
Semiconductor Science and Technology

Semicond. Sci. Technol. 38 (2023) 055017 (13pp) https://doi.org/10.1088/1361-6641/acc08d

Ballistic transport and surface
scattering in (In,Ga)As-InP
heterostructure narrow channels

A Aleksandrova1,2,∗, Christian Golz1,2, H Weidlich1, Mykhaylo Semtsiv2,
W T Masselink2 and Y Takagaki3

1 Institute Kurz GmbH, Stöckheimer Weg 1, 50829 Cologne, Germany
2 Department of Physics, Humboldt University Berlin, Newton Str. 15, 12489 Berlin, Germany
3 Paul Drude Institute for Solid State Electronics, Hausvogteiplatz 5-7, 10117 Berlin, Germany

E-mail: anna_a@physik.hu-berlin.de

Received 5 December 2022, revised 3 February 2023
Accepted for publication 2 March 2023
Published 3 April 2023

Abstract
Narrow conduction channels are fabricated from an In0.75Ga0.25As-InP heterostructure using
electron-beam lithography and dry etching. The etched surface is realized to be smooth by
employing a reactive ion etching. The etching-induced surface conduction is eliminated by
removing the damaged surface layer using a diluted HCl solution. The negligible surface
depletion for the In-rich quantum well enables to create conducting channels in arbitrary
geometries such as in a circular shape. We evidence the presence of a ballistic contribution in
the electron transport by demonstrating a rectification of rf excitations that is achieved by the
magnetic-field-tuned transmission asymmetry in the circularly-shaped channels. The absence of
the surface depletion is shown to cause, on the other hand, a surface scattering for the electrons
confined in the channels. An increase of the resistance, including its anomalous enhancement at
low temperatures, is induced by the gas molecules attached to the sidewalls of the channels. We
also report a large persistent photoconduction, which occurs as a parallel conduction in the
undoped InP barrier layer.

Keywords: ballistic transport, surface scattering, (In,Ga)As-InP heterostructure, narrow channel,
magnetorectification

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

1. Introduction

In circular-shaped narrow ballistic channels of a two-
dimensional electron gas (2DEG), the transport becomes
asymmetric with respect to the reversal of a magnetic
field applied perpendicular to the 2DEG [1]. A simplified
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explanation of the transmission asymmetry is as follows.
When the cyclotron radius rc of the 2DEG coincides with
the curvature radius R of the circular channel, the electrons
rarely experience scattering from the channel boundary due to
the fit of the cyclotron orbit within the channel. On the other
hand, when the magnetic field direction is reversed, or equival-
ently for the electrons moving in the opposite direction along
the circular channel, the boundary scattering is frequent since
the Lorenz force pushes the electrons in the direction oppos-
ite to the curving of the channel. The transmission, therefore,
becomes asymmetric when the nonspecular component of the
boundary reflection causes backscattering [2]. It needs to be
pointed out, however, that the transmission in two-terminal
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geometries is well-known to be symmetric with respect to the
magnetic field reversal in equilibrium [3, 4]. The transmission
asymmetry has been shown to emerge by a fully quantum-
mechanical tight-binding simulation when electron-electron
interactions are taken into account as the on-site repulsion in
a nonequilibrium transport [5].

The transport asymmetry gives rise to a rectification effect,
where a DC voltage is produced from the rf excitation applied
to the channel [1, 5]. The rectification was highly efficient to
the extent that the environmental rf noises were rectified [1].
That is, a DC voltage was present between the two ends of the
circular channel even in the absence of an intentional rf excit-
ation for temperatures below 90 K. The devices can be utilized
to harvest energy from environmental electromagnetic noises
[6, 7]. If the energy harvesting is to be done using conventional
rectifier devices such as diodes, the threshold voltage for non-
linearity needs to be lowered to the magnitude of the rf noises.
Currently, the efficiency is about 20% for an rf power of 1 µW
and almost zero when the rf power is merely 0.1 µW [8].

