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Rectification in Mesoscopic Systems with Broken Symmetry:
Quasiclassical Ballistic Versus Classical Transport
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In suitably designed mesoscopic semiconductor structures, the phenomenon of ballistic rectification
can be observed. A currently discussed microscopic model relates the observations to the interplay
between fully quantized and quasiclassical current paths. We present measurements that contribute
substantially to the clarification of the fascinating topic. In particular, we observe the opposite sign
of the output voltage as compared to the prediction. Demonstrating the basic principle upon which
the rectification is based—the asymmetry of the voltage drop in a quasiclassical wire —and extending
the model to the classical transport regime, we can well explain our experiments as being caused by the
interplay of quasiclassical ballistic and classical transport. Tunable ballistic rectifiers generating very
large output signals and operating at room temperature raise the hope for future applications.
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The combination of state-of-the-art nanoelectronic fab-
rication techniques with high mobility two-dimensional
electron gases (2DEGs) based on semiconductor hetero-
structures made it possible to study the transport proper-
ties of devices with feature sizes smaller than the elastic
mean-free path of the electrons. In such mesoscopic
systems, transport is determined by reflection from the
device boundaries rather than by scattering events caused
by residual impurities. Because of the ballistic nature of
transport, the shape of the conducting region plays a
crucial role for the functioning of a device.

A prominent example is the so-called ‘‘ballistic recti-
fier,’’ introduced by Song et al. [1]. There, the symmetry
of a crosslike device is intentionally broken with respect
to the source-drain axis by embedding a triangular scat-
terer in the center. Driving a current through the source-
drain path results in a nonzero voltage between the upper
and lower voltage probes that is independent of the di-
rection of the input current. Another example is the
influence of broken symmetry on quantum transport as
observed, e.g., by Linke et al. [2] and theoretically treated
by Reimann et al. [3].

Though at first glance the ballistic rectification can be
understood in a simple billiardlike picture of deflected
electrons [1], the underlying mechanisms are more com-
plex. A full theoretical understanding of the phenomenon
is still missing, even though the experimental facts are
reproducible and widely accepted. Recently, Fleischmann
and Geisel introduced a microscopic model based on the
Landauer-Büttiker approach [4] and including the energy
dependence of the number of modes propagating in differ-
ent current paths [5]. Here, rectification is attributed to
the interplay of fully quantized and quasiclassical ballis-
tic transport channels in the system. The model stimu-
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present experimental studies. As predicted by the model,
an oscillatory output was found in recent measurements.
However, in some experiments the sign of the rectified
voltage seems to be controversial [8,9].

In this Letter, we present measurements that serve as a
direct test of the model of Ref. [5] and via new experi-
mental information shed light on the mechanisms under-
lying ballistic rectification. As will be shown in detail,
investigating a device with an optimized design, we ob-
tain the surprising result that the output voltage has a sign
opposite to what has been theoretically predicted in
Ref. [5]. Determining the chemical potentials of the
voltage probes independently in a suitable experiment, we
demonstrate that this sign reversal can be explained ex-
tending the scope of the approach of Fleischmann and
Geisel by introducing a classical current path [10]. We
further show measurements on improved, tunable struc-
tures strengthening the confidence in this interpretation.

In the first step, we investigated a ballistic rectifier with
a design following the proposal in Ref. [5]. The devices
are fabricated from a �-doped GaAs=AlxGa1�xAs hetero-
structure with a two-dimensional electron gas located
60 nm below the surface, a typical carrier density of 5�
1011 cm�2, and a typical mobility of 7:5� 105 cm2=V s
at 4.2 K. High-resolution electron beam lithography and
wet chemical etching techniques are used to define the
central region of the device. As seen in the atomic force
micrograph (inset of Fig. 1), it is formed by four
electronic channels. Two of them are narrow, two of
them wide. In order to avoid strong depletion effects,
the trenches are only shallowly etched (�30 nm). Evapo-
rating a NiCr gate, we are able to vary the electron
density and to control the effective electronic widths of
the channels. Adopting the notation of Ref. [1], the con-
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FIG. 2. Determination of the chemical potential of a voltage
probe P that is connected by identical leads to a source contact
S and a drain contact D for different channel widths. The
central parts of the devices are shown in the insets. (a) In the
case of a 3 	m wide channel, the source-drain voltage drops
symmetrically as expected for a classical conductor. (b) In the
case of a 300 nm wide channel, the potential of the voltage
probe is shifted towards that of the negatively biased reservoir.
Compared to (a), the chemical potential 	P is raised, corre-
sponding to quasiclassical behavior.

