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Conductance quantization in V-groove quantum wires
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We have observed and studied ballistic one-dimensional~1D! electron transport in V-grooved
GaAs-AlxGa12xAs heterostructures. In two different regimes of quantum wire confinement the conductance
varies in a steplike manner, with the number of populated 1D subbands controlled by a gate voltage. For weak
lateral confinement, the conductance steps nearly attain the 2e2/h value, whereas for stronger confinement the
values of the conductance steps are suppressed. Our results suggest that a poor coupling between the 1D states
of the wire and the 2D states of the reservoirs outside the gated region is responsible for the conductance
suppression for strong lateral confinement.@S0163-1829~99!50516-X#
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Electron transport in one-dimensional~1D! systems has
been extensively studied both experimentally a
theoretically.1,2 The most striking feature of 1D transport
revealed in the ballistic limit, where the conductance is qu
tized in units of G0[2e2/h.3 This quantization has bee
observed in two-dimensional electron gas~2DEG! systems
further confined to 1D by means of an electrostatic poten
in a point contact geometry.4 In these structures, the 1D ele
tron channels are adiabatically connected to the 2D elec
reservoirs. However, other structures, which use ‘‘rigid
confinement potential~e.g., etched stripe structures,5 over-
grown constrictions,6 and T-shaped cleaved-edge overgro
wires7!, all show ballistic quantized conductance that sign
cantly deviates from theG0 values. Several explanation
have been suggested for the origin of these deviations, m
notably invoking electron-electron interaction5,8 and contact
resistance effects.7,9 Additional ‘‘anomalous’’ conductance
features have been reported for both point contacts10 and
rigid potential structures,6,11 which showed spurious feature
at various fractional values~0.5,0.7,0.2! of G0 . The origin of
these fractional-G0 features has been attributed to zer
magnetic-field spin polarization due to electron-electr
interaction.6,10,12

In this paper we report the results of electron-transp
measurements in V-groove GaAs/AlxGa12xAs quantum
wires ~QWR’s!. With these structures, it is possible to co
trol the strength of the lateral quantum confinement, th
allowing the comparison between nearly adiabatic and m
abrupt transitions between the wire and the reservoir regi
In the ballistic transport regime, obtained for wires shor
than;1.5 mm, we observe a systematic increase in the
viation of the conductance steps fromG0 as the strength o
the lateral confinement increases. Our data support re
models7,9 assigning these deviations to electron scattering
the interface between the 2D contacts and the 1D wires.
thermore, our study suggests that the deviation of the c
ductance steps from theG0 values and the anomalou
fractional-G0 features are of different origins.

Our GaAs/AlxGa12xAs QWR’s were grown by low-
pressure organometallic chemical-vapor deposition on
doped ~100!-GaAs substrates patterned with 3-mm-pitch,

@011̄#-orientated V grooves~see Ref. 13 for details of the
PRB 590163-1829/99/59~16!/10433~4!/$15.00
d

-

l

on

-

st

-
n

rt

s
re
s.
r
-

nt
at
r-

n-

n-

growth and fabrication!. The conducting region consisted o
a GaAs quantum well~QW! layer sandwiched betwee
Al0.3Ga0.7As barriers, modulation doped on both sides w
Si. The nominal QW thicknesstnom was varied in different
samples between 7 and 26 nm. The growth on the corrug
surface results in the formation of a crescent-shaped G
QWR of center thickness;1.6tnom as well as sidewall and
top QW’s on the slopes of the grooves and the top of
ridges between the channels@see transmission electron m
croscope cross section in Fig. 1~a!#. The 2DEG on the side-
walls is connected to the 1DEG at the wire via constrictio
For the samples with a thinner QW layer, the thinner cr
cents yield stronger lateral confining potential~CP! due to
the GaAs layer tapering.14 In addition to this ‘‘rigid’’ con-
finement, the V-shaped doped regions result in sof
electric-field induced lateral confinement15 that becomes the
dominant one for thicker GaAs layers.

