
rea

rea

PHYSICAL REVIEW B 15 AUGUST 1998-IVOLUME 58, NUMBER 7
Quantum transport in a corrugated one-dimensional quantum wire
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We report on investigations of the resonant transmission effect of electrons induced by the corrugation of the
conducting channel in a gated quantum-wire structure. The corrugation consisted of a periodic indentation of
the side wall by which electron waves are scattered backward in the channel. The low-temperature conductance
shows a number of peaks in the gate-voltage range where the electron transport is one dimensional. We
attribute the resonances to the multiple reflection effect that is interpreted by a simple interference condition.
@S0163-1829~98!02628-9#
f i
f

s
n
s
th
na
at
p
tu
b

n
n
ra
bu

a

-
ed
ei
th
in
ru
t

s
pl
ll
i-
t

th
ld
at
th
ta
ur

de-
ased

ard
ith
re
he-

g

ent

xy.

the

a
the
r-
ake
ond
sing
c-
u-
e in
nd
ere

ated
etal
side
the
n-
u-
tion
ngth
rea

at
ion
Quantum interference of phase coherent electrons
semiconductor heterostructures has provided a wealth o
teresting physics and devices.1 For example, many studies o
the quantum interference have been reported that show
fects associated with double-slit interference,2 multiple
transmission,3 and multiple reflections.4 Electron waveguid-
ing in one-dimensional~1D! semiconductor nanostructure
was identified through the observation that the conducta
in quantum point contacts is quantized at discrete value
2e2/h.5 The conductance quantization originates from
quantum confinement effect, i.e., the transverse reso
states in the quasi-1D structure. Longitudinal resonant st
are established by a longitudinal quantum confinement
tential, such as a double-barrier potential in a resonant
neling diode. Also, the longitudinal resonant states can
formed by a periodically modulated potential in the 1D co
ducting wire. The formation of the longitudinal resona
states in an artificial 1D crystal allows not only a demonst
tion of an energy-band structure in solid-state physics
also offers potential applications in quantum devices.

Recently, formation of an energy-band structure in an
tificial 1D crystal was investigated experimentally6 and
theoretically.7 Kouwenhovenet al.studied the magnetotrans
port properties of a channel with a periodically modulat
width.6 The 1D channel was defined by a split gate in th
experiment; one gate electrode was straight, but the o
gate electrode was corrugated with 15 notches in it. M
band formation analogous to minibands in superlattice st
tures was discussed for the conductance oscillations in
voltage range of the straight gate. However, the change
the gate voltage in the 1D conducting wire formed by a s
gate influence the energy of the transverse modes as we
the Fermi energy.8 Therefore, effects related with the mod
fication of the transverse modes have to be considered in
miniband formation.

In this experiment, we spectroscopically investigated
formation of the longitudinal resonant states in a 1D fie
effect-transistor-type conducting wire, such that the g
voltage controls only the Fermi energy. We report on
fabrication of a corrugated 1D conducting wire with a me
gate covering the whole conducting wire. Low-temperat
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conductance properties induced by the corrugations are
scribed. The longitudinal resonant states are discussed b
on the multiple transmission condition.

To investigate the longitudinal resonant states with reg
to conductance properties, conducting wire structures w
and/or without the periodically corrugated side wall we
fabricated. The corrugated conducting wire sample is sc
matically shown in Fig. 1~a!. As a first step, the conductin
path of the two-dimensional electron gas~2DEG! was fabri-
cated using electron-beam lithography and subsequ
chemical etching on a modulation-doped GaAs/AlxGa12xAs
(x50.3! heterostructure grown by molecular-beam epita
The length of the conducting path is 4.0mm, the width is 0.8
mm in the lithographic length, and the distance between
source and drain Ohmic contacts is 0.6mm. The heterostruc-
tures were wet etched down to the 2DEG layer to form
well-shaped pathway. Lateral depletion further reduces
conducting width. Ni/AuGe/Au metallization and rapid the
mal annealing processes were performed in order to m
Ohmic contacts in the source and drain regions. As a sec
step, the gate was fabricated on the conducting path u
electron-beam lithography and lift-off technique. This se
ond step defined the Au/Ni gate with the periodically corr
gated part in the corrugated wire sample and the strip gat
the normal sample. Then electron-beam lithography a
chemical beam assisted ion-beam etching techniques w
used to define the etching area and to fabricate the corrug
wire structure. At this moment, we used the corrugated m
gate as an etching mask. Part of the conducting path out
of the corrugated metal gate was dry etched down to
2DEG layer again. Finally, a periodically corrugated pote
tial wall was formed within the conducting path. The corr
gation consists of four notches whose width and separa
are about 50 and 160 nm, respectively. The metal gate le
is 4 mm, and the metal gate covers the whole conducting a
of the wire.

