostructures have led to an increased interest in the study
of quantum and spin-dependent electron transport, ballistic
effects, and adiabatic transport, realized when strong magnetic
fields are applied.

In the overwhelming majority of cases, semiconductor
nanostructures are manufactured embedded in a substrate.
There has, however, been growing interest in studying sus-
pended nanostructures that can be detached from a substrate
by selectively etching a sacrificial layer beneath them [2—8].
The technology of manufacturing suspended nanostructures
is described in more detail in the subsequent sections for
each kind of nanostructures considered in this review. The
resulting suspended structures acquire a number of additional
properties, such as additional mechanical degrees of free-
dom, enhanced electron—electron interaction, weakened heat
removal into the substrate, etc.

This review will demonstrate that the suspension of nanos-
tructures leads to new effects, thereby expanding the already
extensive spectrum of physical effects observed in nanostruc-
tures. We will show through this article how the suspension
of nanostructures provides a new class of quantum materials
which not only possess enhanced physical effects compared to
their ordinary non-suspended counterparts but also offer many
new avenues for technological advancement.

This review article consists of three main sections each
describing a unique nanostructure. The second section is
devoted to quantum point contact (QPC), one of the examples
of a simple nanostructure, but with a rich set of properties.
Suspension-related phenomena connected with the enhance-
ment of the electron—electron interaction, spin-dependent

electron transport, as well as the unusual multi-row trans-
port in a single QPC are discussed. The third section exam-
ines the ballistic properties of nanostructures in the form of
single and periodical Sinai billiards, dynamical chaos and
commensurability effects observed in them, as well as pecu-
liarities of these phenomena arising from suspension. It also
includes a review of studies of electron transport in the adia-
batic regime observed in quantizing magnetic fields. The fea-
tures of suspended nanostructures related to the presence of
additional mechanical degrees of freedom in them are con-
sidered in the fourth section. Such suspended nanostructures
capable of performing mechanical vibrations are referred to
as nanoelectromechanical systems. The mechanisms of exci-
tation and detection of vibrations, those affecting the resonant
frequency and the quality factor are considered. In addition to
the influence of electrical parameters on the characteristics of
vibrations, the back action is also discussed.

2. Suspended quantum point contacts (QPCs)

2.1. QPC and conductance quantization

QPC is an adiabatic constriction in a two-dimensional elec-
tron gas (2DEG), whose width is comparable to the Fermi
wavelength of an electron and the length is much shorter than
its mean free path. QPC is, perhaps, the simplest nanostruc-
ture demonstrating quantum transport. From the experimental
point of view, QPC is a quasi- 1D conductor which, like a quan-
tum wire, has quantum confinement in the transverse direction,
and is also characterized by adiabatic and ballistic transport in
the longitudinal direction. The typical dependence of the QPC
conductance on the channel width, which can be controlled, for
example, using the voltage applied to split gates, is a stepped
curve with plateaus at quantized values of conductance that
are multiples of 2¢? /h (see figure 1) [9, 10]. The conductance
quantization can be explained within the framework of the
model of an ideal reflectionless one-dimensional (1D) electron
waveguide connecting the source to the drain. The contribu-
tion of each electron mode to the conductance is 2¢2 /h, where
the factor 2 is related to spin degeneracy. This universal result,
independent of the dispersion law £(p), follows from the fact
that the single-mode contribution to the current between source
and drain having electrochemical potentials p and p + Ap is
equal [y = 2e f:'m‘” pip (€) - u(e) - de (with spin taken into
account), where upon multiplying the 1D density of states
pip (€) = i% and velocity u () = g—;, the dispersion law is
canceled, and I, = 2§Au. The conductance, G of a quasi-1D
channel with N filled subbands is determined by the ratio of
the total current NI to the applied voltage Ay /e:

2
G=Nx2_. ey

The model described above explaining integer quantization
of conductance within a 1D channel is based on the single-
particle approach.

There are many factors affecting the observation of conduc-
tance quantization, such as temperature, the shape and size of
the quantum channel, the strength of the confining potential,
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etc. There are optimal experimental conditions for observing
the effect. Violation of these conditions smears the plateaus.
First of all, a non-zero temperature leads to a non-zero proba-
bility of tunneling via the high-energy subbands as a result of
thermal smearing of the Fermi—Dirac distribution. For reliable
observation of the conductance quantization, the temperature
should satisfy the condition T < AE/4kg, where AE, where
AE is 1D-subband energy spacing, kg is the Boltzmann con-
stant [11]. The transport through the quantum channel should
be ballistic. To prevent impurity scattering inside the channel,
length L and width W of the quantum channel must be small
compared to the mean free path I: L, W < /. Another impor-
tant condition is the adiabaticity of the channel. The adiabatic-
ity criterion is formulated as dW/dx < 1/N(x), with N(x) ~
krW(x)/m is the local number of subbands [12]. The violation
of the adiabaticity results in mixing of the subbands. At the
ends of the quasi-1D channel, where it is connected to 2DEG,
partial reflection of electron waves [11] can occur. Backscat-
tering and intersubband scattering can prevent the observation
of conductance quantization. The shape of the potential is also
important for observing the effect. Biittiker solved the problem
of saddle-potential transmission in [13]. The ratio between the
width and length of the QPC, optimal for observation of the
plateaus, has been determined [14]. The strength of the poten-
tial also plays a role in observing the effect. For example, e—e
interaction, especially in the case of shallow confinement, can
dramatically change the electron spectrum [15].

It should be noted that, in addition to the integer quanti-
zation as described above, in the study of nonlinear effects
measured with a large enough dc source—drain bias, half-
integer conductance plateaus G = 3 x 2%, m=1,3,5...are
observed. These features are also explainable in the framework
of the single-particle approach. In this mode, the electrochem-
ical potentials of the source and drain differ significantly, so
that the number of subbands emerging from the source and
drain is integer, but different [16—18]. In this case, when a dc
source—drain voltage is applied corresponding to the energy
difference between the two subbands, half-integer quantization
plateaus are observed: 1.5, 2.5, 3.5, etc (in units of 2¢% /h).

Electron transport through QPC has been a subject of
immense interest over the past three decades for fundamen-
tal quantum physics. Of particular interest has remained the
investigations on the many-body aspects of electron transport
in QPCs. In other words, considerable interests have been asso-
ciated with the features of conductance observed in the linear
or Ohmic regime at values other than the integer multiples of
2¢%/h. In most cases, the origin of such features is beyond the
scope of the single-particle model which has aroused discus-
sions on developing new theoretical models. These include,
for example, the so-called ‘0.7-anomaly’—a feature of con-
ductance observed at a value of 0.7 x 2¢2 /h, which has been
widely studied both experimentally and theoretically [19-29].
There are many theoretical attempts to unravel the nature of
the ‘0.7-anomaly’, but despite the variety of proposed expla-
nations, all models have in common that this feature can-
not be described within the framework of a single-particle
approach, but has a multiparticle origin, i.e., associated with
electron—electron (e—e) interaction [30, 31].

split gate«_

Figure 2. QPC formation methods: (a) split gate, (b) trench-etching
method. Areas of non-depleted 2DEG are shown in blue.

In addition, it is important to mention the anomalous con-
ductance plateau occurring at 0.25 x 2¢?/h in the presence of
a large dc source—drain bias. Based on the non-linear trans-
port predicted by Glazman and Khaetskii [16], additional con-
ductance plateaus at half integer of 2¢*/h appear as the 1D
channel is widened. As discussed before, this should give rise
to additional half conductance plateaus in non-linear transport
appearing at 0.5, 1.5, 2.5, 3.5 etc in units of 2e2/h. How-
ever, experimentally, instead of a plateau at 0.5 x 262 /h, a
strong, robust plateau usually occurs at 0.25 x 2¢*/h, which
is explained to arise from the lifting of spin and momentum
degeneracy. The spin behavior of the 0.25-anomaly was tested
under a strong in-plane magnetic field of 16 T and it remained
unchanged [32], thus confirming the feature to arise due to spin
polarization within the 1D channel. The mechanism of spin
polarization in this case remains unclear, as does the absence
of other plateaus of conductance quantization, multiples of
0.25 x 2¢*/h (0.5, 0.75, 1, 1.25, etc, in units of 2¢*/h) in
nonlinear transport.

The e—e interaction plays a crucial role in electronic trans-
port in the QPC. One of its manifestations, in addition to the
0.7-anomaly, is the formation of the 1D Wigner crystal. In a
low-density 1D system when the confinement is sufficiently
weak, a line of 1D electrons undergoes a transformation into
a zigzag and eventually into a two row situation on further
reduction in carrier concentration. Experimentally, a two row
situation is manifested by a missing first plateau at 2¢*/h,
and the 4¢? /h becomes the new ground state, [33-39]. Also,
the zigzag assembly of 1D electrons or the 1D Winger crys-
tal, which happens just before the two rows formation, cannot
be measured by the conventional conductance measurements,
which was therefore imaged using transverse magnetic focus-
ing technique [40]. Recently, in weakly confined 1D quantum
wires in the regime of 1D Wigner crystallization, enhancing
the asymmetry in confinement potential led to the observation
of a wide variety of fractional conductance plateaus, both with
odd and even denominator, (1/6, 2/5, 1/5, 1/2, etc in units of
€% /h) in the absence of a quantizing magnetic field [41, 42],
hitherto unexpected phenomena. These fractional states were
similar to those seen previously in the fractional quantum Hall
effect, though have a different origin.

Another interesting feature associated with 1D based sys-
tems is the exploitation of spin—orbit phenomena. QPCs were
utilized to the spin polarization electrically which does not
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top layers.

gate G1

source

g (2e?/h)

Vg1 = V2 (V)

Figure 4. (a) SEM image of suspended QPC. (b) Side view of the device under a tilt angle of 75°. At the position marked by a white arrow,
the full underetch of approximately 2 pm is visible (the black arrow in (a)). (c) Two-terminal differential conductance g in units of 2¢? /h as
a function of the gate voltages Vg1 = Vgp. Reprinted from [60], Copyright (2010), with permission from Elsevier.

require the application of an external magnetic field [43]. The
possibility of electrical manipulation of the electron spin opens
up broad prospects for applications of future semiconductor
spintronics [44], including the creation of injectors and spin
detectors [45], as well as a semiconductor field effect spin tran-
sistor [43]. One of the possibilities to achieve spin polarization
in the QPC is to apply an electric field to the QPC channel,
which in turn leads to the so-called lateral spin—orbit coupling
(LSOC) [46-48], which has been shown to result a conduc-
tance plateau at 0.5 x 2¢?/h. In addition, the spin polariza-
tion associated with the 0.7 conductance anomaly and direct
observation of exchange driven spin interactions within the
1D channel were confirmed using transverse electron focusing
technique [49-51].

2.2. Device fabrication

QPCs are typically created either by applying a voltage to a
split metal Schottky gate or by using lithographic trenches
separating the conductive channel from the side gates (see
figure 2). In contrast to the QPC with a split gate, where the
gate forms the confining potential and simultaneously controls
it, in the QPC with side gates, the channel is formed lithograph-
ically by means of trenches, which leaves the possibility of

using side gates for modifying the confining potential, allow-
ing them to be used almost independently and to apply a rather
large voltage difference between them for introducing high
asymmetric confinement potential for investigating interaction
effects within the 1D channel. It was previously shown that
applying a voltage difference between the side gates allows the
creation of lateral electric fields sufficient to induce spin polar-
ization in both InAs [46] and GaAs [52] based QPCs due to
the LSOC effect. Another advantage of trench-type structures
is that they allow independent application of the gate volt-
age, and hence the study of conductance as a function of two
independent gate voltages [53, 54]. Such measurements reveal
an unusual multichannel electron transport characterized by
quantised conductance of individual channels within a single
QPC [53-55]. Moreover, the channels can function indepen-
dent of each other and demonstrate the effects of interaction
between them. Another significant advantage is that the etch-
ing technique gives rise to strong lateral confinement with 1D
subband energy separations of 5-20 meV [21, 56, 57], which
gives a higher energy resolution and allows one to observe
the conductance features at higher temperatures. The trenched
defined QPCs could provide an additional advantage over the
split-gate devices in relation to studying the effects associated



J. Phys.: Condens. Matter 34 (2022) 263001

Topical Review

(@
166 nm

AlAs/GaAs

AlAs/GaAs su(gerlattice
aAs QW
membrane

13 nm G

) i 5-layers
AlAs/GaAs superlattice

selective wet
etching

sacrificial layer
Al,,Ga, As

GaAs substrate (001)

Figure 5. (a) GaAs/AlGaAs heterostructure with sacrificial layer
and 2DEG. (b) SEM image of the suspended QPC obtained with an
electron beam tilted at an angle of 30° to the surface. An area of
approximately 1 gm wide on both sides of the lithographic trenches
is suspended, so that the entire area shown in the figure is
suspended, including the channel and adjacent source, drain, and
gates regions, which remain attached to the sacrificial layer and
substrate away from the QPC. Reprinted from [74], with the
permission of AIP Publishing.

with e—e coupling, since metal gates located near the channel
could shield the Coulomb interactions [15].

Suspended QPCs are mainly created by means of trench-
ing (or etching technique). In addition to defining the QPC
shape, the trenches provide access for the liquid etchant to
the sacrificial layer. Usually the trenches are created by elec-
tron beam lithography and subsequent reactive-ion etching.
The sacrificial layer are removed from under a nanostructure
through open trenches by selective wet etching. Water solu-
tions of HF or HCl acid are often used as an etchant. The main
technological steps of creating the suspended nanostructures
are illustrated in figure 3. The width of the suspended areas
can be controlled with an optical microscope. There have
been attempts to make suspended QPCs using metallic split
gates. Such structures indeed demonstrated a pronounced
quantization of conductance in the first few depletion cycles,
however, in subsequent cycles, the quantization disappeared
[58]. It was suggested that tunneling from the gates into the
2DEG affected the local electrostatic potential which pos-
sibly quenched the conductance quantization [59]. A freely
suspended QPC—narrow etched constrictions, capacitively
controlled via in-plane side gates—was investigated in refer-
ence [60] where a pronounced conductance quantization with
large 1D subband energy separations of 10 meV was achieved
(see figure 4). It may be noted that all attempts to create and
experimentally study suspended QPCs so far have been made
solely on the basis of GaAs/AlGaAs heterostructures, where a
high carrier mobility ensures ballistic transport.

