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ABSTRACT Studies on nonlinear electron transport in nano-
meter-sized semiconductor devices with broken centrosymme-
try are reviewed. In these devices, an applied alternating (rock-
ing) electric field induces a net flow of electrons in the direction
perpendicular to that of the applied field. Such an electron
ratchet effect has been observed in a number of differently
designed devices, fabricated from two types of semiconduc-
tor material systems. The functionality is interpreted with an
extended Büttiker–Landauer formula. We show that the de-
vices operate at both cryogenic and room temperatures and at
frequencies up to at least 50 GHz. Based on a similar micro-
scopic mechanism, we have also constructed, to the best of
our knowledge, the first artificial electronic nanomaterial that
operates at room temperature. The promising possibilities for
practical applications, such as rectification, microwave detec-
tion, second-harmonic generation, etc., are also discussed.

PACS 73.23.Ad; 73.40.Ei; 73.50.Fq; 81.05.Zx; 07.57.Kp

1 Introduction

When a system with a broken spatial symmetry is
taken out of equilibrium by, for example, introducing an ex-
ternal fluctuation (i.e. the time average is zero), a net flow of
particles along a certain direction may occur [1–9]. A sim-
ple way to observe this ratchet effect is to construct a one-
dimensional, periodic, asymmetric (typically sawtooth-like)
potential. In operation, both the external fluctuation force and
the generated net flow of particles are along the potential-
modulation direction. The ratchet effect has been suggested
to be an underlying mechanism of some biological phenom-
ena, such as molecular motors [1, 2, 7, 10]. Recently, sev-
eral groups have invented devices consisting of arrays of
symmetry-breaking microscopic obstacles and used them to
sort biomolecules [11–14]. This shows that asymmetric ge-
ometries may provide the same functionality as asymmetric
potentials in creating a guided flow of particles.

There are also ratchets in which the mobile particles are
electrons. Electron ratchets may exist naturally or can be con-
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structed artificially. It was discovered more than 30 years ago
that some natural crystals can generate direct electron currents
under uniform illumination [15–17]. Referred to as the pho-
tovoltaic effect, the phenomenon has been identified as being
a macroscopic manifestation of the lack of centrosymmetry
in the microscopic elemental structure, despite the macro-
scopic homogeneity of these crystals. In this case, light serves
as a source of external fluctuation by imposing an unbiased,
time-periodic electric field on the crystals, and the generation
of direct electron current can be viewed as extremely fast
rectification, or a ratchet effect, at the light frequency. One
difference compared with a one-dimensional ratchet is that
the generated electron current may flow in a direction differ-
ent from, or even perpendicular to, that of the driving electric
field of the light. This is due to the broken symmetry of the
microscopic potential in two or three dimensions. With the
high spatial resolution of modern semiconductor fabrication
technologies, it is possible to make different types of artificial
electron ratchets in well-controlled ways. Direct voltages or
currents induced by rocking electric fields have been observed
at THz frequencies [18], in electron billiard structures [19],
and in the quantum transport regime [20, 21].

Here, our recent work on the ratchet effect, realized in
nanometer-sized electron billiard structures, is reviewed. In
our devices, instead of introducing asymmetric, sawtooth-like
ratchet potentials, only the device geometries (or shapes) are
tailored to break the spatial reversion symmetry. The elec-
tron transport is ballistic, i.e. the sizes of the devices are
smaller than the electron scattering length, le, and the elec-
trons in the devices are mainly scattered from the designed
device boundary rather than by randomly distributed impu-
rities [22]. The observed nonlinear effect is so strong that
the devices are capable of rectification applications and are
hence called ballistic rectifiers. The devices generally have
four terminals or electric contact leads. When a regular ac
voltage or a random signal is applied via two of the elec-
trical contact leads, a direct voltage or current is generated
and can be measured through the other two terminals. This
is similar to the operation of a bridge rectifier, but our de-
vices have a completely different working principle. Not
only do they operate at cryogenic temperatures, our smallest
devices have also been shown to work at room tempera-
ture, with a rectification efficiency reaching 14%. Our recent
experiments have also demonstrated that the ballistic rec-
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tifiers function at frequencies up to at least 50 GHz and
have a sensitivity to microwaves roughly as high as that of
a commercial microwave-detection diode. Based on a simi-
lar microscopic mechanism, we have also constructed, to the
best of our knowledge, the first artificial electronic nano-
material that operates at room temperature. Some promising
possibilities for practical applications, such as rectification,
microwave detection, higher harmonic generation, etc., will
be discussed.