FIG. 1. I-V curves of a device combining 150 nm and 3 	m
wide leads for different gate voltages at 4.2 K. If the gate
voltage is sufficiently low, strong nonlinear effects can be
observed, and the external current is rectified. The inset is an
atomic force micrograph of the active part of the sample,
illustrating the geometry and the labeling of the contacts.
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and ‘‘lower’’ L. The lithographic width of the narrow
leads, coupling the upper contact to source and drain, is
150 nm, whereas the leads connecting the lower contact
are 3 	m wide.

In Fig. 1, we present VUL vs ISD curves of the device at
4.2 K for different gate voltages. If we apply a sufficiently
large positive gate voltage, the I-V characteristic is al-
most linear. A decrease of the gate voltage, resulting in
better defined and narrower channels, leads to strong
symmetric contributions. At negative gate voltages, we
observe distinct nonlinear behavior caused by breaking
the symmetry of the device. Although the curves are not
perfectly symmetric and slightly shifted with respect to
the VUL � 0 line (effects that are probably caused by
imperfections in device fabrication and thermal voltages),
at first sight our experimental results seem to be in perfect
agreement with the predictions of Fleischmann and
Geisel. Note, however, that they cannot be explained in
an illustrative single particle picture [1] relying on
guidance and reflection of ballistic electrons and colli-
mation effects.

The experimental data of Fig. 1 exhibit a crucial differ-
ence as compared to theory [5]. The sign of the output
voltage is reversed. In contrast to both the calculations
and the experiments with triangular scatterers, in our
structure negative charge is accumulating at the upper
contact, i.e., the contact coupled to source and drain via
narrow leads. In order to confirm this unexpected result,
various samples, including devices without top gate and
devices combining 300 nm and 3 	m wide channels,
have been thoroughly examined. Although some samples
exhibit weaker nonlinear contributions than those to be
seen in Fig. 1, the curvature of the VUL vs ISD curves is
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always negative, supporting the presented data without
exception.

According to Ref. [5], understanding the behavior of
the chemical potential of a voltage probe P that is con-
nected by identical boxlike leads to a source contact S and
a drain contact D can serve as a key for understanding
the process of rectification as a whole. The authors
argue that, in the quantum-mechanical case, when the
number of modes is constant in the energy interval be-
tween the chemical potential of the source contact 	S and
the chemical potential of the drain contact 	D, this
quantity reads 	P � �	S �	D�=2. In ‘‘quasiclassical’’
(wider but ballistic) leads, however, where the number
of occupied modes increases as the square root of the
energy and current at higher energies is carried by a
greater number of modes, the chemical potential must
shift to higher values, 	P > �	S �	D�=2. Similar phe-
nomena have recently been reported in nanoscale devices
connecting three quantum point contacts via a ballistic
cavity [11,12].

The direct measurement of the chemical potential 	P
in a suitable layout provides essential information for the
interpretation of our results. We therefore fabricated three
terminal devices consisting of a single electronic channel
with a source contact, a drain contact and a voltage probe
that is located in the middle of the wire (see insets of
Fig. 2). Applying an external source-drain bias, we can
now directly determine the voltage drops between S and P
and between P and D, respectively.