Suspended QPCs possess all the key properties of sus-
pended nanostructures, namely, weakened heat transfer to the
substrate, modified phonon spectrum, mechanical degrees of
freedom, and enhanced e—e interaction. Note that the first
suspended quantum wires were used specifically for the
measurement of the quantum of thermal conductance [61],
predicted for phonon transport in a ballistic 1D channel adia-
batically coupled to reservoirs [62, 63]. In suspended QPCs, a
giant acoustoelectric current driven by surface acoustic waves
was observed. The magnitude of this current was much larger
than that of a 2DEG [64, 65], due to the enhanced interaction
between the suspended 2DEG and the surface acoustic wave.
Some features of the acoustoelectric current, for example,
negative current near pinch off, are attributed to enhanced
backscattering caused by the strong electron—phonon coupling
in suspended systems. Photoinduced current has also been
studied in suspended submicron quasi-2D channels [66]. In
addition, suspended QPCs were used as detectors of mechan-
ical vibrations of the resonator coupled with it [67, 68]. The
mutual influence of mechanical degrees of freedom and elec-
trical properties of suspended QPCs will be reviewed in the
section ‘nanoelectromechanical systems’. It may be noted
that the suspension of QPCs in majority of cases preserves
the fundamental characteristics of a 1D system, i.e., con-
ductance quantization in units of 262 /h. In this section, we
will mainly focus on the features of conductance quantization
caused by the enhancement of the e—e interaction and related
phenomena.

2.3. e—e coupling enhancement in suspended QPC

An important difference between suspended structures and
their non-suspended counterparts is the enhanced e—e inter-
action resulting from the selective etching of a part of the
screening medium with a high dielectric constant from under
the structure, as a result of which it partially ‘blocks’ the elec-
tric field lines inside the suspended membrane. The effect of
amplification of e—e coupling was first predicted theoretically
[69, 70].

As shown by numerical calculations (see detailed
discussion below), the enhancement factor of the Coulomb
interaction of two electrons due to the above-described
effect of membrane suspension becomes more and more
noticeable with increasing distance » between them, and at
large distances r > t, where ¢ is the membrane thickness,
reaches quantity (¢ + 1)/2, where ¢ is the dielectric constant.
Nevertheless, as will be shown below, the effects associated
with this enhancement also play a noticeable role at a suffi-
ciently high 1D electron density in the QPC channel, when
the distance between neighboring electrons is less than the
indicated scale. Enhancement of the e—e interaction leads to
a number of interesting features. For example, a significant
increase in the charging energy (by a factor of 4 to 170 K in
temperature units) of a quantum dot in the Coulomb blockade
mode after suspension was found [71, 72]. The enhancement
of the e—e interaction is also confirmed by other experiments
with suspended nanostructures [73].
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The effect of suspension of QPC on the conductance char-
acteristics were investigated [74]. The QPC conductance was
investigated by performing identical electrical measurements
in the same experimental sample before and after the sus-
pension. This allowed to carry out a comparative analysis
of the results obtained before and after suspension of the
QPC from the substrate. It was shown that suspended QPCs,
as well as traditionally studied non-suspended ones, exhibit
conductance quantization; however, when detached from the
substrate, the ‘0.7-anomaly’ of conductance becomes more
pronounced, which is most likely associated with increased

e—e interaction after suspension. Some details of this work are
given below.

The QPC was a smooth 800 nm wide constriction in a
2DEG forming a channel with two in-plane side gates (gate
1 and gate 2) separated from the channel by lithographic
trenches created by electron beam lithography followed by
anisotropic reactive-ion etching (see figure 5). This QPC can
be referred to as deep-etching structures, since the trenches
were etched to the depth of the entire heterostructure, to the
sacrificial layer. After measurements were carried out on a
non-suspended QPC, the sacrificial layer was removed from
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under the nanostructure using selective wet etching, and con-
ductance measurements were repeated again in the suspended
QPC.

Prior to suspension, the QPC exhibited a conventional con-
ductance quantization pattern in units of 2¢/h. In figure 6(a)
six plateaus can be distinguished. Conductance quantization
was also observed after the suspension (see figure 6(b)), how-
ever only two plateaus are clearly distinguishable, with the sec-
ond observed at a non-integer value of 1.5 x 2¢?/h, although
the first conductance step is observed at the usual value of
2¢*/h. Figures 6(c) and (d) show an evolution of conduc-
tance plateaus with applying dc source—drain voltage Vgp.
Dark regions in figures 6(c) and (d) correspond to conduc-
tance plateaus or, the same, zero transconductance, i.e., numer-
ical derivative of conductance with respect to gate voltage.
The plateaus had a form of diamonds whose size along the
Vsp axis corresponds to the energy distance between the lev-
els of the transversal quantization [16—18], and practically did
not change when suspended. When |Vsp| > 3 mV, the inte-
ger plateaus N x 2¢?/h disappeared, and half-integer plateaus
(N — 1/2) x 2¢*/h were observed instead. Thus, the intersub-
band distance is approximately AE ~ 6 meV, which is typical
for the trench-type QPCs [21].

In order to demonstrate the effect of enhancing the
Coulomb interaction located in the middle of a #-thick semi-
conductor membrane, consider the potential in this plane cre-
ated by one of the electrons at the location of the other electron.
In the case of a non-suspended membrane (see figure 7(a)),
the electrostatic potential at a distance r from the electron is
the sum of the potential of the electron itself and the charge
of the image located at a point symmetrical with respect to the
membrane surface:

e—1 1
+ ] >
et 1+ (t/r)

e1(r) = )

dreegr

where e is the electron charge and ¢y is the vacuum permit-
tivity. In the case of a suspended membrane (see figure 7(b))
infinite number of image charges contribute to electrostatic
potential:

= e—1)" 1
(= | 1+2) ( )
dreegr — e+1 i (nt/r)2
(3)
The ratio of the expressions (3) and (2) for € ~ 13 is shown
in figure 7(c).

The distance r.. between electrons in the QPC channel can
be estimated from the 2D electron density as 7., ~ n{l/ 2x13
nm or from the 1D density of states and the inter-subband
energy distance AE ~ 6 meV as re ~ 17 nm, which at
t = 166 nm corresponds to the parameter re./t = 0.07-0.10.
Calculated by formulae (2) and (3), the ratio of the potentials
of an electron in a suspended and a non-suspended membrane
gives an increase in the e—e interaction due to suspension by
about 1.3 times. A significant gain can be expected for long-
range interaction (see figure 7(c)). Unlike 3D and 2D electron
gases, long-range interaction screening in 1D is weak [75, 76],
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Figure 7. Method of image charges in (a) non-suspended and (b)
suspended membrane with a 2DEG. (c) The ratio of the potentials
created by an electron in a suspended membrane ¢; and an
non-suspended structure ¢, as a function of the distance r from it.

and can manifest itself noticeably on the QPC length scales.
The characteristic size of the 1D region in the QPC in the
present case was about 200 nm. The e—e interaction at such
distances is amplified by 3 times. It should be noted that even
small changes in e—e coupling energy can make ‘0.7-anomaly’
much more noticeable. This effect is experimentally demon-
strated in reference [20] by comparing samples with a 2D elec-
tron density that differs by a factor of 1.3, which corresponds
to a change in the ratio of the interaction energy of neighbor-
ing electrons to their kinetic energy by only a factor of about
\/ﬁ ~1.1.

Strong e—e interactions can lead to the Wigner crystalliza-
tion [15]. The formation of a 1D Wigner crystal in QPC does
not show up directly in conductance measurements. However,
a phase transition in a 1D Wigner crystal, the so-called ‘string-
zigzag’ transition [77], resulting from softening of the confine-
ment potential and (or) a decrease in the electron density, is
recorded in conductance measurements as the weakening or
disappearance of the first conductance plateau, and the new
ground state corresponds to the conductance 4e” /h, the higher
plateaus remained unaffected [33, 34, 39]. It is known [15]
that a 1D Wigner crystal exists when the characteristic value
of the energy of the Coulomb interaction of electrons is much
greater than their kinetic energy. This condition can be written
in the form npag < 1, where ag = 10.3 nm is the effective
Bohr radius for gallium arsenide. We can expect a weakening
of this condition due to the presence of image charges. In our
case, nipag ~ 0.62, and we cannot say with certainty whether
a Wigner crystal exists in any form (in reference [33], the value
of nipag was 0.3).

It was suggested that a 1D Wigner crystal transforms into
a quasi-1D ‘zigzag’ structure when the characteristic energy
of its interaction is comparable to the confinement potential
energy [78]. In the case of the usual Coulomb interaction,
this occurs when the condition nipry > 0.78 [77] is satisfied,
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where ry = C/ e2h? [2mecom* AE? is the characteristic length
scale of the transverse displacement at which the Coulomb
interaction between neighboring electrons becomes compara-
ble to the confinement potential AE, &y is vacuum permittiv-
ity, m* is effective electron mass. For suspended QPC [74],
ro ~ 22 nm and npro ~ 1.3, i.e. the condition for the forma-
tion of the ‘zigzag’ is fulfilled. In general, the enhancement
of the e—e interaction as a result of suspension makes both
the formation of a Wigner crystal and its transformation into
a ‘zigzag’ more probable, although the experimental results
obtained cannot be considered as evidence of such a spatial
ordering of electrons. This would require further experimen-
tal investigations, perhaps using transverse electron focusing
to image the zigzag arrangement [40].

Another interesting effect associated with suspension is
the appearance of an energy barrier at the interface between
suspended and non-suspended 2DEG regions. The barrier
height can be estimated using expressions (2) and (3) as

i [210 (551) = (51)] =2 meV [74], while the Fermi
energy in 2DEG, calculated from the concentration and den-
sity of states, is 20 meV. The existence of such a barrier was
confirmed experimentally [79].

Recently, it was shown theoretically that the e—e interac-
tion in thin films can have qualitative differences, manifested
in the attraction and pairing of electrons in certain spin states
[80, 81]. As a rule, the observation of these effects is pre-
vented by suppression of the e—e interaction by environment
with high dielectric constant. So, freely suspended structures
are promising systems for the experimental observation of
spin—orbit-driven electron pairing effect.

2.4. Lateral spin—orbit coupling

The spin-split half-integer plateau 0.5 x 2¢?/h, the appearance
of which is associated with the lifting of spin degeneracy, is
of considerable interest due to their potential for spintronics.
Generally, the spin degeneracy can be removed, for example,
by an applied magnetic field. However, spin splitting can also
occur in the absence of an applied external magnetic field, in
an effective magnetic field arising due to spin—orbit coupling
(SOC). SOC is characteristic both for bulk III-V materials, in
which there is no center of inversion,—the Dresselhaus effect
[82] and for quantum wells based on them, in which the asym-
metry of the heterostructure in the growth direction leads to the
presence of a built-in electric field—the Rashba effect [83].
SOC in 1D semiconductor structures has been widely stud-
ied [84-90]. A possibility to manipulate the electron spin by
purely electrical means [91] without any ferromagnetic mate-
rials and external magnetic field seems attractive for future
spintronics devices [44], including the creation of injectors and
spin detectors [45], as well as a semiconductor field-effect spin
transistor [43]. It was shown earlier that the electron spin in
a QPC can be controlled via LSOC effect caused by lateral
electric field applied to QPC by means of side gates [46—48,
92-95]. This effect has been steadily observed in InAs-based
QPCs, in which g-factor is high. It was previously found that
observation of the LSOC effect requires the asymmetry in the

confinement potential and strong e—e coupling. LSOC leads
to splitting of spin subbands in the wave vector domain while
preserving their energies unsplitted [43]. The e—e interaction,
in turn, makes it possible to move the spin subbands apart in
energy [47] and thus to observe the effect experimentally.

Numerical calculations, performed by means of non-
equilibrium Green’s function method, show that strong e—e
interaction plays a more important role [47] than the strength
of the SOC (g-factor value) in observing the lateral-electric-
field-induced spin polarization. LSOC is just a trigger of spon-
taneous spin imbalance, while strong e—e coupling enhances
the imbalance and results in the strong spin polarization [96].
Therefore, this effect may be expected in GaAs-based QPCs as
well. It is important to note that the spin coherence length in
GaAs is much higher than in InAs [97], and for practical appli-
cations, the prospect of controlled spin polarization due to the
LSOC mechanism in GaAs-based structures seems to be more
interesting. The observation of a half-integer conductance
anomaly in GaAs-based QPCs due to LSOC was reported [98],
but scattering by surface roughness at the channel edges [99]
did not show the usual integer conductance quantization. The
absence of integer plateaus does not allow one to draw a con-
vincing conclusion that the discussed half-integer plateau has
a spin nature. A variety of magnetic impurity effects such as
the Kondo effect do give rise to a conductance feature close to
the 0.5 x 2¢%/h).