2 Experiments on GaAs–AlGaAs-based ballistic
rectifiers

Figure 1a shows an atomic force microscope image
of the central part of one of the first ballistic rectifiers. Device
fabrication starts with a modulation-doped GaAs–AlGaAs
heterostructure with a two-dimensional electron gas located
37 nm below the wafer surface. The electron density is about
5×1011 cm−2 and the mobility about 5×105 cm2 V−1 s−1 at
a temperature of T = 4.2 K, giving le = 5.8 µm. Following
the pattern definition by electron-beam lithography, the dark
areas in Fig. 1a are etched and become nonconductive for
electrons. As a result, the triangular antidot is defined in the
cross-junction formed by the two narrow channels (labeled
“source” S and “drain” D) and the two wide channels (labeled
“upper” U and “lower” L).

Since le is larger than the central part of the device, spec-
ular electron scattering from the etched boundaries dominates
the transport properties. It is therefore possible to alter the de-
vice properties in the ballistic electron transport regime by
simply changing the shape of the device (as will be shown be-
low). This is in contrast to the case of the diffusive electron
transport in devices much larger than le, where an electron
current consists of electrons undergoing a large number of
scattering events with, for example, randomly distributed im-
purities, and the electron transport is not sensitive to a change
in device shape.

In our experiments, we apply current to leads S and D, and
we detect the output voltage via L and U. The typical electron
trajectories, illustrated by the arrows in Fig. 1a, suggest an ac-
cumulation of electrons in the lower lead and hence a negative
voltage between L and U. Obviously, this cannot happen when
the applied voltage or current is zero, since the same number
of electrons travel along the opposite directions of the arrows.
For a nonzero applied current, ISD �= 0, however, as shown
by a detailed model [23, 24], the electron transmission along
the arrows in Fig. 1a is changed by the applied electric field,
while the transmission in the reversed direction is virtually un-

FIGURE 1 Atomic force microscope image of the central part of the device
(a), which has a similar functionality to a bridge rectifier (b)

affected. This gives rise to a finite negative voltage between L
and U, VLU.

The mirror symmetry along the central L–U axis results in

VLU(ISD)=+VLU(−ISD) . (1)

Correspondingly, RSD,LU(ISD)=−RSD,LU(−ISD), where the
four-terminal resistance RSD,LU = VLU/ISD. Such a picture is
almost perfectly supported by the experimental VLU vs. ISD

curve at T = 4.2 K, shown in Fig. 2. The slight deviations
from (1) are attributed to unintentional breaking of the desired
symmetry along the L–U axis by the imperfection of the fab-
rication. Any imperfection is expected to contribute a linear
term to the VLU vs. ISD curve. This is similar to a change of
the value of one of the four resistors in an otherwise balanced
resistor bridge.

In the I–V characteristic of a two-terminal nonlinear de-
vice, such as a diode, the nonlinearity always comes on top
of a (often very large) linear term. For the ballistic rectifier
with the four-terminal geometry, there can, however, be no lin-
ear term present in the relation between output voltage and
applied current, as shown by (1). The striking nonlinearity is
a result of the mirror symmetry along the U–L axis and the
broken symmetry along the S–D axis. As will be shown in
Sects. 4 and 5, this has quite a few advantages in practical
applications.

