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Method of determining potential barrier heights at submonolayer AlAsÕGaAs heterointerfaces
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We report low-field magnetoresistance measurements of a two-dimensional electron gas formed in a GaAs
quantum well, in which half a monolayer of AlAs has been inserted into the center of the well. A large

anisotropy is observed in both the mobility and the low field magnetoresistance in the orthogonal@ 1̄10# and
@110# directions. We describe a method of using the anisotropic low field magnetoresistance to calculate the
magnitude of the effective potential of the AlAs submonolayer at the GaAs/AlGaAs heterointerface.
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The ability to control the electronic potential at a sem
conductor heterostructure interface is important for studie
systems such as lateral superlattices, one-dimensional~1D!
quantum wires and single quantum wells. A standard met
of controlling the potential at a heterostructure interface is
use a metallic Schottky gate on the surface of the dev
produced by a technique such as electron beam lithogra
~EBL!. A good example of this is the transport properties
a 1D periodic potential formed by the use of a grating g
fabricated using EBL, which has attracted much interest b
experimentally1–4 and theoretically.5–7 Another potentially
significant route for the fabrication of one-8,9 and zero-
dimensional10,11 nanostructures is by natural formation du
ing the growth procedure. Whilst there are a few studies
the physics of such systems12–16 there is a notable dearth i
the literature of detailed magnetotransport measuremen
naturally formed submonolayer potential heterostructures

In this paper we present detailed magnetotransport stu
of a two-dimensional electron gas~2DEG! in a GaAs quan-
tum well in which half a monolayer of AlAs has been in
serted into the center of the well. Using a full surfa
Schottky gate it is possible to control the carrier density
the 2DEG in the well and observe the effect of the AlA
potential on the magnetoresistance in both the@110# and

@ 1̄10# directions. Previous studies of the magnetoresista
of a 2DEG with a periodic potential, created with a Schott
grating gate, showed that electrons are trapped in pote
energy minima below a critical magnetic field.2–4 By altering
the voltage on the grating gate it was possible to control
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potential energy at the heterointerface and thereby tailor
electrical properties of the 2DEG. In our devices we meas
the magnetoresistance characteristics of a naturally form
1D periodic potential with a fixed effective potential ener
due to the incorporation of a submonolayer of AlAs. T
results demonstrate the anisotropic nature of this fixed
periodic potential associated with the formation of elonga

AlAs islands in the@ 1̄10# direction within the GaAs quan
tum well.

Figure 1~a! shows a schematic cross-sectional illustrati
of our device, an-AlGaAs/GaAs heterojunction grown b
molecular beam epitaxy on an undoped GaAs~001! substrate
deliberately misoriented by 0.09°. The structure consists
0.6 mm thick undoped GaAs buffer layer, followed by
500 Å undoped Al0.33Ga0.67As barrier, a 200 Å undoped
GaAs quantum well, a 400 Å undoped Al0.33Ga0.67As spacer
layer, a 400 Å Si-doped (131018 cm23) Al0.33Ga0.67As
layer, and finally a 170 Å GaAs capping layer. Results
presented from two different samples. In sample A, an Al
layer with a coverage of approximately 0.5 monolayers~ML !
was inserted into the GaAs quantum well using the migrat
enhanced step flow growth mode described in Ref. 8. Sam
B is a reference sample with the same heterostructure de
grown on an identically misoriented~001! GaAs wafer but
without the AlAs submonolayer insertion.

The devices were processed into an orthogonal Hall
geometry in Fig. 1~c!, with the current in either the@110#
and@ 1̄10# direction, with a width of 80mm and a length of
©2001 The American Physical Society13-1
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800 mm. Ohmic contacts were made by thermal evaporat
of AuGeNi alloys. A transparent gate was constructed o
the top of the structure by NiCr/Au to control the carri
density ns in the 2DEG channel. All measurements we
taken after illumination with a red-light-emitting diode at
temperature of 1.5 K and a constant source-drain curren
100 nA at 73 Hz. The magnetoresistance was measured u
standard four-terminal ac phase sensitive techniques.