Note that there are also other reports where the observa-
tion of a 0.5 x 2¢?/h plateau in GaAs QPCs not associated
with the LSOC mechanism are discussed. A 0.5-structure in
zero magnetic field was observed in symmetric GaAs QPCs
having a rather long length (I =2 pm) [100], as well as in
symmetric 1D quantum wires based on GaAs/AlGaAs het-
erostructures with a double quantum well [101]. In addition,
the pronounced 0.5 conductance plateau was reported when
the potential in the channel was tuned symmetrically by low-
temperature probe microscopy [102]. Also, a 0.5-conductance
anomaly was observed in zero magnetic field in GaAs QPCs
with asymmetric split gate geometry [103]. The occurrence of
a plateau at 0.5 x 2¢?/h with ‘small distortion of the confine-
ment caused by asymmetrical biasing of the split gates’ is also
was reported in reference [36].

The LSOC effect in suspended GaAs-based QPCs was
reported in reference [52]. The observed effect manifests itself
in the experiment as the appearance of an additional half-
integer plateau 0.5 x 2¢/h in addition to the integer ones
when an asymmetric voltage is applied between the side gates
in zero magnetic field. The suspended QPCs [52] based on
GaAs/AlGaAs heterostructures represent adiabatic constric-
tions with a lithographic width of 800 nm, equipped with side
gates separated from the channel by trenches 150 nm wide. The
QPC channel was oriented in the crystallographic direction
(110). The LSOC effect in suspended QPCs was demonstrated
at4.2 K. To create spin polarization in the channel between the
gates, an asymmetric voltage AVg = Vg — Vg was applied.
All measurements were carried out in the same way in the
samples before and after suspension.

At Vg = Vg1 = Vg, the conductance of the QPC as a
function of Vg shows integer quantization. A grayscale plots



J. Phys.: Condens. Matter 34 (2022) 263001

Topical Review

(a) before suspension after suspension

(b)
10

-20 -18
Ve = Ve = Ve (V)

-10

1.0
Ve = V5= Ve, (V)

0 05 1.5

Figure 8. A grayscale plot showing transconductance 9G/9Vg as a
function of source—drain voltage Vsp and symmetric gate voltage
Ve = Vg1 = Vg (a) before and (b) after suspension of QPC. Dark
regions correspond to plateaus. Numbers on the plots indicate the
conductance in 22 /h units. Reprinted from [52], with the
permission of AIP Publishing.
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Figure 9. Conductance characteristics (a) before and (b) after
suspension. Different curves correspond to different values of AV,
ranging from O to 8 V. Reprinted from [52], with the permission of
AIP Publishing.

of transconductance 9G/9Vg versus source—drain voltage
Vsp and symmetrically applied voltages Vg are presented in
figure 8 before and after suspension. In both cases, there is a
‘classical’ picture, although there is a striking difference in the
size of diamonds along the Vgp axis corresponding to the 1D
subbands separation [16, 18]. As a result of the suspension,
the subband energy separation increases by a factor of approx-
imately 1.7, from 7 meV to 12 meV. In addition to changing the
vertical size of the rhombus, the horizontal size of the rhom-
buses has also changed, approximately 4 times. This is due to
changes in the mutual capacitance between the side gate and
the QPC conductive channel due to their separation from the
high dielectric substrate (¢ ~ 13).

Figure 9 presents the conductance characteristics before
and after suspension. Applying an asymmetric voltage to the
side gates AVg # 0 of the suspended QPC gives rise to an
anomalous quantization plateau 0.5 x 2¢?/h, whereas in the
sample before suspension, no anomalous conductance quanti-
zation plateaus were observed.

Figure 10 shows the evolution of the conductance plateaus
in the suspended QPC versus the source—drain voltage Vsp
at a fixed voltage difference between the side gates AVg =
8 V. The grayscale plot of transconductance 0G/I(XVg)
in figure 10(a) shows areas that can be identified as 0.5 x
2¢% /h and 0.85 x 262 /h [21, 104], which were not observed
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Figure 10. (a) Transconductance dG/J(XVg) as a function of gate
voltage sum Vg = Vi1 + Vi, and source—drain voltage Vsp. (b)
Conductance characteristics at different values of Vgp ranging from
—8 to +10 V. Reprinted from [52], with the permission of AIP
Publishing.

at AVg =0 (see figure 5(b)). A plateau of 0.5 x 2¢*/h is
observed at Vsp, while a plateau of 0.85 x 2¢* /h appears only
in the nonlinear regime at Vgp =~ £+3 mV. To be note that all
the features in the grayscale plot in figure 10(a) are similar
to the results obtained in reference [105] in the presence of
a strong in-plane magnetic field of 12 T, which assured that
the 0.5 plateau was spin polarized. Thus, the appearance of a
0.5 x 2¢%/h plateau in zero magnetic field in as asymmetri-
cally biased suspended GaAs-based QPC can be expected to
arise from the LSOC effect.

Some recent reports have shown investigations where the
gate controlled spin polarization have been carried out includ-
ing the underlying theory. Recently, when studying InAs-based
QPCs [106], a fourfold increase in the width of the spin plateau
0.5 x 2¢%/h was found with a threefold increase in the QPC
length at a given width. It was suggested that this may be due
to the increased role of the e—e interaction in longer QPCs
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[107]. Further the effect of channel width on the 0.5 conduc-
tance plateau was studied in an InAs-based QPC [108]. It was
shown experimentally that the 0.5 plateau became more pro-
nounced with decreasing QPC width. It was argued that with a
decrease in the QPC width, first, the multimodeness decreases
(i.e. with increase in the intersubband gap) and, second, the
electron concentration decreases, as a result of which the elec-
trostatic screening of the e—e interaction is weakened. Note
that at the moment the dependence of the width of the plateau
0.5 x 2¢%/h on the geometric proportions has been investi-
gated only in QPCs based on InAs and only in the case of
non-suspended samples. Recent theoretical work also discuss
the use of InAs-based QPCs with four side gates arranged in
pairs on both sides of the microconstriction [96, 109, 110] to
enhance the lateral spin—orbit effect. In this configuration, an
asymmetric voltage is applied to the two gates closer to the
source, inducing spin polarization, and a symmetrical voltage
is applied to the other two gates closer to the drain. By adjust-
ing this voltage, the spin polarization effect was shown to get
pronounced.

2.5. Multichannel electron transport

As noted above, a significant difference between trench-etched
from gate-defined QPCs is the ability to apply sufficiently
large voltage differences between the side gates AVg. The
study of conductance in suspended trench-etched GaAs-based
QPC at sufficiently large AV in addition to observation of
lateral-electric-field-induced spin polarization [52] revealed an
unusual multichannel transport mode in a single QPC [53].
Conductive channels, as will be shown below, are formed
along the lithographic trenches.

Note that conductive edge channels can occur in systems
with strong SOC. Such channels can have both topologi-
cal [111, 112] and non-topological origin [113-115]. For
example, the occurrence of parallel channels near side walls of
trenches was observed in InSb trench-type QPC [116]. How-
ever, the mechanism for the formation of additional channels in
GaAs QPCs is uniquely different from the mechanism for the
formation of topological or trivial edge states, since in GaAs
the Fermi level is pinned in the middle of the band gap at the
lithographic edges. In addition, GaAs cannot be classified as
a material with strong SOC. At the moment, the nature of the
appearance of additional conductive channels in GaAs QPCs
is not completely understood and, probably, lies in the specific
electrostatic conditions that are realized in the QPC as a result
of the etching of trenches.

In general, double-channel electron transport in QPCs has
been studied in some detail earlier. There are reports where
the double-channel structure was artificially incorporated into
the very structure of the samples. Such double-channel struc-
tures include vertically aligned paired QPCs [101, 117, 118]
based on double quantum well heterostructures and later-
ally paired QPCs [119, 120]. Experiments seem interesting in
which the two-channel structure of electron transport was not
initially incorporated into the architecture of the samples, but
arose as a result of spontaneous electron redistribution due to
electrostatic repulsion. The transition from single-layer to

double-layer transport has been observed, for example, in het-
erostructures with a single wide quantum well [121]. Double-
channel mode has also been implemented in single QPCs
[33-39, 122]. The necessary conditions for observing double-
row electron transport are low electron concentration and weak
confinement. Under such conditions e—e interaction can lead
to a change in the ground state and to formation of Wigner
crystal. It is known that a ‘string-zigzag’ structural transi-
tion occurs with a weakening of the confining potential or an
increase in the electron concentration in a 1D Wigner crys-
tal [15, 77, 123]. Experimentally this results in conductance
plateau appearing at 2¢? /h to disappear so that the new ground
state corresponds to the conductance 4 /h. This phase transi-
tion is associated with the transition from single-row to double-
row electron transport primarily occurring due to the formation
of two rows of electrons caused by enhanced e—e interaction
which lifts the degeneracy between states, thus leading to anti-
crossing between bonding and antibonding states in the phase
diagram [35, 37, 39]. The formation of double-row configura-
tion was clearly demonstrated in experiments using transverse
magnetic electron focusing [40]. It may be noted that quantum
wires discussed here were, firstly, not suspended, and, sec-
ondly, were formed within the top-gated split gate devices and
the transition from single-row to double-row electron trans-
port discussed in references [33—39, 122] refers only to the
1st populated 1D subband.

In recent studies on the conductance of GaAs single trench-
type QPCs both suspended [53, 54] and non-suspended [55],
double- and triple-channel electron transport was experimen-
tally observed. In this case, the conductance of individual
channels is quantized and independently controlled by lateral
in-plane gates, both at a small and a large number of populated
1D subbands. We discuss below the transport in multi-channel
trench-defined QPCs.

For the trench-defined QPCs [53] the side gates were
allowed to perform the conductance measurements as a func-
tion of two independent gate voltages and, thus, to obtain the
phase diagram of 1D subband populations in separate chan-
nels. The conductance G was measured as a function of gate
voltage sum XVg = Vg1 + Vg, at different fixed values of
gate voltage difference AVg = Vg1 — Vg, and the transcon-
ductance 0G/0XVg as a function of XVs and AVg was
plotted.

The observed picture can be explained by the formation
of three non-interacting parallel channels, the conductance
of which are added. Figure 11 shows schematically the con-
ductance of three separate channels. The total conductance is
shown in figure 11(c) and is in excellent agreement with the
experimentally obtained dependence (see figure 11(d)):

2
G:Z% X (n1 + ny + n3), )
where numbers n, ny, n3 are shown in figures 11(a), (b) and
(d), while their sum (n; + n, + n3) is shown in figure 11(c).
The conductance of an individual channel is a pattern of
alternating nearly parallel lines. This means that the conduc-
tance of an individual channel is controlled by some linear
combination of gate voltages (Vg + SV ,), where o and
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Figure 11. Conductance (represented as a gray-scale) of three
conductive channels as a function of gate voltages. The conductance
of (a) the central channel, (b), (d) two side channels, (c) their sum,
and (e) the experimentally measured dependence. The numbers on
the plot indicate the conductance in units of 2¢? /h. (f) Schematic
representation of three conductive channels in the QPC. Reprinted
from [53], with the permission of AIP Publishing.

[ are proportional to the gate-to-channel capacitance coeffi-
cients. Plateaus of conductance of one of the channels (see
figure 11(a)) turn out to be elongated along the vertical axis
and replace each other in the horizontal direction: conductance
is determined mainly by the sum of voltages at the side gates
3V and is almost independent of their difference AV . This
behavior indicates that both side gates have almost the same
effect on the conductivity of this channel, i.e. the correspond-
ing mutual capacities are approximately equal to each other.
This fact allows us to consider this channel as located in the
center.

The conductance of the other two side channels is governed
by linear combinations (aVg; + 8V,) and (BVg + aVer),
indicating a symmetry in the arrangement of the two channels
relative to the middle of the QPC. It follows from the exper-
iment that the ratio «/ =~ 5. In other words, the side gate
closest to the channel affects the conductance of the channel
approximately 5 times stronger than the far one. Note that by

1

changing the gate voltages in this combination, it is possible to
independently control the conductance of individual channels
using two gates.

Knowing the typical 1D subband energy spacing AE ~ 12
meV for suspended QPCs [53, 54], one can estimate the width
of the channel w. If we assume that the confinement potential
near the parabolic bottom, then the energy on the edge of the
channel is determined by the expression:

E = m'wi(w/2)*/2, ®)
where w = AE/h, m* is an effective electron mass in GaAs.
An estimation, for example, for the second subband, for which
E =3hw/2, gives w ~ 30 nm, which is comparable to the
electron Fermi wavelength in a 2DEG, but about 30 times less
than the lithographic width W of the studied QPC. Thus, the
channels can be considered as narrow. Since the QPC length
(L = 1 pum) is sufficiently larger then the conducting channel
width, the ‘channel-gate’ capacitance can be estimated using
the model of a two-wire line. In this model, the ‘channel-
gate’ capacitance is C oc 1/1n (X /w), where X is the channel-
gate distance. Therefore, the ratio of capacitance coefficients
between a side gate and two channels equals

C1 «

G =

In[(W/2 + AX) /w]
In [(W/2 — AX) /w]

B
where W = 1.2 um is the effective distance between gates, AX
is the channel spatial displacement relative to the QPC middle
line. The estimation gives AX ~ 530 nm. Taking into account
that the lithographic width of the QPC minus depletion regions
width is about 600 nm, it can be concluded that the conducting
channels are formed near the lithographic edges [53, 55].

The described experimental multichannel picture remains
almost unchanged during several sample cooling cycles. Since
each cooling cycle changes the realization of the random
potential of impurities, the observed behavior is difficult to
explain by impurity [124].