Based on a similar working principle, other types of bal-
listic rectifiers can be designed. The inset in Fig. 3 shows
schematically a device containing channels defined by gates
rather than by chemical etching. Instead of introducing
a symmetry-breaking triangular scatterer as in Fig. 1a, the
mirror symmetry along the S–D axis is broken by the horn-
shaped U and L channels. The measured VLU vs. ISD curves at
different gate voltages. VGU, applied between the gates and the
upper lead, are plotted in Fig. 3. As expected, the same result
is obtained when the gate voltages are applied using the lower
lead as the ground. Because of the imperfection of the fabrica-
tion, the curves are not perfectly symmetric along the ISD = 0
axis. Nevertheless, it is obvious that by increasing the negative
gate voltage from−1.2 to−1.5 V, the nonlinear component of
I–V curves increases, which can be explained by the model
(6) in Sect. 3.
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FIGURE 2 The output voltage between the lower and upper leads, VLU,
as a function of the input current through the source and drain leads, ISD,
measured at 4.2 K
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FIGURE 3 VLU vs. ISD curves at different gate voltages, VGU, measured
in a ballistic rectifier fabricated with gates rather than chemical etching, as
schematically shown in the inset. The dark areas in the inset are gates, to
which the same gate voltage is applied. The arrows in the inset illustrate
typical electron trajectories

If an ac voltage is applied to leads S and D, as expected
from the characteristics shown in Figs. 2 and 3, a nega-
tive average (dc) voltage can be observed between L and U.
This will be demonstrated below using InP–InGaAs-based de-
vices. Actually, a direct voltage output has been observed,
even when an external noise signal is applied [25], showing
a ratchet effect induced by the broken geometric symme-
try and the guidance of ballistic electrons by the triangular
antidot.

Because the device works similarly to a bridge rectifier
(see Fig. 1b), it is called a ballistic rectifier. However, only
a single device is used here, rather than four diodes as in
the bridge rectifier. The mechanism is also entirely different,
since no doping junction or barrier structure along the current
direction is used in our devices. The pronounced nonlinear
effect comes from the broken symmetry and the ballistic elec-
tron transport nature. As a result, as will be shown in Sect. 3,
the ballistic rectifier has no intrinsic voltage or current thresh-
old, and it can be used for the detection of very weak signals
without the need of an external bias.

3 Model based on classical ballistic electron
scattering

The Büttiker–Landauer formalism [26, 27], which
treats transport in mesoscopic conductors as a transmis-
sion problem for carriers at the Fermi level, is widely
used to describe the linear transport behavior of these
conductors [28–34]. Recently, a rapidly increasing number of
experimental [18, 20, 35–40] and theoretical [41–47] studies
on nonlinear ballistic transport have been published. Non-
linearity is particularly important in mesoscopic conductors,
because of the small device sizes and the fact that, in prin-
ciple, nonlinearity can be induced by any non-zero applied
current or voltage. By extending the Büttiker–Landauer for-
mula to the nonlinear regime and the framework of classical
ballistic electron scattering, we have obtained a model which
provides analytical descriptions of the ballistic rectification
effect [23].

For a mesoscopic conductor that is connected via perfect
leads to a number of carrier reservoirs, the scattering approach
yields the current through lead α:

Iα = 2e

h

∑
β �=α

∫ [
f(E−µα)− f(E−µβ)

]

×Tβ←α(E, B)dE . (2)

Here, µα is the chemical potential of reservoir α and f(E−
µα) =

[
exp

(
E−µα

kBT

)
+1

]−1
is the Fermi–Dirac distribution

function. Tβ←α(E, B) is the transmission coefficient for carri-
ers from lead α to lead β at energy E and magnetic field B.

At kBT = 0 and B = 0, (2) becomes

Iα = 2e

h

∑
β �=α

T [β,α](µα−µβ) . (3)

Here, T [β,α] equals
∫ µα

µβ
Tβ←α(E, B)dE/(µα−µβ) if µα >

µβ , and
∫ µβ

µα
Tα←β(E, B)dE/(µβ−µα) otherwise. This shows

that only the transmissions from reservoirs with higher chem-
ical potentials to reservoirs with lower chemical potentials
need to be considered.

