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Gate-controlled transport in narrow GaAs/Al„Gai „Asheterostructures
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The transport of two-dimensional electrons in the narrow channel, realized by the split gate of a

GaAs/Al„Gal „Asheterojunction field-effect transistor, is investigated from 4.2 to 1.3 K as a func-

tion of the gate voltage V. Results from Shubnikov —de Haas effect and low-field magnetoresis-

tance measurements show that the channel width 8' and the electron density n, decrease linearly

with V~ and that the nobility p decreases with n, to the power 2. The phase-breaking length l; in

the one-dimensional weak-localization regime is studied as a function of V~. We find that the func-

tional dependence of I; on the channel conductance is in good agreement with theory.

There has been in recent years a great deal of interest in
the physics of electronic transport in ultrasmall struc-
tures. The dimensionality of the electronic system defined
by such small structures, a most important parameter to
characterize the electron physics, is determined by the
various pertinent length scales in the physics of the under-

lying electronic process. Most experimental investigations
of transport in one-dimensional (1D) systems have thus
far been carried out on low mobihty systems, such as
polycrystalline metal films' and Si MOSFET's (silicon
metal-oxide-semiconductor field-effect transistors).
The length scales of interest are typically in the range of
or less than a few hundred angstroms and the structures
are usually fabricated by using electron-beam lithography
and ion-etching processes, known to degrade high mobili-
ty electronic materials. Only recently a series of experi-
ments were performed on the high mobility two-
dimensional electron gas (2D EG) in GaAs/Al„Gai, As
heterostructures to study systematically the influence of
the sample size on the quantum corrections to its
Boltzmann transport. Dimensional crossover from 2D to
1D and to zero dimension was observed and the relevant
length scales were demonstrated for both the localization
and the electron-electron interaction effects in these exper-
iments. Since the electron mobility is high and the length
scales relevant to the physics of these electronic processes
are in the order of micrometers, the sample structures are
fabricated by simple mesa pattern definition, using pho-
tolithography and chemical etching to preserve the high
electron mobility. However, it is apparent that this
straightforward technique for fabricating small structures,
though most reliable in preserving the high mobility of
the 20 EG, is Bmited to micrometer-size features and not
suitable for much smaller structures.

Several years ago, Fowler, Hartstein, and %'ebb" intro-
duced a technique for producing a 1D conducting channel
by electric field pinching of the 2D EG in the accumula-
tion layer of a Si MOSFET, using two reversed biased Jt-n
junctions as side gates. The effective width of the 1D
channel can be continuously varied by varying the reverse

bias on the side gates. %e have adopted this technique
and obtained, by using a pair of Schottky barrier junctions
as side gates, a gate-controlled 1D conducting channel
from the 2D EG in GaAs/Al„Gai „Asheterostructures.
We fabricated the metal gates with micrometer-size
separation, using photolithography and chemical etching,
and thus preserved the 2D EG mobility of the starting
material. The 1D conducting channel, resulting from the
2D EG in the gap between the side gates after the under-
neath 2D EG was completely depleted, can be continuous-
ly narrowed by further increasing the reverse bias Vs. We
have studied the Shubnikov —de Haas effect of the chan-
nel and its low-field negative magnetoresistance due to 1D
localization. We found that both the effective channel
width IV, and the areal density n„ofthe 2D EG de-
creases linearly with V~ and that the channel mobility p
decreases with n, to the power —,', as expected from
scattering dominated by ionized impurities. Moreover, we
obtain directly, from the quantum corrections due to 1D
localization, the electron phase-breaking length l;, as a
function of the channel conductance. In the range of T
studied, IV is larger than the characteristic length for
electron-electron interactions of the 2D EG and the I; is
dominated by electron-electron scattering in the 2D limit.
In fact, the experimental I; in the entire range of W froin
0.37 to 1.6 pm is S8% of that calculated from the 2D
electron-electron scattering theory with no adjustable pa-
rameters. A note should be added. We learned, after the
completion of this work, that a similar split-gate structure
has been employed by Thornton et al. to produce 1D
conduction in GaAs/Al„Gai „As. They used electron-
beam lithography and fabricated split gates with 0.6-pin
gap separation. No dependence of n, on Vs was observed
in their work.

The inset of Fig. 1 illustrates a cross section of the
device structure, which is a Ha11 bridge of a
GaAs/Al„Gai „As heterostructure. The conducting
channel of the 2D EG, having a width W2(=9 pm), is de-
fined by a mesa pattern chemically etched into the semi-
insulating GaAs substrate. The split gate is a 1000 A
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thick Au film deposited on top of the AI„Ga~ „Assur-

face with a gap W&(=1.6 pm), fabricated by using stan-
dard photolithography and lift-off techniques. The gap
has a width variation typically less than 5%. The result-
ing Schottky barrier gate shows no detectable leakage
current, on the level of 1 X 10 A, with reverse bias up to
Vg = —5 V. The 10 conducting channel is realized by re-
verse biasing the split gate to completely deplete the 20
EG underneath it and the resulting channel width 8' can
then be reduced by pinching it with further increase of
Vs. This is apparent in the data shown in Fig. 1(a), which
shows the channel resistance R, obtained from four-
terminal measurements, as a function of the reverse bias.
This sample has n, =3&10" cm and p=2.9)&10
cm /Vsec. The observed increase in R, with increasing

Vs up to Vs ——0.3 V is due to depletion of the 2D EG
underneath the split gate and the further increase in R,
beyond Vs- —0.3 V is due to pinching of the 1D channel
in the gap. The sudden change in the rate of increase of
R, at Vs ——0.3 V signals the complete depletion of the
20 EG underneath the split gate.