The possible reason for the appearance of several con-
ducting channels inside a single QPC is the spontaneous cor-
related lateral redistribution of electrons in GaAs/AlGaAs
heterostructures, which decreases the electrostatic energy.
Such redistribution can be associated with the peculiarities
of heterostructures used for device fabrication. Multi-channel
QPCs were fabricated on the basis of heterostructures (see
figure 12(a)) containing 13 nm-thick quantum well with high-
mobility 2DEG, surrounded by AlAs/GaAs superlattice layers
containing J-layers of a Si donor impurities at a distance of
30 nm on both sides of the quantum well and low-mobility
X-valley electrons that do not participate in conduction, but
screen fluctuations of the impurity potential, leading to an
increase in the mobility in the 2DEG. The concept of using
low-mobility X-valley electrons in GaAs/AlGaAs heterostruc-
tures is described in [125] and is now widely used to create
a high-mobility 2DEG. In structures in which there are no
such electrons, etching of lithographic trenches and captur-
ing of electrons to surface states at lithographic edges lead
to edge depletion of the 2DEG and the formation of a single
channel near the middle of the constriction (see figure 12(d)).

~ 5, (6)
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Figure 12. (a) Heterostructure with a 2DEG and a sacrificial layer. (b) Schematic representation of suspended QPC. Schematic image of the
charge distribution in the heterostructure: (c) without lithographic edges, (d) in the presence of lithographic edges in the absence of X-valley
electrons, and (e) in the presence of lithographic edges and X-valley electrons. Reproduced from [54], with permission from Springer Nature.

While in structures containing X-valley electrons, electrostat-
ics is significantly different. Such X-electrons repelling from
the trench surface electrons are collected near the middle
of the microconstriction (see figure 12(e)), forming an addi-
tional repulsive potential (barrier) for electrons in the 2DEG.
Such correlated redistribution can decrease the electrostatic
energy. This explanation is consistent with the above described
experimental dependences of conductance on voltages at the
side gates. Similar ignominious distribution of electrons along
the plane of strongly coupled electron—hole graphene bilay-
ers having a form of charge density waves was theoretically
predicted [126]. The effect of redistribution can be enhanced
upon suspension due to the enhancement of the Coulomb
interaction.

It should be noted that the above-mentioned physical mech-
anism associated with spontaneous correlated redistribution of
charges in a heterostructure are still qualitative. The physical
nature of multichannel electron transport in single GaAs QPCs
requires further comprehensive experimental and theoretical
research.

3. Ballistic and adiabatic electron transport in
suspended nanostructures

3.1. Dynamical chaos in electron billiards

As is known, molecular beam epitaxy allows one to obtain
a high quality 2DEG with the electron mean free path /
exceeding more than 10 pym. On the other hand, electron
lithography followed by plasma-chemical etching makes it
possible to create artificial scatterers about 100 nm in size
within a high-mobility 2DEG. The motion of electrons in such

systems resembles the motion of balls on a billiard table, and
by analogy these systems are called electron billiards.

There are several varieties of solid-state electron billiards
implementations. The most thoroughly studied among them
are periodic lattices of scattering discs, which are called anti-
dots. Such structures with periodic scatterers can be considered
as a models of artificial crystals. Antidot lattices were first
experimentally investigated in ordinary non-suspended struc-
tures [127]. Initially, such structures were created to study
purely quantum phenomena in a magnetic field, such as the
energy spectrum expected to have the form of a ‘Hofstadter
butterfly’ [128]. Magnetoresistance oscillations caused by this
effect were indeed observed later [129, 130]. However, the
first experiments [127, 131-133] showed that such systems
most clearly manifest purely classical effects caused by the
chaotic dynamics of electrons in the periodic potential of arti-
ficial scatterers. It is shown that these systems belong to the
type of the so-called Sinai billiards [134], where chaos is not
caused by the intrinsic scatterers disorder, but is a property
of the motion itself and for this reason is called dynam-
ical chaos. Experimentally, chaotic dynamics in periodic
lattices of antidots manifests itself in high-amplitude oscil-
lations of magnetoresistance. The characteristic dependence
of the resistance on the magnetic field is shown in figure 13.
In weak magnetic fields one can see oscillations with the
main peak at magnetic field B ~ 0.2 T corresponding to the
commensurability of the diameter of the electron cyclotron
orbit with the lattice period: 2R, = d. Such oscillations are
called ‘commensurability oscillations’. The oscillations shown
in the figure in higher magnetic fields (above 0.3 T) are the
well-known Shubnikov—de Haas oscillations.

Numerical simulation of the classical motion of electrons
in antidot lattices in various magnetic fields made it possible
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Figure 13. Magnetoresistance of the square antidots lattice,
d = 1.3 um. Reproduced from [135], with permission from
Springer Nature.

Figure 14. Typical electron trajectories in a square antidot lattice:
(a) diffusive trajectory; (b)—(d) runaway trajectories; (e) localized
skipping trajectory; (f) rosette trajectory; (g)—(j) pinned orbits
Reprinted from [136], Copyright (2017), with permission from
Elsevier.

to identify specific trajectories responsible for the observed
commensurability oscillations (see figure 14). The simulations
show that, in addition to chaotic trajectories, regular electron
trajectories also exist in antidot lattices. These regular trajec-
tories are dynamically stable and occupy a finite phase space
volume. Such a picture is typical for systems with dynamical
chaos.

One of the explanations for the main commensurability
peak, observed at 2R. =~ d, is associated with the appearance
of ‘runaway’ trajectories ‘skipping’ along the rows of the anti-
dots lattice (see figure 14, trajectory b) [137]. The behavior
of these trajectories is illustrated in figure 15 demonstrating

5-10 consecutive collisions (with the length comparable to the
mean free path /) can be referred to as runaway trajectories.
Such trajectories occupy significant volume of the phase space
providing a noticeable contribution to the magnetoresistance.
In addition, the figure demonstrates that the boundary of the
stability region of runaway trajectories has a fractal structure.

Another explanation for the main commensurability peak
is associated with pinned electron orbits surrounding one (see
figure 14, trajectory &) or several (see figure 14, trajectories
i, j) antidots depending on the magnetic field [138]. Appar-
ently, this model is well applicable in dense lattices of antidots.
However, in the typical case, when the lattices of antidots are
rarefied, it was shown that it is the model of runaway trajec-
tories that makes it possible to explain the entire spectrum of
experimentally observed phenomena [139-142].

Dynamical chaos and the associated commensurability
effects manifest themselves not only in the described oscil-
lations of the magnetoresistance, but also in the oscillations
of the thermopower of the same nature, also found experimen-
tally [143]. Furthermore, an anomalous growth of the nonlocal
resistance was found in magnetic fields corresponding to the
commensurability conditions [139].

It should be noted that, in addition to the ballistic
effects, the periodic structure of artificial scatterers in the
2DEG leads to the peculiarities of quantum interference phe-
nomena, including mesoscopic fluctuations of conductance
[144—-147] and thermopower [148], weak localization [149]
and Aharonov—-Bohm effect [144, 145, 150, 151] as well as
the metal—insulator transition [ 152, 153]. These effects arise at
low temperatures, when the phase coherence length is greater
or comparable to the characteristic dimensions of the antidot
lattice. GaAs triangular lattices of antidots are also interesting
because they can be used to create ‘artificial graphene’. Similar
to graphene, two-dimensional electrons have linear dispersion
in the potential having the symmetry of a honeycomb structure
formed by such antidot lattice [154, 155].

In lattices of antidots, electron mean free path / is greater
than the distance between adjacent scatterers, but less than the
size of the entire lattice. When the sample size is reduced to a
value less than /, the description of the transport properties in
terms of the conductivity tensor, which gives a local relation
between the electric field and the current, becomes inapplica-
ble. Appropriate description of the transport properties of such
systems can be obtained by the Landauer—Biittiker formalism
[156]. An example of such a system studied experimentally
is the ‘star’-like Sinai billiard, which is formed by six anti-
dots placed in vertices of regular hexagon with small distances
between them (see figure 16) [157]. Figure 16 demonstrates
the magnetoresistance of such a billiard measured at a temper-
ature of 7' = 4.2 K. It is well known that in a 2DEG formed in
GaAs/AlGaAs heterojunction, the classical magnetoresistance
in weak magnetic fields is absent. However, figure 16 clearly

the section of the Poincare map (¢, 1) — (cp’ 0 ) in terms of  shows magnetoresistance oscillations, and, moreover, they are

angles ¢ and 1, shown in the inset to the figure. The color
indicates the number N of consecutive jumps occurring with-
out failure [73]. Large white area corresponds to N exceeding
100. Moving away from this area gradually leads to destruc-
tion of stable regular motion. The trajectories that make at least

sign-changing. The characteristic stable ballistic trajectories
responsible for these anomalies arise at certain magnetic fields
corresponding to the required curvature of the trajectories.
Another type of experimentally studied solid-state Sinai
billiards is the ‘caterpillar’-like billiard. When studying the
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Figure 15. Calculated regions of the stability of outgoing trajectories ‘skipping’ along an antidot array in angular coordinates, where ¢
characterizes the electron angular position during the collision with an antidot, and 1) is the angle of electron reflection from an antidot.
Color shows the number N of sequential jumps occurring without failure. Reproduced from [73], with permission from Springer Nature.
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Figure 16. Magnetoresistance of ‘star’-like billiard and trajectories responsible for anomalous peaks. Reprinted from [2], Copyright (2017),

with permission from Elsevier.

magnetoresistance and magnetic field dependences of the
longitudinal and transverse (Nernst—Ettingshausen effect)
components of the thermopower tensor in such a billiard, a
generalization of the Landauer—Biittiker formalism to thermo-
electric phenomena was given [158].

To be noted all these phenomena discussed above were
studied in non-suspended electron systems, i.e. systems
located in a semiconductor bulk. Particular interest in the
study of suspended electron billiards arises due to their

features, such as weakened heat removal into a substrate and
modified phonon spectrum inherent to suspended nanostruc-
tures. These features will be discussed in the following sub-
sections. As is known in the presence of an electric field
and the temperature gradient conductors are characterized by
four kinetic coefficients, three of which are independent tak-
ing into account Onsager relations. These include conductance
(resistance), discussed in subsection 3.2, thermopower and
thermoconductance, discussed in subsection 3.3.
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Figure 17. Temperature dependence of the magnetoresistance (a)
non-suspended antidots lattice; (b) suspended antidots lattice.
Reproduced from [73], with permission from Springer Nature.

3.2. Magnetoresistance of suspended electron billiards

When low-dimensional electron systems are suspended, an
additional bottom surface appears. There are plenty of elec-
tron states at this surface causing the Fermi level pinning in
the middle of the bandgap and leading to additional deple-
tion. Suspension of 2DEG posses two major challenges, one
is maintaining the carrier concentration within the 2DEG after
suspension close to its non-suspended value, and the other
is degradation in electron mobility after suspension. This is
often discussed whether the characteristics of 2DEG could be
retained after suspension. Experimental results show that it is
possible to create suspended 2DEGs with a reasonable density
of order of 5 x 10" cm~2. High electron mobility is required
to experimentally study ballistic effects in electron billiards.
Suspension can be expected to significantly degrade mobil-
ity, because the bottom surface, being exposed after selective
etching, is less smooth and more enriched with defects con-
tributing to electron scattering. It is worth mentioning that the
suspension of graphene leads, on the contrary, to an increase
in carrier mobility due to distancing from the substrate which
is abundant in scatterers [159]. This is in line with the fact
that the charge carriers in graphene differ significantly from
those in semiconductor nanostructures. The study of graphene-
like structures is beyond the scope of this article. One can
read more about these differences and about the studies of
a 2DEG in 3D periodical systems based on graphene in, for
example [160].

.
1 pA

0 1
0.0 0.5

1.0
B(T)
Figure 18. Dependence of the magnetoresistance (a) non-suspended
antidots lattice; (b) suspended antidote lattice on the amplitude of dc

current. Reproduced from [73], with permission from Springer
Nature.

1.5 2.0

Additionally, a question arises whether electron sys-
tems can have high enough mobility in suspended nano-
structures to study the ballistic effects. The answer largely
depends on the thickness of the nanostructures, which deter-
mines the distance between the bottom surface and the
2DEG. For 100 nm membranes, the reported mobility is
only 1.4-1.6 x 10* cm?> V~! s~!, however, even in this case
geometric resonances were observed in magnetoresistance
[8]. In suspended structures with slightly increased thick-
ness (up to 130 nm), the measured mobility is much higher
5.75 x 10* cm? V~1s~! [161]. Later studies have shown
that the mobility of a 2DEG contained in suspended struc-
tures can be significantly improved and increased up to
9 x 10° cm? V! s7! at 160 nm thickness by placing the
remote J-doping layers in short-period AlAs/GaAs superlat-
tices [125].

With these structures containing a high-quality 2DEG, it
becomes possible to study ballistic transport effects in sus-
pended electron billiards and, particularly, in suspended anti-
dot lattices. Commensurability oscillations in such lattices
were observed and shown to have ballistic origin by checking
that the magnetoresistance curves remain unchanged when the
temperature is varied below 4.2 K [162]. In contrast to other
mesoscopic structures, such as, for example, QPCs, the first
magnetoresistance measurements revealed no features of sus-
pended antidot lattices in comparison to their non-suspended
counterparts. Moreover, when temperature increases up to
50 K, the commensurability oscillations are almost identically
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Figure 19. Dependence of the relative amplitude of the main peak
of commensurate oscillations on (a) the power released in the
sample and (b) the applied electric field for suspended and
non-suspended samples. Reproduced from [73], with permission
from Springer Nature.

suppressed, regardless of whether the samples are suspended
or not [73] (see figure 17). This similarity can be explained by
the fact that low-B magnetoresistance is determined by classi-
cal geometrical effects, and the suppression is caused by the
temperature-induced Fermi-level spreading, which is identical
in suspended and non-suspended samples.