Using a GaAs substrate with an intentional misorientat
from the~001! plane, it is possible to form a periodic pote
tial of AlAs islands along the@ 1̄10# surface using migration
enhanced epitaxy.17 With transmission electron microscop
images18 on a similar substrate, from the same batch of w
fers, it was possible to determine the angle of misorientat
a from the ~001! plane asa'0.09°.19 Knowing this angle
and the thickness of one monolayer of GaAs, it is possible
calculate the period of the effective corrugated potential fr
d5a cota'180 nm.

Figures 2~a! and 2~b! show the low-field magnetoresis
tance of the 2DEG in device A for the@110# and @ 1̄10#
directions, respectively. The measurements were taken a
K at a carrier density of 2.3431011 cm22 (Vg50) esti-
mated from the slope of the Hall resistance for both dir
tions. The zero-field resistance in the@110# direction is about
one-and-a-half times higher than that in the@ 1̄10# direction
leading to a marked anisotropy in the mobility in the tw

FIG. 1. ~a! Structure of the samples.~b! Schematic of the
conduction-band profile in the growth~z! direction, at the site of
AlAs deposition.~c! Schematic illustration showing the orthogon
Hall bar geometry. Measurements were made by four terminal c
figurations defined magnetoresistancerxx and ryy when the con-

stant current flows in the@110# and @ 1̄10# direction, respectively.
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orthogonal directions ~with a peak mobility of 1.2
3105 cm2/V s). At very low magnetic fields (,0.02 T) a
small peak around zero field is observed in both directio
due to the suppression of the weak localization effect.20 At
higher fields a positive magnetoresistance is observed in
directions but which is much more pronounced in the@110#
direction. The occurrence of a strong magnetoresistanc
the @110# direction is discussed in more detail below. A
even higher fields (B.0.15 T) Shubnikov–de Haas oscilla
tions are observed.

Figure 2~c! shows the low-field magnetoresistance f
both the@110# and@ 1̄10# directions for the reference samp
B. The measurements were taken at a similar carrier den
of 2.5831011 cm22 in both directions and immediately w
can see that the absence of scattering from the inserted A
islands leads to a much higher maximum mobility (1
3105 cm2/V s) for this sample. At this density the ratio o
the anisotropic resistance is 20% in the two orthogonal
rections for the reference sample B in contrast to 63%
sample A. It is well known that for 2DEG’s grown on th
~001! surface of GaAs the mobility in the@ 1̄10# direction
can be higher than that in the@110# direction, under certain
growth conditions, due to the formation of elongated islan
at the GaAs/AlGaAs interface.21 However, any potential bar
rier due to the island formation at this heterointerface is s
ficiently small that it does not manifest itself as a differen
in the low field magnetoresistance in the two orthogonal
rections. We note that no positive magnetoresistance is
served for either direction in the reference sample B.

The main result of this paper concerns the difference
the low field magnetoresistance in the two orthogonal dir
tions due to the formation of elongated AlAs islands in t
GaAs quantum well. The absence of a positive magneto
sistance in the reference sample B clearly demonstrates

n-

FIG. 2. Low-field magnetoresistivity traces for sample A at

carrier density of 2.331011 cm22 in the ~a! @110# and ~b! @ 1̄10#
directions and~c! low field magnetoresistivity traces for sample
at a carrier density of 2.631011 cm22 in both orthogonal direc-
tions. All traces are at 1.5 K.
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the observed anisotropic positive magnetoresistance in
AlAs inserted sample A is due to the formation of an induc
quasi-1D lateral superlattice.

Figure 3~a! shows the mobilitym versus the carrier den
sity ns at 1.5 K in the@110# and@ 1̄10# directions for sample
A. At low densities (0.731011 cm22) the mobility is inde-
pendent of direction as the electrons are mainly scattere
isotropic impurity scattering. At higher densities anisotrop
interface scattering due to the quasiperiodic 1D poten
dominates and the mobility becomes anisotropic. In orde
provide further insight as to what is happening at the diff
ent carrier densities~marked I–V! we present the corre
sponding magnetoresistance traces along the@110# direction
in Fig. 3~b!.