As in the model for ballistic electron transport in a cross-
junction by Beenakker and van Houten [48], the angular dis-
tribution of the ballistic electrons ejected from S and D, P(θ),
largely determines the electron transmission probabilities into
the L or U lead. In principle, the transmission coefficients at
a finite value of ISD should be obtained by first calculating the
self-consistent potential in the device. Such a calculation is
very complex. Instead, we consider there to be voltage drops
at the entrances and exits of the S and D channels [46]. This
only results in a change in the velocity component of an elec-
tron along the channel direction, vx , by an amount of the mean
velocity or drift velocity, ∆v, while the velocity component
in the perpendicular direction, vy, is essentially not affected.
The ejection angle of the electron changes from arctan(vy/vx)

to arctan[vy/(vx ±∆v)] at ISD = 0, meaning that the trans-
mission probabilities of electrons into the L or U leads are
directly related to the electron drift velocity, and hence ISD, as
is calculated and shown in Fig. 4. This is a particularly good
approximation for this specific device geometry because the
electron transmission probabilities are very sensitive to the
ejection angles of the electrons. This allows (3) to be written
as

Iα ≈ 2e

h

∑
β �=α

T [β,α](I[β,α])(µα−µβ) , (4)

where T [β,α](I{β,α}) is equal to Tβ←α(Iα) if µα > µβ and
T α←β(Iβ) otherwise.

The relation between VLU and ISD is obtained via the four-
terminal resistance

RSD,LU ≡ VLU

ISD
= 3

2

h

e2

sin θe− sin θ0

2NLU−3NSD(1− sin θ0)2
, (5)

where θe = θ0+ arcsin [(∆v/vF) sin θ0], θ0 ≈ π/4 is the mini-
mum ejection angle for an ejected electron to be scattered by
the triangular antidot to the lower lead, vF is the Fermi vel-
ocity, and NSD and NLU are the numbers of propagating modes
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FIGURE 4 The calculated TL←S and TU←S as functions of the negative
source–drain current

in channels S and D and channels L and U, respectively. The
VLU vs. ISD curve, calculated analytically, is shown by the
solid line in Fig. 5. It is in very good agreement with the ex-
perimental result (dashed line) especially in the low current
regime, although there are no adjustable parameters at all in
(5). At high currents, electron heating might take place and re-
duce the rectification effect, which is not included in the above
model. Moreover, the length of the L and U channels (5 µm)
is comparable to the electron mean free path, which results in
some electrons changing direction before they pass through
the channels and enter the electrical contact regions (carrier
reservoirs). This certainly causes a reduced output.

It is interesting to note that in the limit of ISD| → 0, VLU is
shown to have a quadratic response to ISD:

VLU =− 3πh2

2e3 EF NSD

(sin 2θ0)ISD
2

2NLU−3NSD(1− sin θ0)2
. (6)

Although the calculation is performed for the condition of
T = 0, we can show that (6) is also valid for sufficiently small
currents at finite temperature [49], meaning that there is no
threshold voltage for the ballistic rectifier. There are a few
advantages associated with the quadratic response, as will
be discussed in Sect. 4. Equation (6) indicates that |VLU| in-
creases with decreasing EF, NSD, and NLU, and this explains
the enhancement of the nonlinearity with increasing negative
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FIGURE 5 Theoretical (solid line) and experimental (dashed line, the same
as that in Fig. 2) VLU vs. ISD curves for the device shown in Fig. 1a

gate voltage, as shown in Fig. 3. Based on the above picture,
the nonlinear ballistic electron transport at finite magnetic
fields can also be well described [50].