Conductance measurements of the 2DEG in the QW p
of the structure were performed using Hall bar geome
samples made by depositing Au/Ge/Ni Ohmic contacts
10-mm-wide mesas oriented parallel or perpendicular to
V grooves. For isolation of the QWR contribution to th
conductance, narrow mesas incorporating a single Q
groove and Ti/Au Schottky gates were fabricated us
electron-beam lithography~see Ref. 13 for details!. A scan-
ning electron micrograph~SEM! view of such a QWR device
is shown in Fig. 1~b!. The devices were measured in
variable-temperature cryostat~1.4–300 K! using a lock-in
four-terminal technique with 10-nA ac excitation curren
About 100 QWR devices were studied and the results
cussed here represent the general trends observed.

From low-field Hall effect, Shubnikov–de Haas magn
toresistance oscillations, and carrier depletion measurem
we established the transport parameters for the 2DEG.
electron density in the sidewalls (5 – 931011cm22 in differ-
ent samples! is higher by;30% than in reference sample
grown on planar~001! GaAs substrates, while the sidewa
mobility is similar to that of planar samples. We observed
distinct anisotropy between resistance measured parallel
perpendicular to the V grooves, which steeply increases w
decreasing QW thickness. The origin of this anisotropy w
proved to originate only from the bottom of the groove, co
R10 433 ©1999 The American Physical Society
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sistent with the constrictions next to the QWR@Fig. 1~a!#,
which produce a strong potential barrier there.

Because of the difficulty in contacting the QWR’s d
rectly, we have employed the 2DEG on the groove sidew
as electron reservoirs in a two-terminal configuration. To i
late the QWR section between these reservoirs, we us
negatively biased Schottky metal gate of lengthLg , across a
mesa containing a single V groove, to deplete carriers fr
the sidewall QW.16 Due to the electrostatics of the V-groov
capacitor geometry, the depletion of carriers occurs firs
the sidewalls, and only subsequently at the QWR. Numer
simulations indicate that the average electric field at the b
tom of the V groove is about 10% of its value in the sid
walls, as long as there are carriers in the sidewalls. The
quential depletion of carriers is readily demonstrated us
the S-shaped mesa device of Fig. 1~b!. The current is forced
to pass from one sidewall QW, through the QWR, to t
other sidewall QW. Two separate gates are placed so
one depletes only a QW sidewall, whereas the other depl
both sidewall QW’s and the QWR. The dashed curve in
inset of Fig. 2 shows the device conductance as a functio

FIG. 1. ~a! Cross-sectional TEM images of a QWR heterostru
ture with nominally 12-nm-thick GaAs layer. The sidewall QW, to
QW, and QWR regions are indicated. Inset: a magnified view of
QWR region with indication of the GaAs layer dimensions.~b!
SEM image~tilted 75° to the surface! of the S-shape device. Blac
arrows indicate the trajectory of the current flow: from source
drain through the ‘‘sidewall-wire-sidewall’’ sequence. Two metal
gates of 0.25mm width each are deposited, one on the sidewall a
only, the other on the full ‘‘sidewall-wire-sidewall’’ path.
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the sidewall gate voltage, revealing complete depletion
Vg;22 V. The solid curve, corresponding to the seco
type of gate, shows complete depletion only at a more ne
tive voltage,Vg;25 V. The conductance measured at ga
voltages below22 V is thus solely attributed to the QWR
region. The conductance variation in this gate voltage reg
is shown in Fig. 2 for different values of gate lengthLg . The
steplike structure indicates sequential depopulation of the
subbands in the QWR, and repeats in all our samples.

The dependence of the QWR conductance~resistance! on
gate length is summarized in Fig. 3. The measured varia
of the resistance at the first stepR151/G1 as a function ofLg
up to 8mm is shown in the main part of Fig. 3. The linea
variation ofR with Lg , for Lg.2 mm ~solid line!, is typical
of diffusive transport. However, forLg shorter than;1.5
mm, a saturation of the resistance is evident. The inset of

-

e

a

FIG. 2. Conductance vs gate voltage fortnom526 nm at 4.2 K.
The different curves represent gate widthsLg from 0.25 to 1.8mm.
The inset shows the conductance vs gate voltage fortnom521 nm
andLg50.5mm at 4.2 K; The solid curve corresponds to gating
the sidewalls and the QWR, while the dashed line is for gating
the sidewalls only.