At low carrier densities (,0.6831011 cm22) where the
mobility is isotropic, a large negative magnetoresistance
observed@see Fig. 3~b! at Vg520.20 V#. Similar results

FIG. 3. ~a! The mobility along the@110# and @ 1̄10# directions
for sample A as a function of carrier densityns at T51.5 K. Ar-
rows with Roman numerals indicate the points at which the m
netoresistance data in Fig. 3~b! were taken.~b! Magnetoresistance
in the @110# direction are measured at gate voltages20.20 ~top!,
20.15, 20.05, 0.10, and 0.25 V~bottom!, respectively.
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have been obtained in heterostructures where a monolay
self-assembled InAs quantum dots has been inserted
2DEG of similar mobility.22

As the carrier density is increased interface roughn
scattering starts to dominate and a large positive magnet
sistance develops, with a maxima atB5Bc ~see III!. In order
to understand the occurrence of a large positive magnet
sistance observed in the@110# direction for the intermediate
field range~0.02 to 0.2 T! we turn to an earlier study of 1D
surface superlattices by Betonet al.2,3 They observed a posi
tive magnetoresistance in a periodically modulated 2D
when the direction of the current flow is orthogonal to t
superlattice axis. The magnetoresistance shows a maxim
a critical fieldBc , whereBc is given by

Bc52pVeff /dvF , ~1!

whereVeff is the amplitude of the effective potential,d is the
period, andvF is the Fermi velocity. The positive magnetor
sistance arises from electron orbits ‘‘streaming’’ along the
superlattice potential. When the force due to the magn
field is greater than that due to the electric field (B.Bc) a
form of magnetic breakdown occurs and the streaming or
are suppressed. This is a purely classical effect which igno
the effect of tunneling through the AlAs potential barriers.
our case the periodic potential arises from the AlAs super
tice, and from Fig. 2~a! we can see thatBc'0.086 T. Using
Eq. ~1! we can estimate the effective periodic potential of t
AlAs, which is Veff'0.516 meV. Increasing the carrier de
sity even further~traces IV and V! causes the magnitude o
the positive magnetoresistance to decrease. This is bec
the Fermi energy increases with increasing carrier density
the relative height of the fixed potential due to the perio
1D AlAs superlattice decreases.

Figure 4 shows in more detail the gradual decrease in
magnitude of the positive magnetoresistance along the@110#
direction from a gate voltage of20.04 to 0.20 V~over which

-

FIG. 4. The magnetoresistivityrxx in the @110# direction for
sample A for a set of gate voltages from20.04 to 0.20 V~stepped
in units of 0.01 V! for T51.5 K. The triangles indicateBc of
magnetic breakdown.
3-3
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the carrier density is varied from 2.0231011 to 3.84
31011 cm22 at T51.5 K). It is possible to derive the
change in the magnitude of the positive magnetoresista
semiclassically as follows. Taking into account the anis
ropy in the mobilities in the two orthogonal directions, th
unperturbed diffusion tensor for 2D electron systems in
magnetic field is easily obtained asDxx

0 5txg, Dyy
0 5tyg,

andDyx
0 5Dxy

0 5vctxtyg, wheretx andty are the scattering

times in @110# and @ 1̄10# directions, respectively, andg
5 1

2 vF
2/(11vc

2txty). In a magnetic field, the effective corru
gated potentialVeff induces electrons to stream along t

@ 1̄10# direction,2 however, the quasiperiodic potentialVeff
means that the electrons also drift in the@110# direction. The
observation of a positive magnetoresistance with a co
sponding magnetic breakdown inryy , shown in Fig. 2~b!,
support this assumption. The electron drift in each of the t
directions results in an additional electron diffusion given
dDxx5tx^vd,x

2 & anddDyy5ty^vd,y
2 &, respectively, wherevd

is a drift velocity.5

From the Einstein relation between the resistivity ten
and the diffusion tensor, the longitudinal resistivityrxx sat-
isfies rxx5(h2/4pme2)Dyy /(DxxDyy2Dxy

0 Dyx
0 ), where

Dxx5Dxx
0 1dDxx andDyy5Dyy

0 1dDyy . SinceVeff does not
provide an ideal potential we assume^vd,x

2 &,^vd,y
2 &!vF

2 .
Note thatvcty is of the order of 1 atBc , hence the assump
tion vct@1 in Ref. 2 is not strictly applicable atB.Bc in
our work. To leading order in̂vd,x

2 &/vF
2 and ^vd,y

2 &/vF
2 , we

obtain

Drxx5rxx2rxx
(0) ~2!