4 InGaAs–InP-based room-temperature ballistic
rectifiers

As the miniaturization of conventional semicon-
ductor devices is approaching physical limits, great effort has
been made to develop new types of nanodevices, which, from
the application point of view, should operate at room tempera-
ture and GHz frequencies. The ballistic rectifier in Fig. 1a has
already been demonstrated to work up to T = 77 K. To func-
tion at room temperature, a device size smaller than le (about
100 nm) at T = 300 K is required. This is, however, very dif-
ficult using a GaAs/AlGaAs heterostructure, due to the large
depletion length (up to hundreds nm) close to etched device
boundaries. The much shorter depletion length (below 30 nm)
of the InGaAs–InP material system makes it possible to fabri-
cate much smaller devices [51].

The inset of Fig. 6 shows an atomic force microscope
image of one of the smallest devices that we have fabricated
from a modulation-doped In0.75Ga0.25As–InP quantum-well
structure [52]. At room temperature, the density of the two-
dimensional electron gas is 4.7×1015 m−2 and the mobility
1.2 m2 V−1 s−1, corresponding to le = 140 nm. Since le is only
slightly shorter than the distance from the left or right chan-
nel to the triangular antidot, most electrons can still travel this
distance without being scattered. As shown by Hirayama et
al. [53], if the electron transport is partially ballistic, the ballis-
tic effect may still be observed, although it will be weaker than
at low temperatures. In our experiment, instead of a dc cur-
rent, we apply an ac voltage (1 kHz) to the device and measure
the dc (or average) voltage between the lower and upper termi-
nals. Indeed, a rectification efficiency of about 14%, roughly
half of that at 100 K, is observed, as shown in Fig. 6. This is
actually one of the very few types of novel nanodevices shown
to work at room temperature so far.
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FIGURE 6 Room-temperature operation of one of the smallest ballistic rec-
tifiers. The inset shows a scanning electron microscope image of the device.
The frequency of the input ac signal is 1 kHz
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Interestingly, at sufficiently low temperatures (not shown
here), we have also observed that the output of smaller de-
vices, such as the one in Fig. 6, changes sign, while the output
of larger devices does not [54]. If a top gate is fabricated, one
can actually switch the sign of the output by tuning the gate
voltage.

We also perform high-frequency experiments up to
50 GHz. Because of the in-plane nature of the ballistic rec-
tifier, i.e. the electrical contacts are laterally separated rather
than placed on the front surface and the back (substrate), the
parasitic capacitance between contacts is substantially lower
than in a conventional vertical device of the same size. Fur-
thermore, the new working mechanism does not rely on any
minority carrier diffusion or barrier structure, two factors
that also often limit the speed of conventional semiconductor
diodes. The ballistic rectifier is therefore expected to function
at very high frequencies. Figure 7 shows the dc output of the
device versus the power of a 50-GHz signal at room tempera-
ture. Although we have not been able to test the devices at
frequencies higher than 50 GHz so far, we expect, from the
working principle, the cut-off frequency to be much higher,
possibly up to hundreds of GHz or even in the THz regime.

It should be noted that the power (horizontal axis) in
Fig. 7 is the output power from the signal source. Due to the
impedance mismatch between the signal source (50 Ω) and
the device (a few kΩ), as well as some power loss due to
the cables at 50 GHz, effectively only a small fraction of the
power from the signal source is actually applied to the device.
It is estimated that the real sensitivity of the device is a few
hundred mV output per mW input, which is virtually as high
as that of a commercial microwave detection diode. We should
point out that our devices have, however, not yet been specif-
ically optimized. Much improvement can be expected in the
future, by, for example, further reducing the device size. For
a device about half the size of the one shown in Fig. 6, one
can expect not only a much higher efficiency, but also stable
performance that is insensitive to temperature changes up to
room temperature.
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FIGURE 7 The output dc voltage of the device versus the power of the
applied 50-GHz signal at room temperature

The fit y = ax2 (where y represents the dc output voltage,
x the ac input voltage and a a constant) in Fig. 6 also sup-
ports the theoretical prediction of the quadratic response to
input voltage (6). This allows second-harmonic signals to be
generated without producing third or higher harmonics. The
polarization of the generated second-harmonic signal (along
the vertical direction) is perpendicular to that of the input sig-
nal (horizontal direction), which makes separation from the
input signal much easier. Because of the quadratic nature, one
would also expect the dc output to be a linear function of the
applied microwave power, as is in fact demonstrated in Fig. 7.