The carrier concentration and mobility in the substrate
1.5 K were deduced from the Shubnikov–de Haas oscillat
measurements in a two-dimensional bar~503150mm!. They
were found to ben53.231011 cm22 and m55.53105

cm2 V21 s21, respectively. We measured the conductances
3557 © 1998 The American Physical Society
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and the drain currentI DS as a function of applied gate volt
agesVG at various levels of drain voltagesVDS by using the
lock-in technique at 17 mK. The measured drain curre
were calibrated as the constant drain bias condition by c
sidering the effect of conductance change during the g
voltage sweep. We also investigated the temperature de
dence of the drain current.

Figure 1~b! shows conductance spectra in the gate-volt
range for both types of devices. The drain current was fi
at 1 nA to minimize the bias heating effects. The pinch-
voltage of both devices is2210 mV. The conductance in th
device without the corrugation changes smoothly and a
jor plateaulike feature is observed atVG5;100 mV: the
plateaulike feature also exists in the device with corrugati
The small discrepancy between the measured value and
unit conductance (2e2/h) in the plateau region can be attrib
uted to the extra resistance outside of the gate region. S
conductance steps are typically predicted in 1D quan
wires, the results of Fig. 1~b! demonstrate that our sample
are ballistic quasi-one-dimensional quantum wires with o
transverse mode in the gate-voltage range. The conduct
steps originate from electrical depopulation of the condu
ing modes by the gate-voltage change. In contrast, large
cillatory features with, e.g., an intensity of;40% at 280

FIG. 1. ~a! Schematic diagram of the corrugated conduct
path~top view!. The metal gate covered the whole conducting wi
For details see the text. Also shown in the right is the cro
sectional view of the 1D quantum wire.~b! Conductance spectr
versus the applied gate voltages. The line curves represent the
ductance of the corrugated quantum wire; the positions~z! of the
major peaks were used for the calculation of the resonant trans
sion mode index, while the dotted curve represents the conduct
of the normal quantum wire without the corrugations.
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mV gate voltage, are clearly seen in the device with cor
gation. Since these oscillatory behaviors are observed in
corrugated device but not in the normal device, we belie
that they are manifestations of the electron multiple tra
mission effect due to the corrugation. Major peaks can
attributed to the resonant maxima in the multiple transm
sion spectra, so that we marked the reasonably big pe
with a bar as major peaks, whose positions will be used
the calculation of the resonant transmission mode index
Fig. 4 ~how to decide the major peaks will be explaine
later!. Distances between the major peaks are almost equ
;80 mV in a negative gate-voltage range and;120 mV in
positive gate-voltage range, respectively. Three minor pe
also appear between the major peaks.

We measured the drain currents at various drain bias v
ages from 10mV to 2 mV, then calculated the conductanc
spectra shown in Fig. 2. Also, the transconductance ve
the gate voltage forVDS510 mV ~not shown in this paper!
was calculated. Thereby multiple negative transductance
cillations could be seen in the negative slope regions in
curve of the drain current versus the gate voltage. The os
latory behavior of the conductance persists up toVDS5100
mV, whose intensities are almost constant in this range
higher drain bias voltages the characteristic oscillations s
to smear out until they completely disappear at about
mV. The change of the oscillation intensity as a function
the drain bias voltage, for example, atVG566 mV, is dem-
onstrated in Fig. 3. Measurements of the temperature de
dence of the oscillatory behavior reflect how the energy
eraging effect reduces the oscillation intensities by
operating temperature in the same way as by the drain
voltage. No oscillation signals with respect to the gate vo
age were detected at temperatures above 1.4 K. However
signals of the oscillations appeared below 1.06 K with
most constant intensities down to 17 mK. These characte
tic behaviors in both the drain bias voltages and the ope
ing temperatures agree well with the results of the typi

.
-

on-

is-
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FIG. 2. Plots of conductances as a function of the gate volt
VG for several values of the drain voltageVDS . The conductances
are shifted by one conductance unit, and some curves show ret
in the gate-voltage sweep for the reproducibility.
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electron interference effect.9 The results for the correlation
energy of the sample system;100 meV obtained by two
different measurements agree well.