The increase in the 10 channel resistance can in general
result from decreases in W, n„andp. The decrease of n,
accompanying pinching of the channel, is apparent in Fig.
1(b), which shows the Shubnikov —de Haas effect in R,
versus 8 for several reverse biases, measured by using a
lock-in amplifier operating at 14.5 Hz for reverse biases
~1 V and 3.5 Hz for ~1 V. In the bias range from

Vg = —0.3 to —1.5 V, Rp the channel resistance at 8=0,
increases from 141 kQ to 2.63 MQ. The quantum oscilla-
tions in the entire bias range are regular and well resolved,
indicative of a highly uniform conducting channel. The
decrease in n, with increasing Vg is seen as an increase in
the oscillation period in 1/8. The n„determined from
these quantum oscillations, as a function of Vg is shown
as the circles in Fig. 2. It is clear that it decreases linearly
with the reverse bias following

n, =3X10"—1.07x10" (
i V, i

—0.3),
where Vg is in volts and n, in crn

The bias dependence of the width W' of the conducting
channel is determined by studying the low-field magne-
toresistance of the channel, due to weak localization, ' as
a function of Vs. This negative magnetoresistance [we
use b,R =—R o —R (8)], depends on the dimensionality of
the electron system and is given by"

hR W e=Ra f( —,
' +Pi/4De Br; )

Ro l.
L

f( —'+—fi/4De Br) ln—
2

for 2D, and

hR
Ro

Rp

I. (2)

for 1D. Here, g is the digamma function, L is the poten-
tial probe spacing, ~; is the electron phase-breaking time
related to I; through I;=QDv;, and Iz is the magnetic
length Iq =(A/2eB)'~ . The elastic scattering time r and
the diffusion constant D are related to the channel con-
ductance cr and the effective electron mass m ' through

a = n, e r/m'=e Dm "/M .

The length scale determining the dimensionality of the
system is I; and it is now well known that the 2D to 1D
crossover occurs when 8'becomes comparable to ml;.

In Fig. 3, we show the low-field magnetoresistance data
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FIG. 1. I,
'a) Channel resistance R, as a function of gate volt-

age V~ at T=4.2 K. The kink at Vg- —0.3 V indicates the
complete depletion of electrons under the gate. (b)
Shubnikov —de Haas oscillations for five different Vg at T=1.3
K. The inset is a cross section of the split-gate configuration on
the sample.
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FIG. 2. Electron density n, (0) and the effective channel
width W {0) as a function of Vg. The inset shows the mobility

p vs ns.
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at 1.3 K for Vs from —0.3 to —1.5 V. The data were
taken with I =1X10 A to avoid electron heating, and
were recorded using a computer system at a field interval
b8-0.5 G. In Fig. 3, only a number of them were plot-
ted to illustrate the theoretical fits. In the range of
8&100 6, where localization dominates the observed
magnetoresistance and the e1ectron-electron interaction ef-
fect is still negligible, ' we use the Nedler and Mead sim-
plex algorithm' to fit the data to Eq. (1), the 2D theory,
and to Eq. (2), the 1D theory, with I; and W as adjustable
parameters. It turns out that, except for the Vg = —0.3 V
data, the 1D theory gives a better fit to all the data, as ex-
pected, and the resulting fitting parameters, W and I;, are
physically reasonable. The solid curves in Fig. 3 show the
overall fits; the fitting parameters W and I; are listed in
Table I and also are plotted as squares in Fig. 2 and as cir-
cles in Fig. 4. For Vs

———0.3 V, both the 2D and the 1D
theory can fit the data and the fitting parameters are
8'=1.61 pm and I;=0.906 pm from the 2D theory and
%=1.68 pm and I;=0.486 pm from the 1D theory.

While 8' from both theories agrees with the measured gap
width W= 1.6 pm, I; is considerably longer in the 2D fit.