However, further studies have shown that the suspended
antidot lattices demonstrate prominent features in the nonlin-
ear regime, when the commensurability oscillations are sup-
pressed by passing a high dc current through the system, in
additional to the small ac current used for the measurements
[73] (see figure 18). As is known, the current may lead to
such suppression via two main physical mechanisms. The first
is the heating-induced dispersion of the Fermi velocity. Tak-
ing into account the weak thermal anchoring of the suspended
nanostructures to the substrate, the heating current should be
more suppressive in suspended than in non-suspended sam-
ples. The second suppression mechanism is the destruction
of the stable runaway trajectories due to the drift of the cir-
cular electron orbits in crossed electric and magnetic fields
[135]. In this case, an electric field should destroy the commen-
surability oscillations identically, regardless of whether the

samples are suspended or not. Surprisingly, experimental find-
ings show that the commensurability oscillations are more
robust in suspended rather than in non-suspended samples
when a dc current is passed through the system (see figure 19).
This observation contradicts both of the mentioned physi-
cal mechanisms and shows that some additional suppressive
effects may play a significant role. These effects may be related
to the presence of non-equilibrium charge carriers in the anti-
dot lattice. In the case of suspended systems, shorter thermal-
ization lengths can be expected because of stronger interaction
between electrons. In this case, we can try to describe the sys-
tem by a quasi-Fermi level gradually changing in space when
moving from source to drain, and this description should be
more correct for suspended rather than for non-suspended sys-
tems. In other words, when the dc current passing through
the sample, suspended nanostructures are in more equilibrium
state than their non-suspended counterparts. Further inves-
tigation is needed to confirm that such equilibration effects
can explain the unusual robustness of the commensurability
oscillations in suspended antidot lattices.

3.3. Thermal conductance and thermopower of suspended
nanostructures

Generally speaking, thermal conductance and thermopower
are determined by electron subsystem, phonon subsystem
and their interaction. One of the important features of sus-
pended nanostructures is the reduced phonon dimensional-
ity. Indeed, in heterostructures detached from the substrate,
phonons become quasi-two-dimensional at low temperatures.
Let a be the thickness of the membrane, then the size quanti-
zation condition corresponds to wavelength A = 2a (half of
the wavelength fits in the membrane) and temperature 7 ~
Z“’ mhs — ZBh‘ where s is the phonon velocity. For example,
in GaAs/AlGaAs heterostructures the phonon velocity varies
within 3—6 x10° m s~! depending on their type, aluminum
content and crystallographic orientation, which, in turn, with a
membrane thickness of about 100 nm, corresponds to temper-
atures of 0.6—1.2 K. Thus, phonon quantization in the direc-
tion perpendicular to the membrane plane seems to be quite
achievable from the experimental point of view. Similarly, by
reducing the lateral dimensions of the suspended membranes,
one can achieve quantization in the membrane plane. In partic-
ular, narrow suspended wires can be considered as 1D phonon
waveguides.

One of the striking demonstrations of the phonon quanti-
zation is the observation of the quantum of thermal conduc-
tance. To explain the quantum limit of thermal conductivity,
let us consider a single-mode phonon waveguide connecting
two reservoirs with hot and cold phonons. At unity transmis-
sion coefficient between the reservoirs, the difference between
the energy fluxes carried by hot and cold phonons in such a
waveguide is

A(D:/
0

where v, = Ow/0k is the group velocity, and

dk

hw (k) + (ot (W (K)) = Neotd (W (K))) - vg o> (7)
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Figure 20. Temperature dependence of zero-field thermopower.
Reprinted (figure) with ermission from [164], Copyright (2012) by
the American Physical Society.

S
exp (kBT) -1

is the Bose—FEinstein occupation factor for hot and cold
phonons. Conversion of equation (7) to an integral over fre-
quency in the linear approximation with respect to the temper-
ature difference AT gives

v [

where w,, is the cutoff frequency of the mth mode. As in the
case of ballistic electrons, the group velocity cancels out with
the density of states. At low temperatures, only the modes with
zero cutoff frequency are excited (w,, = 0). For each of these
modes, the thermal conductivity is

e (47)
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From this expression, we obtain the value for the thermal
conductance quantum
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The value of this quantum g, = (9.5 x 10713 W/K?)- T
is small and its observation requires precise measurement
equipment and special nanodevices. Such devices were cre-
ated on the basis of suspended GaAs nanostructures of low heat
capacity, containing thermal conductors with separate thermal
transducers [7]. On their basis, supersensitive devices have
been developed that have prospects for use in calorimetry and
bolometry. Direct thermal conductance measurements were
performed in a similar structure representing a phonon cav-
ity suspended on four phonon waveguides fabricated from a
60 nm-thick silicon nitride membrane. These measurements
made it possible to experimentally measure the value of the
thermal conductance quantumin a 1D ballistic phonon channel
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Figure 21. Commensurability oscillations of thermopower of
suspended and non-suspended antidots lattices. Reproduced from
[165]. © The Author(s). Published by IOP Publishing Ltd. CC BY
4.0.

[61]. The measured value 16g, corresponds to four waveg-
uides, in each of which four modes with zero cutoff frequency
are excited.

In contrast to thermal conductance of the considered elec-
trically insulating systems, the thermopower is determined by
the electron subsystem and its interaction with the phonon
one. There are two contributions to thermopower. The first
of them is the diffusive thermopower associated with the
dependence of conductivity on the Fermi energy. The second
contribution is so-called phonon drag thermopower which is
associated with electron—phonon interaction [163]. Tempera-
ture gradient induces a phonon flow. The phonons, scattering
on electrons, partly transfer quasi-momentum to them, lead-
ing to an electron flow. In turn, this flow of electrons from hot
to cold sample edges creates the phonon drag thermopower.
In ordinary structures, the study of electron—phonon interac-
tion is limited by the cases of interaction of three-dimensional
phonons with either three-dimensional or low-dimensional
electrons. In the case of suspended nanostructures, dimension-
alities of both electron and phonon subsystems are reduced.
In addition, in such structures, weakened heat removal to the
substrate makes it possible to induce a large temperature gra-
dient that facilitate the measurement of a small thermopower
signal. This was realized, for example, in a suspended 320
nm-thick GaAs/AlGaAs Hall bar [164]. The measurements
demonstrated that the phonon drag thermopower is strongly
suppressed up to temperatures of the order of 7 K and has
a power-law dependence different from that in the case of
a bulk material (see figure 20). These features are presum-
ably associated with a change in the electron—phonon inter-
action and the small size of the sample. However, it should be
noted that their direct connection with the dimensional quan-
tization of phonons is not obvious, since these features are
observed at temperatures an order of magnitude higher than
those corresponding to quantization.

In addition to nonstructured suspended membranes, ther-
mopower measurements were also carried out in suspended
antidot lattices. The magnetic field dependence of the ballis-
tic thermopower [165] was investigated, which demonstrated
commensurability oscillations, as well as the Shubnikov—de
Haas oscillations following them (see figure 21). In contrast to
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Figure 22. A conventional picture of the QHE: vanishing longitudinal and quantized transverse (Hall) resistance of a 2DEG as a function of
magnetic field. Reproduced from [176]. Image stated to be in the public domain
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Figure 23. Longitudinal resistance of suspended Hall bar as a function of magnetic field. Vanishings are absent. The inset gives a (1/B) plot
demonstrating a single period of Shubnikov—de Haas oscillations. Reprinted (figure) with permission from [8], Copyright (2000) by the

American Physical Society.

the magnetoresistance peaks, the thermopower ballistic reso-
nances are N-shaped. This is easy to understand, given that the
2DEQG is degenerate.

As is known, the thermopower of metals and degener-
ate conductors is small (of the order of kg7 /EF), which can

be explained in terms of ‘electrons’ (particles with energies
slightly above the Fermi surface) and ‘holes’ (particles with
energies slightly below the Fermi surface). In the presence of
temperature gradient, both of them move from the hot end of
the sample to the cold one, so that the total transferred current
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Figure 24. Longitudinal resistance of Hall bar as a function of
magnetic field (a) before and (b) after suspension. Vanishings are
absent in suspended samples. Reprinted from [79], with the
permission of AIP Publishing.

is close to zero. Its non-zero magnitude is determined by the
small difference between the ‘electron’ and ‘hole’ conductivi-
ties arising due to the small difference in their energies (this is
why the thermoelectric current is proportional to the derivative
of the conductivity with respect to energy).

The situation changes dramatically in the presence of geo-
metric resonances typical for the systems with dynamical
chaos. Indeed, the cyclotron radius of ‘electrons’ is slightly
larger than that of ‘holes’, and both radii decrease with increas-
ing magnetic field. The magnetic-field resonance that occurs at
a certain cyclotron radius has a finite width and leads to a sharp
increase in mobility. With an increase in magnetic field, ‘holes’
are the first to enter the resonance, their mobility increases
sharply, and the thermopower becomes positive. With a fur-
ther increase in the magnetic field, both types of quasiparti-
cles are in resonance, their mobilities are almost equal, and
the thermopower drops to zero. Then the ‘holes’ go out of
the resonance; therefore, the thermopower is determined by
‘electrons’ and becomes negative. Finally, both of them go out
of resonance, and the thermopower returns to a value close to
ZerO0.

Note that the discussed feature of the thermopower is
observed against almost a zero background. Due to this, the
thermopower measurement is a technique more sensitive than
the conventional magnetoresistance. Nevertheless, the mag-
netic field dependence of the thermopower measured in sus-
pended samples did not reveal additional features caused by
the change in the phonon spectrum. Presumably, such features

could be revealed in the phonon drag thermopower, but the
design of the studied samples made it possible to measure
only the diffusion thermopower without the contribution of the
phonon drag thermopower.

Moreover, the electron temperature distribution was shown
to remain the same before and after suspension. This is caused
by two reasons. First, the electron—electron interaction time
was much shorter than the electron—phonon interaction time,
and, thus, the thermopower magnitude was determined by the
gradient of electron rather than phonon temperature. Second,
the electron—phonon interaction time was much longer than
the Thouless time, that is, the time that an electron spends in
the sample. Thus, the physical picture of thermoelectric phe-
nomena in suspended nanostructures is far from being com-
plete. The most interesting effects related to the interaction
between low-dimensional phonons and electrons may be dis-
covered with specially designed samples and corresponding
experiments.

3.4. Quantum Hall effect in suspended 2DEG

Despite more than 40 years of intensive research, some trans-
port phenomena associated with the quantum Hall effect
(QHE) [166] still attract considerable attention. They include,
for example, 3D QHE [167], hysteresis phenomena [168, 169]
and the QHE in fundamentally new systems such as graphene
[170, 171] or topological insulators [172, 173]. Unusual phe-
nomena in the QHE regime are also observed in suspended
semiconductor structures with a 2DEG. To date, integer QHE
is studied in such structures, while fractional QHE [174] has
not been observed in them. As is known, the integer QHE man-
ifests itself in the vanishing of the longitudinal resistance R
and the quantization of the transverse resistance Ry = h/(e*v)
at integer filling factors v (see figure 22). One of the simplest
and most illustrative models for explaining this effect is the
model of edge channels [156, 175]. According to this model,
in strong magnetic fields near integer filling factors, when the
Fermi level lies between the Landau levels, a spatial separa-
tion arises between the edge channels and the bulk states at
the Fermi level. When this spatial separation becomes greater
than the magnetic length, electron tunneling from edge to bulk
states ceases, which leads to suppression of backscattering
and, as a consequence, to vanishing of Ry. Thus, in order to
be convinced of the observation of a pronounced QHE regime,
it is necessary to demonstrate both the quantization of Ry and
the corresponding vanishing of Ry .

The first experiments in strong magnetic fields performed
on suspended nanostructures [8, 161] demonstrated magne-
toresistance oscillations, however without any pronounced
QHE regime: magnetic field dependence of Ry, was presented,
while the magnetic field dependence of Ry was not shown
(see figure 23). Moreover, in quantizing magnetic fields, the
expected vanishings at integer filling factors were absent. This
non-zero Ry, is not associated with parallel conductivity, since
1/B spectrum of the oscillations shows only a single period
(see inset to the figure 23).

With the advancement in fabrication technique, high mobil-
ity suspended nanostructrues have been produced [177]
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Figure 25. Vanishing longitudinal and quantized Hall resistance of
suspended 2DEG in samples where boundary between suspended
and non-suspended areas is moved outside the Hall bar.
Measurements performed at 4.2 K. Reprinted from [79], with the
permission of AIP Publishing.

where the Hall magnetoresistance quantization plateaus were
reported in a suspended 320 nm-thick Hall bar [177]. These
quantization plateaus corresponded to the minima in the Ry,
however, R vanishings was not observed even after mobil-
ity improvement. Moreover, it was shown later that, signifi-
cant decrease in temperature down to sub-kelvin values also
does not lead to Ry, vanishing (see figure 24) [79]. The sus-
pended Hall bars inevitably contain a boundary between sus-
pended and non-suspended areas. At such a boundary, a poten-
tial barrier can arise, leading to backscattering of edge current
channels [79], which, in turn, leads to the absence of van-
ishings in Ry. To test this hypothesis, samples were made in
which the discussed boundary was moved outside the Hall
bar, that is, the Hall bar was suspended together with the
potential contacts. In such samples it was indeed possible to
observe a clearly pronounced QHE regime with vanishings
of Ry even at temperature 4.2 K (see figure 25). In addition
to the AlGaAs/GaAs samples, suspended structures with a
high mobility 2DEG in InGaAs/InAlAs heterostructures were
created [178]. In these structures, vanishings of the longitu-
dinal magnetoresistance and the corresponding quantization
plateaus in the Hall resistance at temperatures below 1.6 K
were found [179].