For the application for energy harvesting [9–12], it is desir-
able to raise the operation temperature of the rectification
to room temperature (RT). The experiments in [1, 5] were
carried out using GaAs-(Al,Ga)As heterostructures. The high
mobility of the 2DEG in the GaAs-(Al,Ga)As heterostruc-
tures is ideal to demonstrate the ballistic transport effect at low
temperatures. The electron mobility, however, decreases with
increasing temperature due to the scattering by phonons. For
raising the operation temperature, the devices need to be made
smaller to overcome the reduction of the mean free path le.
Here, narrow channels fabricated from the GaAs-(Al,Ga)As
heterostructures exhibit a large sidewall depletion, which is
problematic for the curved geometry to reduce the size of
the narrow channels. An attempt was made, therefore, to pro-
duce the curved channel using (In,Ga)As-InP heterostructures
[13]. The negligible surface depletion for the (In,Ga)As-based
heterostructures allows us to reduce the curvature radius of
the circular channel to be as small as limited by the litho-
graphy and etching techniques. The use of (In,Ga)As-InP het-
erostructures has another advantage for the RT operation of
the ballistic transport devices. Although the low-temperature
mobility in (In,Ga)As-based heterostructures is not compet-
itive in comparison to the high mobility in GaAs-(Al,Ga)As
heterostructures due to the alloy scattering, the mobility of
the 2DEG at RT is higher in the (In,Ga)As-based heterostruc-
tures in comparison to that in the GaAs-based heterostruc-
tures. In figure 1, we show the temperature dependence of
the mobility µ obtained from a number of In0.75Ga0.25As-InP
heterostructures. The mobility at RT is limited by the scatter-
ing from polar optical phonons. The RT electron mobility in
the In0.75Ga0.25As-based heterostructures is higher than that
in the GaAs-(Al,Ga)As heterostructures primarily reflecting
the effective mass of 0.032 and 0.063 of the electrons in the
respective heterostructures. By optimizing the design of the
heterostructures, the mobility can be larger than 1 m2 V−1 s−1

at RT.
In [13], (In,Ga)As quantum wells grown on InP substrates

were etched using Ar ion milling to fabricate narrow channels.

The Ar ion milling was found to roughen the surface of the
heterostructures as well as the InP substrates significantly.
The etching method is thus unsuitable to fabricate narrow
channels from the materials containing In. There are reports
on self-organized structuring in the etched surface of InP in
the form of small globules, nanopyramids, and nanowires
[14–16]. Dry-etching methods are one of the key technolo-
gies for achieving high geometrical accuracy and uniformity
in the device production in the full wafer size [17, 18]. The
method is used in producing optoelectronic devices because
of its high resolution, good reproducibility, and easy control
of process conditions [16]. To fulfill the need to obtain smooth
surfaces for the industrial applications, reactive ion etching of
In-containing surfaces has been investigated [19, 20].

In this paper, we accomplish to realize smooth etched sur-
faces in the fabrication of narrow channels from an (In,Ga)As
quantum well structure using a reactive ion etching. The side-
wall depletion in the channels is demonstrated to the negli-
gible. The transport properties in circular-shaped narrow chan-
nels are investigated in the presence of a magnetic field to
establish the existence of contributions from the ballistic trans-
port of electrons. We additionally show a surface scattering
in the channels caused by external environmental effects. The
influences of the persistent photoconduction in the undoped
InP barrier layers on the transport properties are furthermore
presented.

2. Fabrication of narrow channels

The epitaxial growth of the (In,Ga)As quantum-well structure
was carried out in a Riber Compact 21 T gas-sourcemolecular-
beam-epitaxy (GS MBE) system. Solid sources were used
for In, Ga and Al, while As and P were supplied as pre-
cracked arsine and phosphine, respectively. The heterostruc-
ture consisted of a 13 nm thick In0.75Ga0.25As layer sand-
wiched between a 44 nm thick InP capping layer and the
InP buffer layer grown on a (100)-oriented semiinsulating
InP:Fe substrate. The heterostructure was undoped. The con-
duction electrons were supplied to the (In,Ga)As quantumwell
from crystalline defects, which acted as donors. For the sim-
ilar reason, the InP buffer layer was slightly conductive. This
required the buffer layer to be removed completely in fabric-
ating narrow channels. The buffer layer was thus chosen to be
thin (14 nm thick). The samples shown in figure 1 were grown
using the same GS MBE system. Although the system is cap-
able of achieving a mobility of 7 m2 V−1 s−1 at low temperat-
ures, the mobility of the 2DEG employed in this work suffered
to be relatively low due to the scattering from the Fe dopants
in the InP substrate.

