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Fabrication of high-quality one- and two-dimensional electron gases
in undoped GaAs/AlGaAs heterostructures

R. H. Harrell,a) K. S. Pyshkin, M. Y. Simmons, D. A. Ritchie, C. J. B. Ford,
G. A. C. Jones, and M. Pepper
Cavendish Laboratory, Madingley Road, Cambridge CB3 0HE, United Kingdom

~Received 11 January 1999; accepted for publication 23 February 1999!

We have developed a technique for the fabrication of high-mobility electron gases formed in
undoped GaAs/AlGaAs heterostructures. The use of an insulated gate allows independent control
over the carrier density in the Hall bar and ohmic contact regions of the device. This unique design
eliminates difficulties in obtaining reliable ohmic contacts, particularly in the low carrier density
regime. In the absence of remote ionized impurity scattering, extremely high transport mobilities are
obtained at low carrier densities (13106 cm2 V21 s21 at 131010 cm22!. This design has been
adapted to the formation of undoped one-dimensional electron gases that show clean and
reproducible conductance plateau at 1.5 K. ©1999 American Institute of Physics.
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Modulation doping has long been established as
method to reduce the scattering caused by the ionized
ants in GaAs/AlGaAs heterostructures. However, even w
the use of a large AlGaAs spacer layer to separate the do
region from the channel, the Coulomb potential caused
the ionized dopants creates a randomly fluctuating ba
ground potential.1–3 The scattering that results from such
nonuniform potential is particularly detrimental at low ca
rier densities4 and when the two-dimensional electron g
~2DEG! is confined into lower dimensions.5 As demonstrated
by recent works,6–8 it is possible to eliminate the need fo
extrinsic dopants by using an external electric field to el
trostatically induce a 2DEG at a GaAs/AlGaAs heteroint
face.

In this paper we present a technique for forming elect
gases in undoped GaAs/AlGaAs heterostructures which
optimized for the low density, high mobility regime. The
are two main advantages associated with this new de
design. The first is that the 2DEG is induced by the use o
Schottky gate deposited directly onto the surface of the
ter. This surface gate can therefore be patterned using e
tron beam lithography to fabricate mesoscopic devices
varying dimensions. The second advantage is that the us
insulated gates in conjunction with surface Schottky ga
allows independent control over the carrier density in
ohmic contact and Hall bar regions of the device. It is the
fore possible to vary the Fermi energy in the Hall bar reg
over one order of magnitude without the possibility of ohm
contact failure. These features, combined with the absenc
remote ionized dopant, make this an ideal system for stu
of clean, highly correlated systems, such as the Tomana
Luttinger liquid.9

A schematic diagram of the insulated gate device
shown in Fig. 1. The undoped heterostructure~T227! con-
sists of a 2 mm GaAs buffer, a 300 nm undope
Al0.33Ga0.67As barrier and a 17 nm GaAs cap grown on
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undoped~100!-oriented GaAs substrate. Although a 300 n
AlGaAs barrier is used here, the technique has been succ
fully applied to devices with the barrier width reduced to
nm. The wafer was grown in a 2 in. Varian Gen II molecular
beam epitaxy chamber with a low background impurity lev
of ,531013 cm23. The ohmic contacts, optimized for
smooth surface morphology, are composed of 5 nm nic
approximately 130 nm AuGe eutectic and 10 nm Ni, whi
are evaporated into pits etched to the GaAs/AlGaAs interf
and then annealed at 470 °C for 120 s. A surface Scho
gate is patterned to define the shape and carrier density o
2DEG in the active region. This device design does not
quire self-alignment of the ohmic contacts, which are ty
cally positioned in excess of 100mm away from the
Schottky gate. Above this a 500 nm layer of insulating po
imide is deposited and patterned to partially cover the oh
contacts and the surface Schottky gate and in particular
region between them~see Fig. 1!. NiCrAu gates, termed
bridging gates, are then deposited over the top of the ins
tor. Since biases can be applied separately to the bridg
gates and the surface Schottky gates, the carrier densi
the two regions can be controlled independently.