Investigation of electron transport in quantizing magnetic
fields also included the study of nonlinear effects, namely,
the breakdown of QHE by a direct current [180, 181],
in a suspended 2DEG based on GaAs/AlGaAs [79] and
InGaAs/InAlAs [179] heterostructures. The measurements
were carried out in fixed magnetic fields corresponding to the
integer filling factors, when the longitudinal resistance is zero.
In addition to a weak alternating current used to measure the
resistance, a direct current was also passed through the cur-
rent contacts. The dependence of the longitudinal resistance
on the value of the direct current was measured. When the
current reached a critical value, the breakdown of the QHE
regime happened, leading to a sharp increase in the resis-
tance. The measurements were carried out on the same samples
before and after their suspension. These comparative experi-
ments showed that the breakdown of QHE in suspended Hall
bars is achieved at critical currents several times lower than in
non-suspended ones (see figure 26). According to the existing
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Figure 26. Breakdown of the QHE in non-suspended and suspended
Hall bars. Reprinted from [179], with the permission of AIP
Publishing.

models developed for ordinary, non-suspended structures, the
critical current of the breakdown depends on the sample geom-
etry (particularly, on the Hall bar width) and electrostatic inter-
action [182]. It can be assumed that suspension changes the
actual width of the Hall bars due to the depletion. However, the
critical current has been shown to depend logarithmically on
the Hall bar width [183], so it is unlikely that small variations
in the Hall bar width cause this difference. Most likely, the
critical current decrease after suspension is related to the pecu-
liarities of the heat balance in suspended structures. Due to the
lack of heat removal directly through the substrate, overheating
of the sample, and thus the QHE breakdown, are achieved at
lower heating currents, which is consistent with the bootstrap-
type electron heating model [184]. Furthermore, it was found
that beyond the critical current, background impurity scatter-
ing in the suspended 2D channel regions leads to stochastic,
resonant-like features appearing in the conductivity before the
onset of the Ohmic regime [179].

It is interesting to note that QHE was observed not only
in planar suspended heterostructures with 2DEG, but also in
rolled semiconductor heterostructures with a cylindrical geom-
etry. Creation of such structures is made possible by the use
of built-in strain in lattice-mismatched heterostructures, which
leads to the rolling of under-etched films [185]. The first exper-
iments carried out on such samples did not demonstrate van-
ishings of the longitudinal magnetoresistance. Well-developed
quantized Hall plateaus were observed, but not in the whole
range of magnetic field. In magnetic fields higher than 10 T,
strong deviations from the common quantum Hall character-
istics develop. Instead of the plateaus, pronounced maxima
appear and the Hall voltage starts to decrease with increas-
ing field [186] (see figure 27). Subsequently, the use of high-
quality samples based on a GaAs quantum well with barri-
ers consisting of AlAs/GaAs short-period superlattices [125]
made it possible to observe QHE in cylindrical heterostruc-
tures. For this, 192 nm-thick Hall bars were created on the
surface of an AlAs/GaAs microtube with a radius of 24 um
(see figure 28(a)). The electron mobility in such a system was
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Figure 27. Hall magnetoresistance of suspended cylindrical 2DEG. Reprinted from [186], Copyright (2003), with permission from Elsevier.
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Figure 28. (a) Suspended Hall bar on cylindrical surface of an AIAs/GaAs microtube with a radius of 24 pm. Longitudinal and transverse
resistances of the cylindrical 2DEG vs magnetic field measured for different orientations of one and the same Hall bar with respect to the
magnetic-field direction. The external magnetic field is oriented normally to the surface (b) at a position somewhere outside the region
between the contacts and (c) roughly at the central point of the Hall bar. The upper insets show the experimental geometries, and the lower
insets show longitudinal resistances vs magnetic field on a logarithmic scale. The direction of the current / and the direction of the external
magnetic field By are shown with the dashed line and solid arrow, respectively. The resistances measured between different pairs of probes 2,
3, 5, and 6 are indicated with subscripts. Reprinted (figure) with permission from [187], Copyright (2007) by the American Physical Society.

about 10® cm? V~! s~!. It was shown that, in the cylindrical
geometry, the Hall resistance behaves similarly to thatin planar
structures. Quantization plateaus are observed at the integer
filling factors determined by the magnetic field component per-
pendicular to the cylindrical surface. At the same time, a giant
asymmetry with respect to the direction of the magnetic field
was found in the longitudinal magnetoresistance [187] (see
figures 28(b) and (c)). This behavior is caused by the curvature
of Landau levels in the presence of a transverse magnetic field
gradient [188, 189] in cylindrical samples and can be explained
within the framework of the model of edge current channels
using the Landauer—Biittiker formalism [156, 175].

4. Micro- and nanoelectromechanical systems

4.1. Micro- and nanomechanical resonators

Since the suspended nanostructures have additional mechani-
cal degrees of freedom in comparison to their non-suspended
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counterparts, they can be used as mechanical resonators hav-
ing submicron dimensions [4, 190-193]. In experimental
works, the nanomechanical resonators are most often shaped
as double-clamped bridges and cantilevers, whose mechanical
oscillatory modes can be predicted with relatively high pre-
cision using analytical methods [194]. Due to their small size,
the nanomechanical resonators have high resonant frequencies
(up to GHz range [195]). At the same time, they are character-
ized by relatively high quality factors (up to millions [196]),
i.e. their resonant frequencies can be measured with high preci-
sion. In addition, due to small mass, their resonant frequencies
and quality factors are sensitive to external influence of various
types, including the added mass of lightweight particles on the
surface, electrical and magnetic fields, temperature, pressure
etc [195, 197, 198]. This makes the nanomechanical resonators
suitable for developing sensors of various physical quantities.
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The nanomechanical resonators can be relatively easily
driven into the nonlinear regime of oscillations and, there-
fore, are actively used as an experimental test site for studying
the nontrivial phenomena of nonlinear dynamics [199, 200].
The bistability of nonlinear oscillations can be used for cre-
ation of nanomechanical memory elements [201, 202]. In addi-
tion to operating at high resonant frequencies, they are also
interesting as human-made objects, potentially demonstrating
quantum-mechanical behavior at low temperatures [203].

Nanomechanical resonators can be created from various
materials, including Si [204-207], SiC [208], SiN [200, 209,
210], AIN [211], carbon nanotubes [195, 212-214], graphene
[215, 216], etc. From the point of view of mechanical proper-
ties, the resonators based on AlGaAs/GaAs heterostructures
are featured by their single-crystal structure [3, 4, 67, 68, 192,
201, 217-239], which makes it possible to reach relatively
high quality factors. Another important aspect is that the
AlGaAs/GaAs nanomechanical resonators combine both
mechanical and electrical functionality, with their mechanical
motion being coupled to electron transport via electro-
static and piezoelectric physical mechanisms. Thus, they
represent hybrid nanoelectromechanical systems, where
electron-transport phenomena can be studied under unusual
conditions, namely, in the presence of additional mechanical
degrees of freedom. Besides the fact that the effects emerging
due to the electromechanical coupling are interesting in
themselves, they also enable efficient actuation of resonant
vibrations and their detection using on-chip all-electrical
methods. It should be noticed that the AlGaAs/GaAs-based
resonators, as well as those based on other materials, can be
also used as optomechanical systems [217, 218, 240-243],
however, the discussion of this aspect of their functionality is
beyond the scope of the present paper.

Fundamental and applied research in the field of nanome-
chanical resonators is based on the knowledge about the phys-
ical mechanisms underlying the driving of mechanical motion,
its detection and dissipation. In the present review we briefly
describe the actuation and transduction methods applicable
to AlGaAs/GaAs based nanomechanical resonators, discuss
the damping mechanisms limiting their Q-factors and describe
the current progress in studying the low-dimensional electron
systems coupled with the nanomechanical resonators.

4.2. Actuation of nanomechanical motion

There are many methods which can be used to drive the
oscillations of nanomechanical resonators [244, 245], and
most of them are inherited from their larger-scale ana-
logues—micromechanical systems. Probably the most simple
and robust way is to use an external piezoelectrical shaker
[196, 197, 226, 246, 247]. Similar ‘external’ driving scheme
is the photothermal actuation based on the heating of the res-
onator surface by a focused laser beam with an amplitude-
modulated power [207, 215, 248, 249]. In this case, the
vibrations are driven due to the heating-induced thermal
expansion. This method becomes increasingly more difficult
with reduction of the resonator size, because its dimensions
become less than the laser spot diameter. Its effectiveness
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additionally drops at resonant frequencies approaching ther-
mal relaxation time. Photothermal excitation is not used to
drive the systems with a 2DEG based on AlGaAs/GaAs het-
erostructures, because light can drastically change electron
transport properties of the low-dimensional system [250, 251].

Oscillations of nanomechanical resonators can be driven
using the magnetomotive scheme [198, 204, 206, 208, 211,
236, 252]. In this case, to drive the vibrations, the resonator is
placed in a magnetic field, and an alternating electrical current
is passed through it at the resonant frequency. To achieve a suf-
ficiently large Lorentz force, a high magnetic field of several
Teslais needed, which is usually obtained using helium-cooled
superconductive magnets. The magnetomotive scheme can be
successfully used to drive the flexural vibrations of the double
clamped bridges at the fundamental mode, however, its usage
for driving the higher modes and for driving the resonators of
arbitrary shapes is limited.

The most interesting, especially for the possible applica-
tions, are the actuation schemes that can be implemented
on-chip, with a minimal need for external devices. Among
these methods, the most straightforward are the piezoelectric
[4, 192, 201, 220] and capacitive [195, 209, 212-216, 221,
222] methods. In the first case, an alternating voltage is applied
between the conductive layers being a part of the resonator, for
example, between a 2DEG and a metal gate covering its sur-
face. Alternatively, the voltage can be applied between differ-
ent doped layers grown in a single epitaxial process [219]. Due
to the piezoelectric effect, the electric field appearing between
the layers induces mechanical stress which, in turn, can cre-
ate a bending moment driving the vibrations. In addition to the
alternating voltage, a dc voltage can be applied to tune the actu-
ation efficiency [219] and the resonant frequency. As shown
in reference [220], the efficiency of the piezoelectric driving
of nanomechanical resonators based on AlGaAs/GaAs het-
erostructures is mainly limited by the resistance of the 2DEG
leads which, together with the large parasitic inter-electrode
capacitance, forms a low-pass filter significantly reducing the
actual voltage between the resonator and the gate in compari-
son to that applied between the contact pads. Nonetheless, the
piezoelectric actuation can be used to drive flexural and tor-
sional vibrations of the resonators with submicron dimensions
even at room temperature.

One of the alternative ways to on-chip drive the oscillations
is to use the electrostatic interaction between a resonator and
a nearby gate, mechanically separated from the resonator (see
figure 29(a)). Voltage Vs applied between them induces a force
acting on the resonator

Cox 27 (10)

where C is the gate-resonator capacitance and x is the gener-
alized coordinate (such as the displacements of a cantilever tip
or a bridge center). If the voltage is a sum of dc and ac com-
ponents Vg = Vpe + Vac cos (2, then there is an ac force at
frequency €2, which can drive the resonant vibrations:
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Figure 29. (a) A scanning electron microscope image of an AlGaAs/GaAs resonator with a 2DEG whose vibrations can be driven using
in-plane side gates by capacitive electrostatic force. Reprinted from [228], with the permission of AIP Publishing. (b) Measured amplitude
and resonant frequency as functions of the dc gate voltage component. Data shown in black are obtained before a short illumination, in
red—after illumination. Reprinted from [221], with the permission of AIP Publishing. (¢) An example of a SiN nanomechanical resonator
driven using bottom gates (colored in yellow) by dielectric gradient force. Reprinted (figure) with permission from [210], Copyright (2010)

by the American Physical Society.

Fac = — VpcVac cos Q.

Ox b

A feature of the low-dimensional electron systems based on
the AlGaAs/GaAs heterostructures is the presence of relatively
wide (of order of hundreds nanometers) electron-depleted
regions near the lateral edges [253]. This depletion occurs due
a large density of surface states causing the Fermi level pin-
ning near the middle of the bandgap at the surface. Because of
the depletion, suspended resonators with a 2DEG are conduc-
tive only if their width exceeds some critical value, which is
usually larger than the resonator thickness. Thus, the resonant
mode with the lowest frequency typically corresponds to the
resonator motion in direction orthogonal to the surface (out-
of-plane vibrations), while the in-plane vibrations are much
stiffer and rarely observed.

For the capacitive actuation to be effective, the gate-
resonator capacitance should strongly depend on the resonator
displacement x in the direction corresponding to the driven
vibrational mode. Thus, to drive the out-of-plane vibrations,
it would be preferable to have a gate placed directly under
the resonator. However, deposition of metal there is practi-
cally impossible. A solution which can be in principle used
is to create the gates at the substrate as close as possible to the
resonator (see figure 29(c)). However, this can be challeng-
ing to achieve after the resonator is mechanically suspended.
Fortunately, it has been shown that the out-of-plane vibrations
can be successfully driven using in-plane side gates, because
the substrate having a high dielectric constant and being under
the resonator breaks the system symmetry and makes the gate-
resonator capacitance dependent on the out-of-plane displace-
ment x of the resonator. The side gates can be easily created at
the same stage when the topology of the resonator is defined
by just anisotropic etching of narrow trenches down to the sac-
rificial layer, which mechanically separates the gates and the
resonator. The electrostatic capacitive origin of the force driv-
ing the vibration can be experimentally confirmed by the two
features of this actuation scheme. The first feature is the linear
dependence of the oscillation amplitude on the dc gate voltage
component predicted by equation (11). The second is related
to the change of the effective spring constant of the system due
to the electrostatic forces.
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In the vast majority of cases, the capacitance C between the
gate and the resonator depends nonlinearly on the resonator
displacement x. Taking into account the first nonlinear term, it
can be expressed in the following form:

C(x) = Co+ C'x + C"x?)2. (12)

Substitution of this equation into equation (10) shows that
there is a force component linearly dependent on x (here we
are not interested in other components):

C//

Fs:_

> (13)

Vacx.
The coefficient %"V]%C can be considered as an electrostatic
spring constant, additive to the mechanical one. The presence
of this force leads to a shift in the resonant frequency (2
proportional to the squared dc gate voltage component:

C'vEc

AQO - 4mQO '

(14)
Since the coefficient C” is usually positive, the capacitive gate-
resonator interaction typically leads to a negative shift of the
resonant frequency with V, applied. This effect called electro-
static softening [212] is the second hallmark of the capacitive
actuation which, together with the linear amplitude depen-
dence was observed in [222], thus confirming that the in-plane
side gate drives the out-of-plance vibrations via the capacitive
actuation.