The narrow channels were defined using electron-beam
lithography. Patterns made of a Ti layer were prepared using
the lift-off technique on the surface of the (In,Ga)As-InP het-
erostructure to be used as the mask in the subsequent dry
etching. A reactive ion-beam etching was carried out at the
Heinrich Hertz Institute [21] to transfer the mask pattern to
the underlying heterostructure. The depth of the etching was
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Figure 1. Mobility of two-dimensional electron gases in In0.75Ga0.25As-InP heterostructures. The temperature dependence is compared for
the heterostructures grown by a GS MBE system. The thickness of the InP-buffer layer and the density of Si doping were changed in the
heterostructures. The open and filled symbols correspond to undoped and doped structures, respectively. The sheet electron concentration at
low temperatures was in the range of 5∼ 11× 1015 m−2.

190 nm. In figure 2, we show scanning electronmicrographs of
the channels prepared in the heterostructure. The etched sur-
face is seen to be smooth. The smoothness enabled us to fabric-
ate narrow channels, as shown in figure 2(b). Here, the width
of the curved part of the channel is 90 nm, as one finds in the
expanded image.

In the previous study of the nanostructuring in [13], the nar-
row channels were fabricated using Ar ion milling. In addi-
tion to the roughening of the etched surface, another problem
arose there from the fact that the crystalline defects induced
by the Ar sputtering generated carriers. The etched surface
consequently became conductive. Although the etched surface
has been improved to be smooth using the reactive ion etch-
ing in the present work, the surface conduction still persisted.
The etching induced surface conduction is a common feature
in the dry etching of In-containing surfaces regardless of the
smoothness of the surface. Various methods have been repor-
ted to eliminate the surface conduction. Upon annealing the
etched samples at 650 ◦C in the atmosphere of P, removal of
damageswith improved surfacemorphology has been reported
[22]. One of the possible reasons for the decrease in the sur-
face resistance is the deficiency of P induced in the dry etching
[13, 23]. While the annealing may recover the crystallinity lost

during the dry etching [24], the high temperature treatment can
even enhance the composition deficiency.

If the damaged layer is to be removed, a good selectiv-
ity between the damaged and undamaged parts is crucial. A
method to remove the damaged part of InP is a wet etching
using a 1% HF solution. This process removed the sidewall
damage with a negligible change in the geometric dimension
of the structure [25].We have demonstrated amethod to select-
ively remove the damaged part of the surface using a diluted
HCl solution [13]. Undiluted HCl solutions etch InP. While
the wet etching using HCl solutions is enhanced for the dam-
aged surface of (In,Ga)As-InP quantum well structures, as-
grown heterostructures as well as the InP substrates are not
etched when the HCl solution is diluted to 3%. In this work,
the samples were dipped in the solution for more than 3 h. It is
emphasized that the exact duration of the etching is not crucial
since the etching stops on its own when the damaged surface
layer is no longer present.

For the ohmic contacts, a layer stack of Au/Ti/Ni/AuGe
was evaporated on the contact areas. The layer thicknesses
were 100, 50, 50, and 100 nm from the top (Au) to the
bottom (AuGe). The contacts were alloyed at a temperat-
ure of 400 ◦C for 1 min under a flow of the N2 gas. Note
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Figure 2. Scanning electron micrographs of mesa-etched (In,Ga)As-InP channels. An (In,Ga)As-InP heterostructure was processed using a
reactive ion etching. The Hall-bar-type geometry in (a) was used to determine the width of the sidewall depletion. A rectification of rf
excitations was demonstrated using the device geometry shown in (b). The voltage V was measured between the ohmic contacts attached to
the narrow channel. Two hairpin channels are connected in series in this example. One of the hairpin channels is shown with an expanded
scale.

that the Ti layer protected the Au layer from the alloying
reaction that occurred between the Ni/AuGe layer and the
heterostructure [26].

3. Transport properties

3.1. Sidewall depletion

We first confirm the almost complete absence of the lateral
surface depletion for the narrow channels fabricated using the
(In,Ga)As-InP heterostructure. In figure 3, we show inverse of
the resistance R−1 of the channels normalized by the length
L as a function of the channel width. The width was varied
by employing the type of the device shown in figure 2(a). The
scaling of the resistance with the channel size, which is mani-
fested as the linear dependence, evidences that the surface con-
duction induced in the reactive ion etching was almost com-
pletely removed. By extrapolating the linear dependence to

L/R= 0, the depletion width is extracted to be about zero at
temperatures of both 4.2 and 300 K.