Figure 2 shows the operating characteristics of an
duced two-dimensional electron gas. Initially a positive vo

FIG. 1. Schematic diagram of a bridging gate device.
8 © 1999 American Institute of Physics
 license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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age of approximately112 V, with leakage current,0.1 nA,
is applied to the bridging gates to induce a 2DEG with
carrier density of 431011 cm22 in the ohmic contact re-
gions. A voltage ofVG;11.1 V is then applied to the sur
face Schottky gate in order to induce a 2DEG with a car
density of approximately 131010 cm22 in the Hall bar re-
gion. This is accompanied by a sharp increase in the sou
drain current,I SD, which, due to the external circuitry, sub
sequently remains constant at 0.1mA. After this, the change
in carrier density with applied voltage is linear and reprod
ible, and agrees within a few percent with the expected
pacitance calculated from the growth thickness parame
At carrier densities of up to 331011 cm22, leakage currents
(I L) are below 10 pA~for gate dimensions of 1250350
mm2), rising to 0.1 nA as the density is increased to
31011 cm22.

The relationship between the carrier density and mo
ity for this undoped heterostructure is shown in Fig. 3. F
comparison, the mobility versus carrier density relations
of a doped 2DEG~T139!, grown in the same chamber an
with a similar background impurity concentration, is al
presented. The doped device contains a 17 nm GaAs cap
200 nm of AlGaAs, doped with Si at 1.231017 cm23, which
is separated from the interface by 80 nm of undoped
GaAs. At high carrier densities, where the scattering is do
nated by the unintentional background impurities and in
face roughness, the mobility of the two devices is simil

FIG. 2. Operating characteristics of an induced 2DEG device, showing
pendence of the carrier density on the surface gate voltage,VG . The source-
drain (I SD! and leakage (I 1) currents are shown in the upper graph.

FIG. 3. Comparison of transport mobilities over a range of carrier dens
of an induced 2DEG with a modulation doped 2DEG~T51.7 K!.
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However, as the carrier density~and hence screening! is re-
duced the mobility of the doped device drops sharply, due
increased scattering from the rough background poten
Markedly different behavior is observed when the scatter
due to remote ionized dopant is eliminated. At carrier den
ties between 731010 cm22 and 231011 cm22 the mobility
of the undoped device follows the relationshipm}na, where
a50.55. At carrier densities below 531010 cm22 this value
of a reduces to 0.33, much lower than that typically obtain
in high mobility doped heterostructures wherea;0.6–0.7.10

The ability to obtain high mobility at low density is an in
herent advantage of induced systems~similar data has been
observed by Kaneet al.6!, since scattering is limited mainly
by the cleanliness of the growth chamber. This device des
enables this quality to be exploited since the minimum d
sity obtained is limited only by the quality of the 2DEG an
not by the possibility of ohmic contact failure, allowing fu
ture investigation of the low density regime.

By further patterning of the surface Schottky gate t
induced 2DEG can be confined to form a one-dimensio
wire, as shown in Fig. 4~a!. The midline gate is patterned b
electron beam lithography, and when a positive bias is
plied to the gate an electron gas is formed in the reg
beneath the gate. Two pinch-off gates are patterned to
sides of the channel, which are used to deplete the elec
gas in the constriction. Figure 4~b! shows the conductance o
such a one-dimensional wire at 1.5 K as it is depleted, m
sured in a four-terminal configuration with an excitatio
voltage of 10mV at 77 Hz. Successive sweeps demonstr
the ability to change the Fermi energy of the channel
adjusting the midline gate voltage,Vm . Up to ten plateau are
clearly observed at integer values of 2e2/h. The pinch-off

e-

s

FIG. 4. ~a! A schematic diagram of an induced one-dimensional constrict
showing electron beam patterned surface gates, and~b! conductance quan-
tization at 1.5 K as a function of the pinch-off gate voltage, for midline g
biases of 1.3–2.5 V in increments of 0.05 V.
 license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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characteristics of the devices have been found to be
tremely reproducible, even on successive cooldowns. No
dence of random telegraph signals has been observed, as
be expected since the elimination of intentional dopants
reduce the density of electron traps.11

To conclude, the formation of 2DEGs of variable dens
in undoped GaAs/AlGaAs heterojunctions has been dem
strated using an insulated gate technology, which allows
low density regime to be investigated without the possibi
of ohmic contact failure. In the absence of remote ioniz
impurity scattering, extremely high transport mobilities
13106 cm2 V21 s21 have been obtained at carrier densit
of 131010 cm22. The fabrication process has been adap
for the formation of one-dimensional structures, which de
onstrate clean reproducible plateau at 1.5 K. This device
sign offers great potential for the future study of low densi
highly correlated low dimensional systems.
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