Several devices with a 3 	m ‘‘wide’’ channel, repre-
senting the lower half of the device shown in Fig. 1, and
samples with a 300 nm ‘‘narrow’’ channel, representing
the upper half, have been investigated. Typical results are
presented in Fig. 2. In the case of a 3 	m wide lead, the
voltage measured between S and P and the voltage mea-
sured between P and D are virtually equal; i.e., the
056806-2



FIG. 3. Transverse current-voltage characteristics of a tunable
ballistic rectifier for four equivalent gate configurations. The
basic layout of the device and the operating principle of the
in-plane gates are schematically illustrated in the insets.
Whenever the gate-induced asymmetry is sufficiently large,
rectification can be observed. In the experiments shown in the
upper left and the lower right, the external current is injected
into contact 2 and drawn out at contact 4, and the rectified
voltage is measured between the contacts 1 and 3. In the other
two measurements, current and voltage contacts are exchanged.
Comparing the diagonally opposing curves, one can see that a
reversal of the channel widths results in a reversal of the output
signal.

P H Y S I C A L R E V I E W L E T T E R S week ending
6 FEBRUARY 2004VOLUME 92, NUMBER 5
voltage drop is almost perfectly symmetric [see Fig. 2(a)]
as expected for a classical conductor. As can be seen in
Fig. 2(b), showing the experimental results for a 300 nm
wide channel, a reduction of the wire width causes sig-
nificant changes. Applying a negative voltage between the
source and the drain contact, the voltage drop measured
between S and P is smaller than the voltage drop mea-
sured between P and D, jVSPj< jVPDj. In the case of
positive source-drain voltages, this relation is reversed,
jVSPj > jVPDj; the two curves are bent into opposite
directions.

The fact that the voltage difference jVSPj � jVPDj
undergoes a change in sign, when the source-drain bias
is swept through zero, clearly indicates that the reduction
of the channel width leads to a fundamental change in the
transport mechanism. Extending the considerations of
Fleischmann and Geisel to the classical transport regime
[10], we can explain our observations. The relation 	P �
�	S �	D�=2 should be valid not only in a narrow
quantum-mechanical lead with a constant number of
modes, but also in the classical case. This is a trivial
consequence of the fact that the resistance of a classical
wire grows linearly with its length. Accordingly, from the
symmetric voltage drop illustrated in Fig. 2(a) , it follows
that the 3 	m channel in our experiment exhibits classi-
cal behavior. In the case of a 300 nm lead, however, the
chemical potential of P is shifted to higher values,
	P > �	S �	D�=2—the fingerprint of a quasiclassical
current path, in perfect agreement with the predictions
of Ref. [5].

Based on this experimental data, we understand the
results presented in Fig. 1. The device designed to test the
theoretical model of Ref. [5] clearly works as a rectifier,
but it is operating in a different transport regime.
Whereas in the model rectification arises from the inter-
play of quasiclassical and fully quantized transport chan-
nels, the rectification effect observed in the experiment
can be attributed to the coupling of classical and quasi-
classical channels. Surprisingly, the fundamental ability
of the sample to rectify an external current remains
unchanged, but the sign of the output voltage is reversed
when measuring between corresponding probes:

	P; wide �	P; narrow > 0;

if wide represents the quasiclassical, ballistic and narrow
the quantum-mechanical transport regime;

	P; wide �	P; narrow < 0;

if wide represents the classical and narrow the quasiclas-
sical, ballistic regime.

Responsible for this striking result are the properties of
the chemical potential 	P. Comparing a classical wire
and a quantum-mechanical wire with very few occupied
modes [9], this quantity adopts the same value. In between
those limits, in the quasiclassical ballistic case with a
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large number of occupied modes, one finds deviations,
both in the model and in the experiment.

To test our explanation in detail and to further demon-
strate that the rectification is given by the width of the
different leads rather than spurious effects such as non-
linear contacts or random impurities, we have finally
fabricated samples with a geometry that can be adjusted
in situ by means of external gate voltages.