Using the sheet conductivity obtained from the slope
together with the sheet electron density of ns = 6.6× 1015 m−2

determined by the Hall effect, the electron mobility in the
etched channels was deduced to be 3.7m2 V−1 s−1. The elastic
mean free path le = vFτ with vF and τ being the Fermi velocity
and the elastic scattering time, respectively, was estimated to
be 0.5 µm. The length of the circular part of the hairpin chan-
nel shown in figure 2(b) is comparable with le. A considerable
number of electrons are thus expected to travel ballistically
along the circularly-shaped corner.

3.2. Magnetoresistance of narrow channels

Magnetotransport properties are expected to change qualitat-
ively when the width W is varied since the transition between
the regimes ofW> le andW< le takes place for the channels.
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Figure 3. Estimation of sidewall depletion width for mesa-etched (In,Ga,A)-InP channels. The measurements were carried out in dark
using a device similar to that shown in figure 2(a). The inverse of the resistance of the channels R−1 normalized by their length L is plotted
as a function of the width of the channels. The linear dependencies shown by the solid lines indicate almost complete absence of the
sidewall depletion at temperatures of both 4.2 and 300 K.

Figure 4 shows the variation of the magnetoresistance withW.
For the wide channel (W= 3.0 µm > le) shown in figure 4(a),
the change of the resistance with the magnetic field is negli-
gible until the Shubnikov-de Haas (SdH) oscillation emerges
for |B|> 2 T. The magnetoresistance for narrow channels
W< le shown in figure 4(b) was obtained using the circularly-
shaped devices, where the number N of the hairpin channels
connected in series was 1 or 2. To be specific, each curve
was obtained from a different device. The total resistance
was divided by N to compare the resistance of a single hair-
pin channel. The overall increase of the resistance is a con-
sequence of the reduction of W, i.e. the channel is narrower
for the upper curve. The determination of the channel width
was not simple due to the curved geometry. The resistance
values at B= 0 are a representative of the width. The resist-
ance at B= 0 additionally increased for narrow channels, giv-
ing rise to the negative magnetoresistance around B= 0. The
negative magnetoresistance is attributed to the weak localiza-
tion effect [27]. A negative magnetoresistance arises also for
the constriction-like geometry from the fact that the number
of occupied Landau levels is smaller in narrow channels than
that for the bulk 2DEG due to the transverse confinement [28].

The resistance fluctuates irregularly with the change of the
magnetic field for the narrow channels. The fluctuations are
attributed primarily to the universal conductance fluctuations
[29, 30] as the length of the narrow channel segment and le are
comparable with each other, and so the diffusive contribution
in the transport cannot be ignored. In addition, the geomet-
rical meandering of the channel boundary, which is inevitable
in real devices, causes random reflection for the electrons due
to the absence of the sidewall depletion. The quantum interfer-
ence in the randomly reflected ballistic trajectories gives also
rise to the magnetoresistance fluctuations. The observation of
the quantum fluctuations evidences that the phase coherence
is maintained for the electrons in the channels. The curve
in figure 4(c) shows the magnetoresistance obtained from a
device whereN= 8 hairpin channels were connected in series.
The distance between the hairpin corners is larger than the
phase coherence length. The suppression of the quantum fluc-
tuations due to the averaging by the 8 independently fluctu-
ating segments gave rise to the emergence of peaks indicated
by the arrows. The peak reminds us of the effect of diffuse
boundary scattering in long quasi-ballistic channels, for which
L> le >W [31, 32]. The diffuse component in the boundary
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Figure 4. Variation of magnetoresistance with width of channels. The width W of the channel is 3.0 µm in (a). Narrow hairpin channels
were employed in (b). The total resistance of the devices was divided by the number of the hairpin channels N. The curve in (c) was
obtained from a sample having a series connection of N= 8 hairpin channels. The measurements were carried out at a temperature of 4.2 K.

scattering causes an increase of the resistance when the cyclo-
tron diameter is comparable with the channel width. To be spe-
cific, the peak magnetic-field value Bmax is related toW as [31]

W= 0.55
ℏkF
eBmax

, (1)

where kF = (2πns)1/2 is the Fermi wavenumber. The peak
position in figure 4(c) corresponds to a width of 0.17 µm,
which agrees with the width of 0.15 µm for the narrowest part
of the circularly-shaped channels in this device.