The mobility of the conducting channel is obtained
from Rp and IV and is plotted as a function of n, in the
inset of Fig. 2. Two remarks should be made. First, the
density dependence of p follows p, ~n, This. result is
consistent with the n, dependence of the 2D EG in
GaAs/Al„Gai „Asheterostructures at low T, when ion-
ized impurity scattering dominates. ' Thus, the observed

Vg dependence of p results entirely from the decrease of
n, . It is thus clear that no additional scattering is intro-
duced by Vs applied to the split gate and that the process-

T = I. E&
I = l~~]Q ~p

TABLE I. Fitting parameters.

ml; {pm)

—0.30
—0.50
—0.75
—1.0
—1.25
—1.50

1.68
1.41
1.22
0.94
0.71
0.38

1.53
1.44
1.10
0.96
0.71
0.52

ing steps, taken to fabricate the split-gate device, do not
cause any degradation in the electron mobility. Second,
8'and n, decrease linearly with Vg and 8'extrapolates to
zero at Vs ——1.9 V, far below the gate breakdown ex-
pected above 5 V. It is interesting to note that as 8'~0,
n, +1—X 10" cm and @~10000 cm /V sec. Thus,
there is no limit, in principle, to the width of the conduct-
ing channel that can be achieved by applying Vg. In prac-
tice, however, it will probably be limited by the fiuctua-
tions in the gap width of the split gate, which we estimate
to be in the range of hundreds of angstroms. In this ex-
periment, the narrowest conducting channel that we have
demonstrated is 0.37 pm wide, achieved at Vz

———1.5 V.
We are limited by our experimental setup to measure the
channel resistance (to several times 10 0) and, at higher
biases, the resistance is beyond our measuring capability.
In fact, we use unnecessarily large potential probe separa-
tions (L -300 pQ) in this experiment. It should be feasi-
ble to realize narrow conducting channels in the hundred-
angstroms range and still be amendable to experimenta-
tion by simply reducing I. to several microns.

In Fig. 4, we plot I; versus the channel conductance
o=(L/R, IV). We recall that I; is the phase-breaking
length of the 2D electrons, which, at the T (1.3 K) of our
experiment, is determined by electron-electron scattering,
and that tr is a ineasure of the disorder in the channel.
Since the length parameter, Lr m.(RD/kT)'~——, relevant
to electron-electron interactions is always smaller than IV
in our experiment, I; is given by the 2D interaction theory
through I;=(Dr;)' and' '

"U

CL
0o~

O

lo

oe-

04-

02—

+0 60 80 !OO

0
0

I

t.o

~[io s&n~oi ]

FIG. 3. Magnetoresistance as a function of 8 for different

Vg at T=1.3 K. The solid circles are the data. The solid
curves are obtained by fitting the data to Eq. (2). The fitting pa-
rameters W' and I; are given in Table I.

FIG. 4. Phase-breaking length I; {o)as a function of the
channel conductance o.. The solid curve is the theoretical value
from Eq. {3). The dashed curve is 0.58 times the theoretical
curve.
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~ (kr)' EF kz 4EF~
ln- ln

2 AEp kT 2'~
where EF——n, rn)1 /m' and the electron effective mass in
GaAs is rn" =0.067m o. The T term, from the
momentum-conserving process, dominates when T
~A/kr and the linear T term, from the momentum-
nonconserving process, dominates when T & fi/kv. In our
case, the two terms are comparable and the calculated I;
versus 0. is shown as the solid curve in Fig. 4. It is in-
teresting to note that while the experimental data lie con-
sistently below the theoretical curve, the functional depen-
dence of I; on rr from theory is in excellent agreement
with the experiment. This agreement is demonstrated by
the dashed curve which is 0.58 times the theoretical curve.
It should also be noted that, while the predicted function-
al dependence of I; on 1was observed in earlier experi-
ments, " our result is the first clear demonstration of the
predicted functional dependence of I; on rr, with both the
T and the T terms taken into account. In view of the
perturbative nature of the electron-electron interaction
theory, the small disagreement in magnitude is not unex-
pected.

In summary, we have fabricated split-gate
GaAs/Al„Gai „Asheterojunction field-effect transistors
to demonstrate the realization of gate-controlled narrow
channels of the 2D EG in GaAs without degrading the
electron mobility of the starting material. A systematic

investigation of the transport properties of the conducting
channel from 4.2 to 1.3 K is carried out as a function of
Vs. The results from the Shubnikov —de Haas effect and
the low-field magnetoresistance measurements show that
8'and n, decrease linearly with Vg and, while n, and p
are still finite, W extrapolates to zero. Moreover, p, -n,
as expected for scattering dominated by ionized impurities
at low T. %'e have not observed any additional degrada-
tion of the electron mobility by the applied Vs and it can
be inferred that it is possible by this technique to produce
narrow channels of extremely high mobility (several times
10 cm /Vsec) 2D EG in the range of several hundred
angstroms, a width much smaller than the electron mean-
free path and the de Broglie wavelength. We studied the
low-field magnetoresistance due to weak localization in
the ID regime and extracted I; as a function of Vs. The
functional dependence of I; on o is found to be in excel-
lent agreement with the theory for phase-breaking time of
Altshuler, Aronov, and Khmelnitsky, ' when both the
momentum-conserving and momentum-nonconserving
electron-electron scattering processes are taken into ac-
count.
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