FIG. 3. Resistance valueR1 of the first step as function of gat
length, for samples withtnom512 nm. The solid line represents lin
ear gate length dependence, fitted to the best conductance valu
gates longer than 2mm. The inset shows details of the weak ga
length dependence of the conductance at short gate length
tnom512 and 26 nm. The dashed line represents a simplified mo
of diffusive transport.
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3 shows the conductance value of the first stepG1 for gate
lengths in the range 0.25–1.5mm for two different values of
tnom, 12 and 26 nm. In this short gate regime, the len
dependence is much weaker than is expected in the cas
diffusive transport@dashed line in the inset of Fig. 3~Ref.
17!#. Note that the value of the conductance step is syst
atically lower for tnom512 nm than for 26 nm. The wea
dependence of the conductance for QWR segments sh
than ;1.5 mm thus indicates ballistic transport in th
regime.2

The dependence of the conductance on the QWR th
ness is shown in Fig. 4 for four different values oftnom. A
common feature for all the curves in is an abrupt change
the slopedG/dVg at certain valuesVgo ~denoted by arrows!.
This change in slope is larger for structures with sma
tnom. Moreover, the conductance step values in the regio
Vg.Vgo are closer toG0 , whereas the values of the steps
the regionVg,Vgo are suppressed, and more strongly so
lower tnom. In inset~a! of Fig. 4 we plot the value of the firs
stepG1 , averaged over more than 20 devices, versustnom.
The deviation of the average values ofG1 ~for each tnom)
from the canonical valueG0 is more significant than the
standard deviation of the measured values. Astnom increases,
the conductance approachesG0 , and the highest value ofG1
that we measured~for tnom526 nm) is 0.95G0 . The variation
of the conductance curves with temperature, inset~b! of Fig.
4, shows the gradual smearing of the step structure as
temperature increases. This smearing occurs at a lower
perature for the sample with largertnom, consistent with a
weaker CP in that case. We also note in this inset a cond
tance feature around 0.5G1 , for both values oftnom. Such
features can also be observed in some of the traces in Fi
and 4; they were observed in about 50% of our samples,
the feature conductance value varied between 0.3 to 0.8G1 .
No systematic dependence of the feature ontnom was ob-
served.

The measured 2D mobility in our structures~as large as
2.53105 cm2/V s) implies an electron mean free path of u
to 2 mm. In separate atomic force microscopy studies,18 we

FIG. 4. Conductance vs gate voltage forLg50.5mm at 4.2 K,
for nominal QW thickness of 12, 14, 21, and 26 nm. Insets:~a!
Average value~over several samples, forLg50.5mm and at 4.2 K!
of the first conductance step for different QW thicknessestnom. ~b!
Conductance vs gate voltage forLg50.5mm at different tempera-
tures and fortnom512 and 26 nm.
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have shown that the V-groove wires exhibit monolay
smooth interfaces within wire segments up to 1–2mm long.
Both observations are consistent with our conductance
sults, which show a ballistic transport regime for gat
shorter than;1.5mm. Assuming that the gate capacitance
the wire does not change abruptly withVg , we attribute the
change of slope in Fig. 4~at Vg5Vgo) to an abrupt change in
1D subband separation. Using the approximation that
Fermi energy varies linearly with gate voltage, we obta
dG/dVg}dG/dEF}dG/«dN}1/«(2e2/h), where N is the
carrier density and« is the 1D subband energy separatio
For Vg.Vgo , the electron states that are depleted by the g
are associated with wave functions that spread well into
sidewalls. These have a relatively small«, determined
mainly by the CP due to the electrostatic field in t
V-groove capacitor.15 However, at more negative gate vol
ages, the states which are depleted are more confined a
bottom of the V groove, and their energy spacing, defin
primarily by the QWR built-in CP, is larger. The slop
change in Fig. 4 is less abrupt for largertnom, in accordance
with a weaker built-in CP, which is essentially dominated
the electrostatic V-groove CP fortnom526 nm. Analysis of
the temperature dependence of the conductance curves,
~b! of Fig. 4, supports this picture. If we assume that t
effect of temperature is equivalent to an averaging with«
'4kBT, the temperature at which all conductance featu
disappear fortnom526 nm corresponds to an estimated val
of «;2.5 meV. Fortnom512 nm, the smearing of the highe
steps (Vg.Vgo) is observed at the same temperature as
tnom526 nm, while the lower steps disappear only at
higher temperature, yielding«;5 meV.