3.3. Rectification of rf excitations by ballistic transport

For the hairpin devices shown in figure 2(b), the electron trans-
port is not diffusive since the curved part of the channels is
comparable with le in the length. We evidence in this subsec-
tion the existence of ballistic electrons with a demonstration
of the rectification of rf voltages that emerges by tuning the
strength of the magnetic field. In figure 5, we show the change
of the voltage measured between the two ends of a channel
when the magnetic field is varied. Note that two hairpin chan-
nels were connected in series in this device, similar to the one
shown in figure 2(b). An rf excitation was applied to a nearby
contact prepared on the Fe-doped InP substrate exposed by
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Figure 5. Magnetic-field-induced rectification of rf excitation. (a) The DC voltage was measured for a device with a series connection of
two hairpin channels at a temperature of T= 4.2 K. The rf excitation with the amplitude V rf at a frequency of 5.4 MHz was applied to the
device by means of capacitive coupling. (b) For the magnetic field direction for which the Hall voltage VHall is positive for the configuration
shown on the right-hand side, the rectified voltage V rect becomes negative for the polarity defined on the left-hand side.

the dry etching. The electrical isolation of the excitation con-
tact from the channel minimizes the possible influence of the
DC offset of the rf generator on the voltage measurement.
Moreover, the ground electrode of the rf generator was left
unconnected to the device for the same reason. The electrons
in the channel experienced the rf excitation through capacitive
couplings. The actual excitation intensity was consequently
orders of magnitude smaller than the nominal value [1]. Here,
the cryostat employed for the low-temperature transport meas-
urements worked as a cavity for the rf signals. The frequency
of the rf voltage (5.4 MHz) was set to one of the reson-
ance frequencies of the cavity. The excitation of the device

was enhanced significantly in comparison to when an off-
resonance frequency was used. That is, the cavity resonance
partly compensated the reduction of the excitation intensity in
the capacitive coupling.

The two-terminal voltage was about zero in the absence
of the rf excitation, exhibiting primarily the Johnson noise.
A finite DC voltage emerged, however, under the application
of the rf excitation. Intensifying the excitation increased the
magnitude of the voltage. The voltage was maximum at mag-
netic fields around ±2 T, where the polarity of the voltage
was antisymmetric with respect to the reversal of the mag-
netic field direction. The antisymmetric voltage manifests the
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rectification effect resulting from the transmission asymmetry
in the circular channel caused by ballistic electrons. The cyclo-
tron radius of the 2DEG was rc = 75 nm at the magnetic fields
of ±2 T, which is comparable to the curvature radius of the
circular channel, see figure 2(b). The rectification is most effi-
cient at the condition of rc = R. The voltage hence decreased
in amplitude when the magnetic field strengthened further as
|B|> 2 T. On the other hand, the voltages for |B|> 4 T ori-
ginated from the quantum Hall effect. The channel resistance
becomes extremely large in the quantum Hall regime [33, 34],
and so the rf excitation induces a large AC voltage in the
channel. In principle, the induced AC voltage should be aver-
aged out in the measurement of the DC voltage. However, real
devices are not ideal. Asymmetric nonlinearities of the elec-
trical properties originating from, for instance, nonideal ohmic
contacts produced the nonzero DC voltage. The imperfection
of the ohmic contacts becomes significant for the quantum
Hall states due to the large resistivity developed by the 2DEG
[33].

The DC voltages induced by the quantum Hall effect are
not applicable for energy harvesting since they can be in either
polarity contrary to the monopolar voltages produced by the
rectification using the curved geometry. The output voltage
does not increase when a large number of devices are connec-
ted in series in the quantum Hall regime. The voltages result-
ing from the circular geometry, in contrast, add up in the series
connection [5]. For the strongest excitation of Vrf = 0.3 V in
figure 5(a), the enhancement of the voltage at B∼ −2 T is
considerably larger than that at B∼ 2 T. Given the large pos-
itive voltage at B= 0 in this case, the seeming asymmetric
enhancement is attributed to the emergence of a magnetic-
field-independent voltage offset for such a strong excitation.

The polarity of the rectification by the circular geometry
depends on whether the carriers are electrons or holes, resem-
bling the Hall effect. For the magnetic field direction that
gives the positive slope of the Hall voltage (VHall > 0) in the
measurement configuration shown on the right-hand side of
figure 5(b), a voltage peak (dip) occurs at the negative (pos-
itive) magnetic field satisfying rc = R when the voltage is
measured with the polarity illustrated on the left-hand side of
figure 5(b).