Since the electron transport is one dimensional in
sample devices, the electron transport can be strictly
scribed by a plane wave. The gate voltages alter the elec
density in the device so that the Fermi wavelength
changed according tolF54/nl (nl is the one-dimensiona
electron density!. Then, we observe the multiple transmi
sion spectra with respect to the gate voltage. If we assu
that the notch induces backscattering of the electron wav
the corrugated channel, the multiple transmission assump
for the electron transport is rigorously valid. The multip
transmission assumption yields the condition for the ma
mum conductance:mlF52lb, wherem is a transport mode
index in multiple transmission,l is the number of notches
andb is the separation between notches. This condition
tablishes the longitudinal transport states in the presenc
the corrugations. These states correspond to the maxim
the conductance spectra. Among these states, we will
account of some resonant states, which arise from the m
mum segment in the multiple transmission (l 51).

By assuming the multiple transmission due to the cor
gation, we theoretically calculated the gate voltages for
resonant transmission. Comparing the experimental dat
peak positions in Fig. 1~b! with the calculated ones, som
experimental peaks were not considered as a major peak
cause of large discrepancies from the calculated values.
example, the peak atVG5190 mV was not assigned as
major peak even though it was rather big.

In Fig. 1~b!, those conductance maxima represented
bars are seen to coincide with the peak positions predicte

FIG. 3. Conductance changes of the oscillatory intensity a
function of the drain voltage~a! and the operating temperature~b!.
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the resonant transmission condition. In order to verify th
the observed oscillations are indeed due to the electron r
nant transmission, the resonant transmission mode ind
m52b/lF(VG), are calculated from the peak position
in the gate voltage. They are seen to agree well with
integer multiples. The calculated index valuesm are plotted
against integer numbersn in Fig. 4. We calculated the one
dimensional electron densities at a given gate voltage
considering the conductance spectra of the normal sam
without the corrugations~note that the conductance is pro
portional to the electron density!. The electron-density de
pendence on the gate voltage was included in the calcula
of the Fermi wavelength. However, small deviations of t
calculated valuem from integern appear for low indices,
i.e., for low gate bias voltage above the pinch-off voltag
Irregularities in the conducting width were inevitable in th
sample preparation. These create a broadening of the F
wavelength in the one-dimensional transport, rendering
value of the Fermi wavelength more uncertain in the ran
of the gate voltage between the conductance steps. Thus
deviations for low indices are attributed to the uncertainty
the Fermi wavelength induced by the irregularities in t
conducting width.

It should be noted that the multiple transmission effe
due to the periodically corrugated potential wall in the on
dimensional transport gives rise to the secondary max
with respect to the wavelength, that is, with respect to
applied gate voltage in the conductance measurement.
observed approximately three secondary maxima betw
the principal maxima, which could be explained by the re
nant transmission condition due to the larger segments;l 52,
3. This result is in accordance with the number~4! of
notches: that is, there are three minimum segments for
backscattering of electrons in the corrugated potential w
sample.

A periodic potential forms an energy-band structure ch
acterized by energy bands and separated by energy ga
collective states. Recently, formation of the energy gap
the miniband in an artificial one-dimensional crystal w
reported.6 The crystal consisted of a sequence of quant
dots defined by a finger-type split gate to form a corruga
ballistic channel. Although the negative gate bias volta
simultaneously reduced the coupling between adjacent d
reduced the area of each dot, and lowered the Fermi en
in their experiments, the magnetoconductance oscillati
could be correctly interpreted as formations of the miniban

a

FIG. 4. Calculated resonant transmission mode indices,m, m
52b/lF(VG), versus integer numbern.
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3560 PRB 58BRIEF REPORTS
with the energy gaps in terms of resonant transmission. S
the gate voltage controls the Fermi energy in our sam
structure, the formation of the longitudinal resonant sta
can be quantitatively explained by the multiple transmiss
conditions. On the other hand, due to theopenconduction
between the indentations, it is difficult in the corrugat
quantum wire to observe a set of nicely formed miniban
representing Bloch states.10 However, the conductance spe
tra of Fig. 1~b! exhibit not only peaks for the individua
resonant states but also valleys between the states, whic
be associated with energy gaps.
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In summary, we investigated the electrical transport pr
erties of a GaAs/AlxGa12xAs-based quantum wire transisto
containing a periodically corrugated potential wall in th
conducting path. In contrast to the one-dimensional cry
formed by the split gate, only the Fermi energy was co
trolled by the gate voltage in the device. The longitudin
resonant states were observed spectroscopically. A mul
transmission assumption was shown to account quan
tively for the conductance oscillations.

This work was partially supported by Ministry of Infor
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