While equations (11) and (14) predict that, at Vpc =0,
the oscillation amplitude is zero and the resonant frequency
is maximal, in experiment these two specific points often cor-
respond to different non-zero gate voltages [212, 221] (see
figure 29(b)). These voltage shifts from zero can be explained
by the presence of built-in charges in the vicinity of the
gate and the resonator. The numerical estimates reported pre-
viously [221] show that, in particular, the piezoelectrically
induced alternating built-in charges which appear when an
AlGaAs/GaAs-based resonator vibrates, can explain the mag-
nitude of the voltage shifts (of the order of volts). More-
over, experiment shows that, when electrical charge is spatially
redistributed by a short illumination at low temperatures, the
voltages corresponding to the specific points further shift. This
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shows that the features of the capacitive actuation can be used
for the creation of charge sensing devices.

Additional experimentally observed discrepancy of the
experimental results from that predicted by equation (11) is
that the amplitude of the oscillations does not fall to zero at
the gate voltage corresponding to the amplitude minimum. A
hypothesis was proposed to explain this fact by the possible
role of the poorly conducting 2DEG near the lateral edges
[221]. Due to the poor conductivity, charge redistribution that
occurs in these edge regions in response to an alternating
change in the gate voltage lags from re-charging of the 2DEG
bulk. Accordingly, the driving forces acting on the bulk and on
the edge have different phases. Since electrostatic structure of
the edge differs from that of the bulk, these forces are zeroed at
different Vpc values. The presence of phase-shifted force act-
ing on the edge can explain the observed non-zero amplitude
at the minimum. Experimentally, this hypothesis is indirectly
confirmed by the fact that gth amplitude minimum becomes
much closer to zero after illumination, which makes confine-
ment potential at the edge steeper, thus reducing the width of
the poorly conducting near-edge regions [253].

4.3. Detection of nanomechanical motion

Similarly to the actuation schemes, the methods used to detect
the motion [244, 245] of nanomechanical resonators can be
conditionally divided into external and internal with respect to
the system. In the case of the resonators with micro-scale lat-
eral dimensions, one of the most sensitive methods to detect
their motion is the use of external optical interferometers
(Doppler vibrometers) [196, 197, 207, 215, 229, 248, 249,
254,255]. However, as the resonator dimensions reduced, sen-
sitivity of this method drops, since the size of a focused spot
is limited by the diffraction limit. In most of the practical
cases, the minimal size of the light spot is of the order of
micrometers. For the interferometric methods to be effective,
the motion direction should coincide with the optical path, and
this limits their use for detection of in-plane motion. Finally,
since light can drastically change electron-transport proper-
ties of semiconductor low-dimensional electron systems, the
optical methods are not typically used to study the nanome-
chanical resonators based on AlGaAs/GaAs heterostructures
with a 2DEG.

[II-V materials, non having inversion symmetry, demon-
strate piezoelectric properties, and, due to this, the mechan-
ical resonators made from them are featured by the
possibility to on-chip transduce their vibrations into an electri-
cal signal. The first method utilizing the piezoelectric effect is
based on the detection of the piezoelectrically generated volt-
age [4,201,223,234]. To achieve this, the resonator is partially
covered with a metal top gate, like in the case of piezoelectric
actuation. Due to the reverse piezoelectric effect, oscillation-
induced mechanical strain leads to electrical polarization of
the resonator body, and a small, but still measurable volt-
age appears between the gate and the 2DEG contained in the
resonator. If the size of the resonator is reduced, the role of
the parasitic capacitance (that of the cables and that between
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the contact pads) strengthens, and, in the case of nanomechani-
cal resonators, the piezoelectric transduction scheme becomes
difficult to implement. To partially overcome this drawback, a
low-temperature voltage preamplifier placed in a close prox-
imity to the experimental sample can be used [223].
Mechanical deformation of the resonators based on III-V
materials also leads to a change in the conductivity of the
2DEG contained in them, and this piezoresistivity can be used
to detect the motion [3, 224, 226, 230, 256] (see figure 30).
The bending-induced conductivity change can arise due to
the deformation potential and due to the piezoelectric effect.
As has been experimentally shown in reference [224], in the
case of the AlGaAs/GaAs resonators, the piezoelectric effect
dominates. To check this, two nanomechanical cantilevers ori-
ented in the orthogonal crystallographic directions were cre-
ated with 2DEG constrictions placed near their clampings.
Flexural oscillations of the cantilevers were identically driven
in the direction perpendicular to the surface, and the alternating
change in the resistances of the constrictions was measured at
the oscillation frequency. The resulting deviations of the resis-
tances were phase-shifted by 180°, indicating the dominating
role of the piezoelectric effect in the resistance change.
According to the existing models [4, 224, 256], the
bending-induced change in the resistance is determined by the
change in the 2DEG density. When a resonator is bent, a piezo-
electric bound charge appears in its bulk and at the surface. The
2DEG screens this additional charge by redistributing the elec-
tron density in such a way to minimize the energy of the sys-
tem. The resultant spatial distribution of the bending-induced
density change, strongly depends on the conditions at the sur-
face. The simplest situation is when the surface is entirely
covered by a metal gate. In the case of a thin AlGaAs/GaAs
nanomechanical beam, the bending-induced density change is
inversely proportional to the bending radius at a given point:

e14(t — dapgG)

5 - s
" 4eR

= 15)
where ey4 is the piezoelectric constant of the resonator mate-
rial, 7 is the resonator thickness, dypgg is the depth at which
the 2DEG is placed, e is the elementary charge and R is
the bending radius. If the surface is naked, then the density
change is maximal at the boundary between suspended and
non-suspended parts of the system, i.e. at the clampings, with
its signs being opposite in these two parts. If the 2DEG con-
striction is created using a metal split gate, then the spatial
distribution of the density change resulting from the bend-
ing becomes similar to that induced by a change in the gate
voltage. Thus, the bending works as the ‘piezoelectric gating’
which can be used to modulate the 2DEG density [256]. It
should be noticed that, in the case of the split-gate devices,
to maximize the magnitude of the electrical response to the
mechanical vibrations, the 2DEG should be placed in the mid-
dle of the resonator thickness, i.e. at the neutral plane, where
the mechanical strain is zero.

To overcome the difficulties associated with high-frequency
measurements in the presence of parasitic capacitances and
at relatively high resistances of the samples, the heterodyne
down-mixing technique can be used [212, 222, 247]. Notice
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Figure 30. (a) A nanomechanical cantilevered resonator containing a 2DEG. A wide gap between the etched halls is a 2DEG constriction,
whose conductance is sensitive to mechanical vibrations. (b) and (c) Resonators oriented in the orthogonal crystallographic directions
demonstrate opposite piezoelectric responses to mechanical vibrations. (d) Simplified picture showing the origin of the piezoelectric
response anisotropy. (e) Electron density change dn per unit displacement ¢ of the cantilever free end as a function of the distance from the
clamping. The shown dependence is calculated for [110]-oriented cantilever and should be negated for [-110]-oriented cantilever. Reprinted
(figure) with permission from [224], Copyright (2016) by the American Physical Society.

that the nanoelectromechanical system itself can play the role
of the mixer. Let conductance G of a 2DEG constriction lin-
early depend on mechanical displacement x of the resonator
from its equilibrium position

0G

Ox X.

Let the resonator perform periodic oscillations

G =Gy + (16)

x = a cos(Q + @), (17)

where the phase ¢ is measured relatively to the driving force.
The oscillation-induced conductance change

G- 9%
Ox
can be detected by application of a dc source—drain voltage to
the constriction and by measuring the current flowing through
it at the driving frequency 2. However, at a high frequency, all
the parasitic components of the circuitry complicate the mea-
surements and should be taken into account. Moreover, with
rare exceptions, the bandwidth of the existing lock-in ampli-
fiers is limited by several hundreds kHz. Alternatively, an ac
source—drain voltage having a frequency close to the driving
one can be applied to the constriction

a cos(Qt + ¢) (18)

V =V, cos(2 — w)t, (19)

where w is a low frequency convenient for the measurements.
The resulting current / = VG flowing through the 2DEG con-
striction contains a low-frequency component

oG
0l = Voa

proportional to the oscillation amplitude a and sensitive to their
phase ¢. The measurement of this current component makes

a cos(wt + @) (20)
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it possible to detect the high-frequency vibrations and, at the
same time, to partially eliminate the drawbacks of the mea-
surements at high frequencies. To reduce the noise influence
on the output signal, it is usually reasonable to choose fre-
quency w higher than the cutoff frequency of the 1/ f noise.
An additional advantage of using the heterodyne down-mixing
technique is the elimination of high-frequency cross-talk.

4.4. Dissipation

There is a series of physical mechanisms underlying the dis-
sipation of oscillatory energy in nanomechanical resonators.
In the existing comprehensive reviews these mechanisms are
discussed in detail [190, 191, 257]. The damping mechanisms
can be conditionally divided into extrinsic and intrinsic with
respect to the system. The former include the radiation of
phonons into the material bulk from the clampings (clamp-
ing loss) [258], the damping from the surrounding medium
[254], Ohmic losses in the circuitry etc. The internal loss
mechanisms include those related to the interaction between
phonons (Akhiezer [259] and thermoelastic [260] damping),
defect motion, Ohmic losses [4] in the resonator, surface losses
[225], the dissipation due to two-level systems [191, 261] etc.
In the case of the AlGaAs/GaAs resonators, the dissipation
processes are not very well investigated, and the quality factors
cannot be predicted in advance. In the present review article we
will focus at some specific features related to the dissipation in
the AlGaAs/GaAs resonators.

A common observation is that the quality factor decreases
with down-scaling of the resonators, i.e. with increasing
surface-to-volume ratio [205, 252, 257] (see figure 31). This
fact shows that the dissipation is largely determined by the
surface processes, especially in the case of single-crystal res-
onators, where the surface is much more disordered than the
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Figure 31. Q-factor dependence on the size of mechanical
resonators. Reprinted from [257], Copyright (2014), with
permission from Elsevier.

bulk. The role of the surface dissipation in GaAs nanome-
chanical resonators has been studied in reference [225]. It was
shown that the surface modification by atomic layer deposition
can strongly decrease the Q-factor.

A detailed experimental study of the dissipation in GaAs-
based nanomechanical resonators has been reported in refer-
ence [252]. A feature of the resonators based on this material is
the presence of dissipation (the inverse Q-factor) peaks at tem-
peratures close to 30 K. Similar peaks in similar temperature
range were observed on samples with different geometry and
different material composition [226, 227] (see figure 32). This
shows that the presence of these peaks is a universal feature
of the nanomechanical resonators based on AlGaAs/GaAs het-
erostructures, and, thus, clarification of their origin is of special
importance.

Specific temperatures at which these peaks are observed
make it necessary to consider the thermoelastic damping [226,
260] as one of the possible physical mechanisms responsi-
ble for their appearance. The thermoelastic damping origi-
nates from thermodynamically irreversible heat flow induced
by the temperature gradients accompanying the mechanical
deformation. The thermoelastic damping contribution into the
overall dissipation is proportional to the squared thermal
expansion coefficient. With decreasing temperature, this coef-
ficient decreases [262], reaches zero at approximately 50 K,
then becomes negative and, after reaching a local maximum at
nearly 30 K, tends to zero. Accordingly, the related dissipation
should reach its minimum at the temperatures corresponding
to zero thermal expansion coefficient and give a local maxi-
mum at nearly 30 K. Estimates show that the Akhiezer [225,
259] damping, arising due to the bending-induced modifica-
tion of the phonon spectrum should be also maximized at the
temperatures close to 30 K. Notice that the existing models
of the dissipation originating from the phonon—phonon inter-
action are well developed for the case of diffusive phonon
transport. For the resonators having submicron thickness, the
mean free path of the phonons becomes larger than the system
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dimensions, and the role of the thermoelastic and Akhiezer
damping mechanisms requires a revision [61, 260]. The dis-
sipation peaks at nearly 30 K can be also explained by the
influence of defects, impurities and two-level systems [252,
261]. Experimentally observed quadratic dependence of the
dissipation on magnetic field indicates that these centers are
charged and possibly represent the electronic donor impurities.

It is natural to consider the intentionally introduced dopants
as one the potential dissipation sources. In the case of
AlGaAs/GaAs heterostructures, the most often used dopant is
(Si). It is well known that Si atoms can play the role of the
shallow donors or, alternatively, they can form so-called DX-
centers [250, 251, 263]. These centers represent the Si atoms
shifted from a substitutional position toward one of the near-
est interstitials. A well-known effect associated with the DX-
centers is the persistent photoconductivity at low temperatures,
i.e. the illumination-induced conductivity growth non disap-
pearing after the light is turned off. According to the existing
models, the persistent photoconductivity is attributed to the
fact that, to be back-captured by a donor, a photoemitted elec-
tron needs to overcome a potential barrier associated with a
lattice relaxation accompanying the capture process.