The rectified voltage being zero in the absence of the rf
excitation indicates that the device was not good enough to
harvest energy from environmental electromagnetic noises
due to the relatively low mobility of the 2DEG. Furthermore,
the above manifestation of the ballistic transport has taken
advantage of the fact that the rf excitation causes no differ-
ence for diffuse electrons apart from increasing the electron
temperature. The voltage induced by the excitation cancels out
for them since the transmission in the channel is symmetric
regardless of the geometry. The excitation was intensified in
figure 5(a) until the ballistic contribution became detectable.

The transmission asymmetry is produced by the partial
backscattering associatedwith the non-specularity of the chan-
nel boundary. The rectification effect thus arises, in principle,
when the condition le ≫W is satisfied. Even if the circularly-
shaped channel is longer than le, the rectification is accom-
plished within the sections of the channel having a length of

∼le. The dependence of the rectification efficiency on le in the
quasi-ballistic transport regime consists of two parts. For a bal-
listic segment within the circularly-shaped channel having the
length of le, the angle that the ballistic electrons are guided
along the circle forming the channel is le/R. The rectification is
more efficient when the electrons propagate ballistically over a
larger angle. Onemay anticipate an exponential dependence of
the rectification efficiency as exp(−cR/le) with c being a con-
stant. The rectified voltage is then multiplied by the number
of the ballistic segments. This improves the rectification effect
in the situation that the transport is not fully ballistic. For a
device in which N semicircle channels are connected in series,
the total voltage is estimated to be ∝ N(πR/le)exp(−cR/le).

3.4. Surface scattering

It is well-known that sidewall depletion is large for the
mesa-etched channels fabricated from GaAs-(Al,Ga)As
heterostructures [35]. The existence of the depletion layer
actually has an advantage of working as a buffer to protect the
2DEG from the scatterers that may be induced at the surface
by the attachment of foreign materials and/or by the defects
generated in the etching. In this subsection, we show that such
a scattering is inevitable for the channels fabricated from the
(In,Ga)As-InP heterostructure due to the negligible surface
depletion.

In figure 6, we compare the temperature dependence of
the resistance for various widths of the channels. The hairpin
channels were employed in the measurements, and so the lar-
ger resistance at RT indicates the width being narrower, similar
to the situation in figure 4(b). For wide channels, the resistance
decreases as temperature T is lowered with its approximate
saturation for T< 100 K. The independence on T reflects the
low-T saturation of µ that the bulk 2DEG exhibits due to the
limit imposed by the alloy scattering. As the channels become
narrower, the decrease of the resistance with lowering T is
suppressed. The resistance eventually turns to increase at low
temperatures, changing the curves to be U-shaped. The low-T
increase of the resistance is attributed to the scattering of the
2DEG at the sidewalls of the channels given its enhancement
for the narrower channels.

We have not identified the origin of the low-T increase of
the resistance so far. For the intrinsic mechanisms of elastic
electron scattering, the electron mobility should be almost
independent of T at low temperatures. The kinetic energy of
the electrons at the low T is fixed to be the Fermi energy for
a degenerate system such as the 2DEG. The mobility when
the phonon scattering is negligible thus exhibits no temper-
ature dependence since the ratio between the kinetic energy
and the strength of the scattering potentials associated with
various disorders is unchanged. The temperature dependence
is particularly weak for the (In,Ga)As-based quantum wells
since the alloy scattering restricts µ to be relatively low to
the degree that the phonon scattering plays no role at low T,
see figure 1. The low-T increase of the resistance likely ori-
ginates from an extrinsic environment effect. In cooling the
samples from RT to 4.2 K in the cryostat, they were kept in a
thin He atmosphere (1× 104 Pa at RT) to enable heat transfer
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Figure 6. Comparison of temperature dependence of resistance for devices with various widths of channels. The total resistance has been
divided by the number of hairpin channels N.
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Figure 7. Time evolution of resistance in vacuum and under exposure to gases. The chamber in which the sample was kept was alternately
being evacuated and filled with a gas. The increase and decrease of the resistance correspond to the exposure to the gas and evacuation,
respectively. The gases were changed as O2, N2, He, and air. The rectangles indicate the periods of the gas exposure. For the case of the O2

gas, the sample chamber was temporarily evacuated in the middle of the exposure to the gas. The measurements were carried out at room
temperature. The device consisted of eight hairpin channels connected in series. For the curve shown in the inset, the sample kept initially in
air was placed in vacuum and then exposed to air again.

from the samples to the liquid He bath. More He atoms will
be adsorbed at the surface of the channels as the temperature
decreases. This will result in increasing the number of surface
scatterers for lower T. We show below that the attachment of
He atoms at the channel surface indeed causes scattering for
the 2DEG. It needs to be pointed out, however, whether the He
atoms in the heat-exchange gas were responsible for the low-
T increase of the resistance is unclear, as will be discussed
later.