5 Artificial nonlinear nanomaterials

Based on a working principle similar to that of
the ballistic rectifier, we have designed a nanostructured ma-
terial, constructed by the arrangement of nanometer-sized,
symmetry-breaking elements into a two-dimensional lattice.
Figure 8 shows an atomic force microscope image of the
nanomaterial, fabricated from the same modulation-doped
In0.75Ga0.25As–InP quantum-well structure, using electron-
beam lithograph and chemical wet etching. Noticeably, the
material is not a simple assembly of individual ballistic rec-
tifiers. The offset introduced in neighboring columns of tri-
angular antidots is crucial. The triangular antidots are placed
in such a coherent way that neighboring antidots support
each other by simultaneously scattering electrons and form-
ing channels through which electrons are ejected. The typical
electron trajectories, indicated by the arrows, suggest the ac-
cumulation of electrons in the upward direction. Indeed, the
material generates a dc voltage between the lower and upper
contacts when an ac voltage or electric field is applied to the
left and right sides of the material, demonstrating an intrinsic
nonlinear functionality [55].

As the nanomaterial is intrinsically nonlinear, individual
devices can be made by simply cutting pieces from the mate-
rial according to the requirements for different applications.
Moreover, it is also possible to achieve room-temperature op-
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FIGURE 8 An atomic force microscope image of the nanomaterial. The
arrows represent typical electron trajectories
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eration by fabricating nanomaterials with “lattice constants”
comparable to, or shorter than, the electron mean free path.
Similar to a ballistic rectifier, the in-plane nature of the nano-
material ensures that the parasitic capacitance between con-
tacts is much lower than in a conventional vertical device of
the same size. The nanomaterial thus has an extremely high
working speed, as is evident in high-frequency experiments.
The curve in Fig. 9 shows the output dc voltage between the
upper and lower contacts as a function of the rf power of
a 50-GHz signal, which is transmitted to the nanomaterial via
coplanar probes. The measured material is a 30 µm×30 µm
piece, with lattice constants of ax = 800 nm and ay = 300 nm
in the lateral and vertical directions, respectively, and both the
base and the height of the triangular antidots are 150 nm. The
experiment is performed at room temperature. Similar results
are obtained in other materials with different structural param-
eters.

Although we have not tested the material at frequencies
higher than 50 GHz, from the working principle we expect
the cut-off frequency to be much higher, possibly up to hun-
dreds of GHz or even in the THz regime. The large area, in
combination with the in-plane layout of the material, enables
straightforward and efficient coupling to high-frequency mi-
crowaves. Moreover, microwaves travelling along the normal
direction of the nanomaterial surface yield the most efficient
coupling, while coupling has to be achieved in specific ways
(including using antennae) in a conventional vertical device.
From the material point of view, to the best of our knowledge,
this is the first artificial electronic nanomaterial that operates
at room temperature.

An external noise signal can also induce a guided net flow
of electrons in the upward direction and generate a direct
voltage [25]. In many aspects, the ratchet effect in the artifi-
cial nanomaterial resembles the photovoltaic effect in some
natural crystals [15–17]. In our man-made artificial crystals,
however, we are able to design (adjust) the size and shape of
the symmetry-breaking elemental units, as well as the lattice
constants. Such flexibility may also provide a new route in
further studies of the photovoltaic effect, and possibly some
biological phenomena as well.

6 Conclusions

We have demonstrated a new type of nonlinear
nano-rectifier, which generates a strong ratchet effect. Based
on a similar microscopic mechanism, we have also con-
structed, to the best of our knowledge, the first artificial
electronic nanomaterial that operates at room temperature.
The facts that they can be reproducibly fabricated and can
function at room temperature as well as at 50 GHz suggest that
the ballistic rectifier and the artificial nanomaterial might be
very close to practical applications.
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