The active region of the sample is now symmetric. It is
formed by a central scatterer, surrounded by four 700 nm
wide electronic channels that are electrically separated
from the remaining two-dimensional electron gas by
300 nm wide etched trenches. In analogy to a variety of
fascinating experiments dealing with Y-branch switches
[13–15], the parts of the 2DEG that are adjacent to the
channels act as in-plane gates (IPGs) that can be used to
tune the width of each constriction separately (see the
schematic insets of Fig. 3). The basic processing steps are
the same as for the first generation of devices described in
the beginning. However, in this new layout the effective
electrical isolation of the IPGs and the minimization of
leakage currents across the etched barriers are essential
for the performance, especially at room temperature.
To optimize these parameters, we chose a shallow
GaAs=AlxGa1�xAs heterostructure with a 37 nm deep
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two-dimensional electron gas as a starting material. Re-
active ion etching (SiCl4 and Ar) at very small
acceleration voltages (Vacc < 20 V) is used to transfer
the resist mask into the electron gas. Thanks to these
improvements, we are able to fabricate highly isolating
trenches with sufficiently low depletion lengths that allow
for the application of large gate voltages and offer a wide-
range tunability of the channel widths.

The measurements presented in Fig. 3 demonstrate the
enormous flexibility of this type of devices. Here, we
show the transverse current-voltage characteristics for
specific gate configurations at 4.2 K. If the gate-induced
asymmetry of the system becomes sufficiently large,
resulting in narrow channels on one side of the structure
and wide channels on the other, the sample again works as
a rectifier.

Because of the fourfold symmetry of the layout, the
tunability of the channels enables us to access four
equivalent measurement configurations that are schemati-
cally sketched in the insets. It is possible not only to
reverse the output signal simply by reversing the gate
voltages (see the upper left and the lower right curves
in Fig. 3), but also to exchange current and voltage con-
tacts (see the upper left and upper right curves in Fig. 3).
In any of the different setups, we observe clear rectifica-
tion. Agreeing with the results obtained from the fixed
geometry, negative charge is always accumulating at the
voltage probe that is connected to the current contacts via
the narrow channel pair, i.e., the channel pair formed by
smaller gate voltages. Confirming the previous measure-
ments, again the sign of the rectification signal is re-
versed, as compared to the calculations in Ref. [5].
However, the ability to invert the output signal of our
tunable ballistic rectifier in situ by adjusting the individ-
ual gate voltages, strongly supports the approach of the
authors that rectification arises as a consequence of differ-
ent widths of the channels.

In addition to this, both the absolute value of the
rectified voltage and the temperature dependence of the
effect illustrate that our interpretation of the experiments,
involving classical and quasiclassical current paths, is
correct. In comparison to the devices consisting of a
triangular scatterer, we could increase the output signal
by 3 orders of magnitude, both at liquid helium and at
liquid nitrogen temperatures. With appropriate gate volt-
ages, output voltages of more than 100 mV can easily be
achieved. Even at room temperature, we observe a strong
rectification effect, opening up chances for future appli-
cations. The parameter limiting the device performance
at high temperatures is the stability of the in-plane gates
against breakthrough. If the thermally activated leakage
currents between the gates and the electronic channels
become too large, it is no longer possible to generate an
adequate gate-induced asymmetry in the sample. Hence,
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the decrease of the attainable output voltage with increas-
ing temperature is due to a fabrication process, which can
still be optimized, rather than due to a fundamental
operating principle.

In conclusion, we have investigated novel types of
symmetry-broken mesoscopic semiconductor structures.
Extending a recent theoretical proposal, our experiments
show that the phenomenon of ballistic rectification can be
understood within the framework of different transport
regimes. The suggestion that the mechanism of rectifica-
tion relies on an asymmetric potential drop in a quasi-
classical wire could be verified. Our finding, that the
functionality of the new devices is based upon the inter-
play of quasiclassical and classical transport channels,
will have important implications on the exploitation of
the effect.
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et al. [6,7].

[11] H. Q. Xu, Appl. Phys. Lett. 78, 2064 (2001).
[12] I. Shorubalko, H. Q. Xu, I. Maximov, P. Omling,

L. Samuelson, and W. Seifert, Appl. Phys. Lett. 79,
1384 (2001).

[13] J.-O. J. Wesström, Phys. Rev. Lett. 82, 2564 (1999).
[14] K. Hieke and M. Ulfward, Phys. Rev. B 62, 16727 (2000).
[15] L. Worschech, B. Weidner, S. Reitzenstein, and

A. Forchel, Appl. Phys. Lett. 78, 3325 (2001).
056806-4