We demonstrate the extrinsic surface scattering in figure 7.
The time evolution of the resistance of a narrow channel was
measured at RT while the chamber in which the sample was
kept was either in vacuum or filled with a gas. Following
the initial state of the chamber being evacuated by a vacuum
pump, a gas was introduced to the chamber with the atmo-
spheric pressure. This measurement procedure was repeated
while the gas was varied as O2, N2, He and air. In all the cases,
the resistance increased during the exposure to a gas. For the
case of the O2 gas in figure 7(a), the sample chamber was tem-
porarily evacuated in the middle of the exposure to the gas

and then refilled with the O2 gas. The time evolution of the
resistance is seen to be unaffected qualitatively by the initial
coverage of the O2 molecules on the surface.

Interestingly, the manner the resistance increased depended
on the gas species. The resistance change was large for the O2

gas, whereas the N2 gas caused a small change. The change
was of an intermediate degree for the He gas. In the expos-
ure to the air, the resistance increase was larger than one may
anticipate given the fractions of O2 and N2 in the air being
21 and 78%, respectively. The wetting of the channel surface
by moisture is thus indicated to cause, at least, a considerable
scattering.

The decrease of the resistance when the gas was removed
from the chamber was slower than the increase. That is, the
desorption of the gas molecules was slower than their attach-
ment. The complete removal of the gasmolecules from the sur-
face takes apparently a very long time. One finds in figure 7(c)
that the resistance did not reach a saturation even after the
evacuation for 3 days. In the inset of figure 7, the gradual satur-
ation of the resistance when a sample was kept in vacuum over
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nearly 3 months is shown with the behavior of the resistance
increase when air was introduced into the sample chamber.

It is suggested that there are two styles in the manner the
molecules are attached to the surface. For the cases of the N2

and He gases, a rapid initial increase was followed by a slow
nearly-linear increase of the resistance. Such a two-step pro-
cess was not observed for the O2 gas and air, where the resist-
ance increase slowed down gradually.

The molecules attached to the surface induce charges
through a charge transfer with the semiconductors. The
molecules may be already charged before their attachment.
The resultant random distribution of surface charges acts as
scatterers for the 2DEG. The large and small changes of the
resistance for the cases of the O2 and N2 gases, respectively,
presumably reflect the electronegativity of the involved mater-
ials, i.e. whether electrons are given to or extracted from the
surface. Obviously, the resistance is altered by positive and
negative charges differently, while the (In,Ga)As conduction
channel was of n-type.

The gas molecules adsorbed at the top surface of the
(In,Ga)As-InP heterostructure are not relevant for the resist-
ance change since the InP barrier layer separates the scat-
terers to be away from the 2DEG. Although the scattering
for the 2DEG is caused only by the molecules attached to
the side surface of the mesa-etched channels, the channel
resistance responds sensitively. The high sensitivity is enabled
by the quasi-ballistic conduction le ≫W. The surface scat-
tering effectively reduces le to ∼W, and so the effect on the
resistance is considerable. The surface scattering, therefore,
becomes more crucial for narrower channels.

The localized scattering at the side surface implies that the
surface scattering can be, in fact, helpful for the rectification
effect. The cyclotron orbit that fits within the curved chan-
nel at the magnetic field satisfying rc = R is unaffected by
the surface scattering since the electron does not collide with
the channel boundary. The surface scattering, on the other
hand, enhances the backscattering for the electrons moving
in the opposite direction. The transmission asymmetry due
to the curved geometry will consequently increase. If this is
indeed the case, the rectification effect is expected to be the
strongest at the lowest temperature even when the temperature
dependence of the resistance is U-shaped, where the nominal
value of le is the largest at the bottom temperature of the U-
shaped curve. The Thomas-Fermi screening length of a two-
dimensional system is independent of the carrier density and
is λTF = 2πε0εrℏ2/e2m∗ = 12 nm for In0.75Ga0.25As. Here, εr
= 14.4 is the dielectric constant and m∗ is the effective mass.
It is plausible that the electrons in the interior of the channel
are not affected significantly by the surface scatterers due to
the screening.