52rxx
(0)S vc

2txty

^vd,y
2 &

vF
2

2
^vd,x

2 &

vF
2 D . ~3!

Here,rxx
(0) @5h2/(2pme* e2txvF

2)# is the unperturbed longi
tudinal resistivity. The first term in Eq.~3! is attributed to the
streaming orbits and̂vd,y

2 & depends on the ratio of the num

ber of streaming electron orbits in the@ 1̄10# direction di-
vided by the total number of orbits. The electron drift in t
@110# direction gives rise to the second term in Eq.~3! which
reduces the resistivity in the@110# direction. The depen-
dence of^vd,x

2 & on the magnetic field is similar to that o
^vd,y

2 &; ^vd,x
2 & decreases as the magnetic field increas2

Since the effective potential of the AlAs submonolayer
more periodic in the@110# direction than in the@ 1̄10# direc-
tion, ^vd,y

2 &.^vd,x
2 &. Thus, for samples of higher mobility

the first term in Eq.~3! is more important than the secon
giving rise to the positive magnetoresistance at low magn
fields and magnetic breakdown at a critical field, as show
Fig. 4.

As seen from Eq.~1!, knowing Bc and ns we can deter-
mine the effective 1D periodic potential energy of the AlA
submonolayer~shown in Table I! at each different carrie
density. It can be seen that the effective potentialVeff of AlAs
is almost constant over all this range of densities. This da
also plotted in Fig. 5, where the critical fieldBc taken from
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experimental points in Fig. 4, is plotted as a function of t
inverse period 1/(dvF). From the linear fit we can again se
that the effective potential of the AlAs submonolayer
'0.512 meV. At low electron densities,Veff is observed to
increase and deviate from 0.512 meV. This increase inVeff at
low densities can be understood since the electron drift in
@100# direction, i.e., the second term in Eq.~3!, becomes
more important in lower-mobility samples, as compared w
higher-mobility samples. If this second term is not neglect
as might be the case for lower-mobility samples, the criti
fields may be shifted to higher values since^vd,x

2 & is a de-
creasing function ofB nearBc . Therefore, the estimated va
ues of Veff obtained by fitting the slope should always b
interpreted as a lower limit.

In summary, we have incorporated half a monolayer
AlAs into a GaAs quantum well to induce an imperfect
periodic 1D potential in a 2DEG. The 2DEG mobility i
observed to be anisotropic and carrier density dependen
densities above 0.6831011 cm22 the mobility in the@ 1̄10#
direction is observed to be higher than in the@110# direction.
A strong low-field positive magnetoresistance is observed
the @110# direction, with a corresponding critical magnet
breakdown field. From the theory of magnetic breakdown
can calculate the effective potential of the AlAs submon
layer as a function of carrier density and found that the
tential is fixed at 0.512 meV. The results demonstrate
method of inducing a fixed periodic potential at a hete
structure interface and using electrical transport meas
ments to determine the effective height of potential.

TABLE I. Gate voltages (Vg) and critical magnetic-field (Bc)
values for the peak in the magnetoresistance for sample A.
Fermi energyEF is derived from the carrier densityns , while Veff is
calculated fromBc andns , using Eq.~1!.

Vg ~V! ns(31011 cm22) EF ~meV! Bc ~T! Veff ~meV!

20.04 2.02 7.2 0.092 0.513
0 2.34 8.3 0.086 0.516
0.04 2.66 9.5 0.080 0.512
0.12 3.28 11.7 0.072 0.512
0.20 3.84 13.7 0.067 0.515
0.28 4.28 15.3 0.065 0.528

FIG. 5. Bc as a function of 1/dvF .
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