In reference [228], it was shown that the dissipation in
AlGaAs/GaAs-based nanomechanical resonators also demon-
strates the effect of persistent change, similar to the persistent
photoconductivity. Moreover, a short illumination makes the
dissipation peak at 30 K much less prominent and improves
the Q-factor at that temperature. Since light can hardly lead
to persistent effects in the phonon sub-system, the results so
obtained show that the dissipation peak observed at 30 K is
not associated with the thermoelastic and Akhiezer damping
mechanisms. Taking into account the similarity of the persis-
tent photoconductivity and the persistent Q-factor change, it
probably makes sense that the latter can be also explained by
the DX-centers, as suggested in reference [252]. The idea pro-
posed in reference [228] to explain the dissipative role of the
DX-centers is built on the assumption that these centers can
be spatially reoriented [261, 264], with the preferable orienta-
tions being stress-dependent, and the characteristic relaxation
time being comparable to the vibration period.

An important method which can be used to improve the
quality factor of nanomechanical resonators is the introduc-
tion of longitudinal tensile stress (damping dilution). Tension
increases the energy stored in the resonator, but it does not
lead to a growth in the energy loss [210]. In other words, the
tension increases the resonant frequency, with the width of
the resonance remaining unchanged. For example, pre-stressed
SiN membrane resonators demonstrate quality factors over a
million [196].

The resonators are created from the top few layers of the
heterostructure which are above the sacrificial one. To make a
resonator tensed, there should be a lateral tensile stress in these
layers, i.e. their lateral lattice constant ag should exceed its nat-
ural value ag,. Usually, the nanomechanical resonators are thin
enough for the growth of their material to be pseudomorphic,
which means that az = asp, where agy_ is the lateral lattice con-
stant of the sacrificial layer. Thus, to tense the resonator, the
condition ag, < asy. should be fulfilled.
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Figure 32. Dissipation peaks universally observed in AlGaAs/GaAs-based micro- and nanomechanical resonators at the temperatures close
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AlGaAs/GaAs heterostructures are often considered as
stress-free (ag ~ ag, =~ asy.), since the lattice constants of the
Al,Ga;_,As solid solutions are almost independent on the
aluminum content x. Thus, a modification of the heterostruc-
ture by introduction of additional elements is needed to make
its top layers tensed. This can be done by either increasing
asy, or reducing ag,. The former approach was realized in
reference [229], where the resonators were created from a
200 nm-thick GaAs layer grown on the top of a metamor-
phic In-containing buffer thick enough for its top layers to
be relaxed (as;, =~ asi,). Since In introduction increases the
lattice constant, the topmost GaAs layer is grown tensed, pro-
vided that its thickness remains less than the critical one. An
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increase in the Q-factor from 1800 to 19 000 at room tempera-
ture was achieved using this method. The method based on ag,
reduction was implemented in references [255, 265]. In refer-
ence [255], a standard AlGaAs sacrificial layer was used, but
InGaP layers were introduced into the resonator material. The
natural lattice constant of these layers is below that of AlGaAs,
and thus, again, the created resonators are subjected to tensile
strain. The reported Q-factors are up to 70 000 at room temper-
ature. In reference [265], tensile-stressed GaNAs resonators
were studied and shown to have a Q-factor of 120 000 at room
temperature. Similar GaAs resonators had the Q-factor of only
4000.
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Figure 34. (a) and (c) QPCs integrated with nanomechanical resonators and used for sensing their mechanical motion. In (a) two QPCs are
formed by gate pairs (1, 3) and (1, 4). Right: examples of the measured QPCs responses to mechanical vibrations. Reprinted from [67], with
the permission of AIP Publishing. Reprinted from [68], with the permission of AIP Publishing.

4.5. Coupling between electron-transport phenomena
and nanomechanical motion

At an early stage of investigation of the AlGaAs/GaAs-based
electromechanical systems, the 2DEG was mostly exploited to
sense the mechanical motion. In the pioneering work of Beck
et al [230], a 2DEG-based field effect transistor was used to
sense the flexural vibrations of a macroscopic (9 x 2.5 mm)
cantilever, representing an entire semiconductor chip with one
of the edges mechanically clamped. In reference [3], this tech-
nique was used to sense the non-resonant motion of a micro-
machined (65 x 11.4 x 0.25 pm) cantilever for the scanning
probe microscopy purposes. Additionally, a much smaller
(3 x2x0.125 pm) cantilever was presented, however, its
mechanical functionality was not demonstrated.

In reference [231], a 2DEG contained in a double-clamped
6 x 0.5 x 0.114 ym beam was used to detect the flexural oscil-
lations of the latter using the piezoresistive response, i.e. by
measuring an ac voltage generated on the vibrating beam when
a dc current is applied to it. The resonant frequency of the
vibrations corresponds to out-of-plane mode, and the vibra-
tions are driven using an in-plane side gate. No amplitude
dependence on dc component of the gate voltage was observed,
and, based on this, the authors concluded that the vibrations
are driven due to a physical mechanism different from the
capacitive gate-resonator interaction. As an alternative, the
dipole—dipole interaction was proposed to explain the driven
vibrations.

As has been shown later, the 2DEG is not only sensitive
to mechanical motion, but also imposes a back action on the
mechanical properties of the micro- and nanomechanical res-
onators, with the magnitude and character of this back action
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depending on the 2DEG electronic state (see figure 33). In ref-
erence [232], a micromechanical resonator containing a 2DEG
was studied at high magnetic fields corresponding to the QHE.
It was shown that the resonant frequency decreases, and the
quality factor increases at the magnetic fields corresponding to
the edges of the quantum-Hall-effect plateaus. Moreover, the
2DEQG can play a significant dissipative role in nanoelectrome-
chanical systems: the quality factor had almost doubled near
the edges of the plateaus. Thus, the micromechanical measure-
ments can be used to investigate the electron-transport phe-
nomena in isolated systems, including the localized electron
states in the 2DEG.

Another well-known electron-transport phenomenon which
has been traced in the micromechanical measurements is the
mesoscopic conductance fluctuations. In reference [266], a
change in the resistance of a nanomechanical cantilever due
to its mechanical oscillations was measured as a function of
magnetic field. It was found that the electrical response to
vibrations demonstrates a reproducible oscillatory dependence
on the magnetic field, similar to the well-known universal
mesoscopic conductance fluctuations.

In reference [233], a 2DEG based on a heterostructure con-
taining paramagnetic Mn ions was created on the top of a sus-
pended GaAs cantilever. By measuring the resonant frequency
of the cantilever as a function of magnetic field, the total mag-
netization of the system was estimated. Thus measured mag-
netization demonstrated the de Haas—Van Alphen oscillations.
It was shown that these oscillations had a series of unusual fea-
tures. First, the oscillations were unusually smooth and did not
demonstrate a sawtooth shape typical for high-mobility GaAs
2DEG. Second, they were aperiodic with respect to 1 /B. Third,
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Figure 35. (a) Scanning electron microscope image of a suspended quantum dot. (b) and (d) Grayscale plots showing the conductance
dependence on gate (horizontal axes) and source—drain (vertical axes) voltages in suspended quantum dots. Conductance is shown by color;
dark regions correspond to zero value. Due to mechanical flexibility, the diamond-like black regions (Coulomb blockade diamonds) stick
together, such the Coulomb peaks are not observed at zero source—drain voltage. The additional blockade can be explained by either
emission of phonons (b) or by elastic deformation (d) accompanying electron tunneling. (¢) Theoretically predicted elastic deformation
blockade in suspended quantum dots. Reprinted (figure) with permission from [267], Copyright (2004) by the American Physical Society.
Reprinted (figure) with permission from [268], Copyright (2003) by the American Physical Society. Reproduced from [72], with permission

from Springer Nature.

with increasing temperature, their extrema shifted to lower B.
It may be noted that, using a hybrid nanomechanical system
integrated with a 2DEG, the features of the total density of
electron states can be revealed, while the ordinary electron
transport measurements are used to study only the density of
states near the Fermi level.

Experimental studies of the micro- and nanomechanical
resonators containing electron systems with a further reduced
dimensionality were largely stimulated by the need to have
a sufficiently sensitive on-chip motion detector to investi-
gate the nanomechanical vibrations in the quantum regime
(see figure 34). In reference [67], it was proposed to use
a QPC combined with a nanomechanical resonator to sense
oscillations of the latter. Although 1D conductance quantiza-
tion was not demonstrated, the QPC was shown to be more
sensitive to displacement than the ordinary 2DEG. Subse-
quently, it was shown [68] that the sensitivity of the QPC to
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nanomechanical motion can be further improved by placing
the QPC at the region of maximal mechanical strain, namely,
near the clamped edge. The achieved sensitivity was 23 times
the standard quantum limit.

The success of hybrid systems coupled with QPCs was later
translated into novel mesoscopic systems such as quantum dots
and single-electron transistors (SETs). In reference [234], it
was theoretically proposed to place a metal gate of a SET over
a clamped edge of a nanomechanical resonator and to use the
SET as a sensitive detector of the piezoelectrically induced
charge at the gate. Experimentally, however, this system was
realized in a different configuration, namely, with the res-
onator capacitively coupled to the gate of an aluminum-based
SET [235].

In addition, the nanomechanical resonators coupled
to quantum dots were also studied. In reference [236], a
system representing a suspended 2DEG-based quantum dot
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neighboring a nanomechanical resonator has been created. The
quantum dot was experimentally shown to demonstrate the
Coulomb blockade, and the mechanical resonance detected
using the magnetomotive technique was demonstrated,
however, the coupling between them was not investigated. In
reference [72], the elastic deformation blockade predicted by
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Nishiguchi [267] was experimentally observed (see figure 35).
The effect manifests itself as a blockade of electron tunneling
additional to the Coulomb one, appearing due to the fact that
the tunneling is accompanied by mechanical deformation
of the beam containing the quantum dot, which requires
additional energy. Experimentally, it is observed as the


https://creativecommons.org/licenses/by/4.0/

J. Phys.: Condens. Matter 34 (2022) 263001

Topical Review

absence of the Coulomb peaks at zero source—drain voltage in
conductance dependence on the gate voltage. The peaks are,
however, observed at non-zero source—drain voltage. Similar
additional blockade was observed in reference [268], however,
it was explained by the excitation of the local phonon modes
accompanying electron tunneling.

Recently, the back-action effects in the resonant electrome-
chanical systems with quantum dots have become a topic of
considerable interest (see figure 36). First results of these stud-
ies were obtained in the systems based on suspended carbon
nanotubes [214], where quantum dots naturally form between
the contacts or can be formed by the gates [213]. A com-
mon observation is the presence of dips in the resonant fre-
quency and quality factor measured as functions of the voltage
applied to the gate controlling the quantum dot. These dips are
observed at the gate voltages corresponding to the Coulomb
peaks, where electrons can tunnel through the quantum dot.
The back-action effects were also observed in AlGaAs/GaAs-
based systems. In reference [237], the study of a bridge-like
micromechanical AlGaAs/GaAs resonator with a quantum dot
placed near one of its clamped edges was reported. At non-
zero source—drain voltage, both the resonant frequency and
the quality factor demonstrate features when the gate voltage
is swept around the Coulomb peak. It is interesting that the Q-
factor increases at the left slope of the peak and decreases at
the right slope compared to its equilibrium values. Thus, elec-
tron transport through the quantum dot was shown to lead to
both damping and amplification of the mechanical motion. The
observed Q-factor variance is of the order of tens of percents,
which is quite large. Furthermore, the back-action of a QPC on
the resonator motion was also measured, and the results were
attributed to the heating effects.

In the case of a single quantum dot at zero source—drain
voltage, the system states in which electron tunneling is
allowed can be always identified by electrical measurements
(if we neglect the experimental limitations on the measura-
bility of ultra-small currents) [269]. In the case of serially
connected double quantum dots [270, 271], the situation is
different, here for an electron to tunnel though, the electro-
chemical potential of the double quantum dots system should
be equal and coincide with those of the source and drain chem-
ical potentials. In a stability diagram showing the conductance
dependence on the voltages applied to individual gates of the
dots, this is possible only at specific positions called triple
points (see figure 37(a)). There are also states of the system
allowing electrons to tunnel between a quantum dot and the
nearest Fermi sea, or, alternatively, between the dots. In these
states, the system as a whole is insulating (if co-tunneling and
inelastic processes are neglected), and the events of these types
cannot be detected and studied using the ordinary electron
transport measurements. In the stability diagram, these states
are described by the lines connecting the triple points (see
figure 37(a)). To visualize them, a nearby QPC can be used
as a sensitive electrometer. Recently it was shown that these
insulating states can be also detected if the double quantum
dot is placed on a nanomechanical resonator, such as a sus-
pended carbon nanotube [213]. It was experimentally shown
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that the stability diagram of such system can be built by mea-
suring the resonant frequency dependence on the gate volt-
ages. Given AlGaAs/GaAs multiple quantum dots attract are
promising candidates for spin qubits [272], investigation of the
nanoelectromechanical systems on their basis could possibly
lead to their applications for novel read-out techniques.

5. Conclusion

The observed studies show that almost any mesoscopic sys-
tem, when suspended, can potentially demonstrate novel
effects related to enhanced inter-electron interaction and
large charging energy, weakened thermal anchoring to the
substrate, phonon quantization, strong electron—phonon inter-
action, additional mechanical degrees of freedom, giant acous-
toelectric current, enhanced LSOC effect and other specific
features. Due to the listed peculiarities, the suspended nanos-
tructures such as QPCs, 2DEG, quantum dots and nanome-
chanical resonators become a unique experimental test site
for studying the phenomena of electron and phonon trans-
port under specific unusual conditions. These effects may be
promising for interdisciplinary research in such fields as nano-
electromechanical systems, phonon lasing, quantum comput-
ing, spin devices, sensors of various physical quantities and
many others. Future progress in the study of suspended nanos-
tructures may originate from investigation of the phenomena
that are well-known, but not yet studied in suspended nanos-
tructures, such as the weak localization, Pauli spin blockade,
fractional QHE, spin-related phenomena etc.
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