While the effect of the surface scattering is compared
among the samples having various widths in figure 6, a com-
parison of the temperature dependence is made in figure 8 for
one narrow-channel sample when the number of the surface
scatterers was changed. Here, the sample was kept in air or in

vacuum prior to the measurements to alter the number of the
molecules attached to the surface. It is noted that the sample
was in the thin He atmosphere during the measurements to
enable cooling. The sample was cooled from RT to 4.2 K in
less than an hour to minimize the effects resulting from the
surface adsorption of the He gas. As one would expect, even
the resistance at RT is recognized to increase when the surface
scattering is strong. At high temperatures, the difference of
the resistance induced by keeping the sample in air or vacuum
is almost independent of temperature, i.e. the surface scatter-
ing imposes an offset in this regime. As shown by the green
curve, the degree of the surface scattering changes continu-
ously depending on how long the sample was kept in vacuum
prior to the measurements.

The low-T increase of the resistance is enhanced by the
exposure to the air. The surface scattering is thus found to be
responsible for the anomalous low-T behavior. On the other
hand, the adsorption of the He atoms from the thin atmosphere
at low T does not appear to be the origin for the anomalous
behavior. The low-T increase was caused by the molecules
attached to the surface in the exposure to the air. One may
need to take the surface migration of the adsorbed molecules
and its low-T freezing into consideration for understanding the
anomalous behavior.

In figure 8, the sample cooling was carried out in dark. The
sample was then illuminated when the temperature reached
4.2 K. The illumination reduced the resistance of the chan-
nel significantly, where the photoconduction effect was found
to be persistent. After the illumination had been turned off,
the sample was warmed up to RT in the darkness. Despite
the large resistance change, the concentration of the 2DEG
increased merely about 10% after the illumination according
to the SdH oscillation (not shown). The photoconduction is
thus indicated to have occurred to a large extent as a paral-
lel conduction in the undoped InP layers that sandwiched the
(In,Ga)As quantum-well layer. The resistance became nearly
the same after the illumination independent of the attachment
of the molecules at the surface. When the temperature was
raised to RT and the persistent photoconduction consequently
vanished, the resistance returned to the initial values before the
measurement cycles, i.e. the resistance at RT remained to be
influenced by the surface scattering with the same strengths.
The illumination thus did not remove the gas molecules and
the moisture in the air attached to the surface. The disappear-
ance of the effect of the surface scattering after the illumina-
tion at low T indicates that the surface scattering plays no role
for the carriers generated in the barrier layers by the photo
excitation. The electrical conduction properties were appar-
ently almost completely dominated by the parallel conduction
carriers instead of the 2DEG. The electrons in the barrier lay-
ers have a lowmobility, and so the transport properties of these
diffusive electrons are little changed by the surface scattering.
The high mobility of the 2DEG in the (In,Ga)As quantum well
is manifested to be crucial for the high sensitivity to the surface
scattering.
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Figure 8. Effects of air exposure and illumination. The resistance was obtained from a sample in which 8 hairpin channels were connected
in series. The sample was kept in air and in vacuum at RT prior to the measurements for the red and blue curves, respectively. For these
curves, the sample was cooled in dark, illuminated at 4.2 K, and warmed to RT without the illumination. The temperature dependence in the
cooling procedure is also shown for a case where the sample was kept in vacuum briefly prior to the measurement as the green curve. In all
the cases, the sample chamber was filled with a thin He gas (1× 104 Pa at RT) during the measurements.

4. Conclusions

A magnetic-field-induced rectification of rf voltages has been
demonstrated using circularly-shaped 2DEG channels fabric-
ated from an (In,Ga)As-InP heterostructure. The successful
device operation evidences the ballistic transport of electrons
for the small channel sizes enabled by the absence of the sur-
face depletion for the In-rich quantumwell. The size reduction
relied on the smoothness of the etched surface accomplished
by a reaction ion etching. The negligible surface depletion, on
the other hand, means the lack of protection for the 2DEG,
where the surface scattering has been shown to increase the
resistance of narrow channels. The degree of the resistance
increase depends on the gas species, and so the effect may be
utilized for a gas sensing. While a persistent photoconduction
has been shown to take place at low temperatures, the photo-
carriers contributed to the transport properties primarily as a
parallel conduction in the undoped InP barrier layers.
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