The suppression of the lower conductance steps, as
in Fig. 4 and inset~b!, could be attributed to several mech
nisms. Astnom decreases~and« increases!, the deviation of
the steps from the canonical values is stronger. It can
explained as due to poor coupling of the QWR states to
2DEG ones, which act as a reservoir in our two-termin
measurement. This is unlike the adiabatic 2D-1D coupl
achieved in point contacts.4 Electrons under the gate, whic
are in a 1D subband with a large separation«, stay in the
same 1D subband even far away from the gated reg
Therefore, in spite of the fact that the movement of the el
trons is ballistic under the gated region, their poor coupl
to the 2DEG leads to backscattering, increasing the obse
two-terminal resistance. Such a model was also conside
by Yacobyet al.,7 as a possible explanation for the nonc
nonical values of conductance steps observed in T-sha
wires. Our QWR electronic states resemble those in T-sh
wires,7 in the sense that both have inherent quantum confi
ment that extends throughout the entire sample. Since e
of the 1D states has different coupling to the 2DEG, t
resulting contact resistance cannot be simply described
unique factor. However, in our structures there exist ad
tional ~higher-energy! 1D states under the gate, which r
semble those in point contacts, and which more adiabatic
evolve into 2D states in the 2DEG, away from the ga
Those higher order states are probably responsible for
larger value ofdG/dV for Vg.Vgo ~Fig. 4!. As tnom in-
creases, the built-in CP becomes weaker, and the sub
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spacing decreases. Thus, the electrons are better coupl
the 2DEG, which increases the value of the conducta
steps towards the canonical value, and the slope chang
the G(Vg) curve becomes smaller. Alternatively, a rece
model9 proposes Friedel oscillations of the density of sta
in the 2DEG close to the QWR interface, leading to e
hanced backscattering there, as the source of noncano
values of conductance steps. Our results, although no
contradiction with this picture, do not allow to distinguis
between the two alternative models.

The conductance features observed in many of
samples at 0.3– 0.8G1 , appear to be independent of the no
canonical values of conductance steps. It is thus likely t
their origin is different, possibly related to electron spin p
larization as proposed for similar features observed in a
batic point contacts.12 Our study therefore shows that co
ductance steplike features different from the canonical va
can result from either reservoir mismatch effects or oth
spurious effects, e.g., the spin polarization effects propo
earlier. The observation of a deviation fromG0 cannot by
itself determine the origin of the mechanism for su
‘‘anomalous’’ behavior; rather, the full evolution of the con
ductance features with system parameters is necessary to
e
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tinguish step suppression due to 1D-2D mismatch from ot
conductance features.

To summarize, we measured the conductance prope
of doped V-groove QWR’s by applying a negatively bias
gate over the structure. The sequential depletion of
2DEG and the QWR allows us to make electrical contacts
the QWR via the 2DEG. In the 1D conductance regime,
observed conductance steps evidencing the ballistic natu
the QWR’s with a gate length of up to;1.5 mm. The step
values are lower than 2e2/h by a factor that depends on th
QWR thickness. This dependence is related to the prese
of a stronger built-in confinement potential in the th
QWR’s ~5 meV at tnom512 nm vs 2 meV attnom526 nm).
Our studies indicate that the suppression of the step va
arises from electron scattering at the 2DEG-QWR interfa
in agreement with recent models of backscattering and F
del oscillations at this boundary.
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