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Highly anharmonic potential modulation in lateral superlattices fabricated
using epitaxial InGaAs stressors
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A coherently strained stressor structure is used to create a one-dimensional periodic potential in the
two-dimensional electron gas at a AlGaAs/GaAs heterointerface. We demonstrate that from
magnetotransport the Fourier coefficients of the conduction band modulation can be determined. In
contrast to conventional electrostatic patterning, ‘‘hard’’ potential modulation with dominant
contributions of higher harmonics is achieved. In the regime of narrow stressor-stressor distance, the
strain-induced potential modulation can be calculated analytically from elasticity theory. The
calculated magnetoresistance which can be derived from the stressor-induced potential is in good
agreement with the experimental data. ©1998 American Institute of Physics.
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With advances in miniaturization of semiconduct
structures, the interplay between mechanical stress and
tronic properties becomes more and more important. On
one hand, mechanical stress can limit the performance
small scale electronic devices. On the other hand, a c
trolled application of stress can be used to tailor the opt
and electronic properties of semiconductor structures bey
common patterning techniques, such as etching or elec
static modulation. Several optical investigations1 have shown
that patterned, stressed or strained films, so-called ‘‘st
sors,’’ can be used to achieve nanoscale confinement w
relatively large band gap modulation. However, detailed
formation about the shape of the potential is difficult to o
tain from optical experiments where mainly quantization
fects in the potential minima are investigated. We show
the following that magnetotransport experiments can be u
to probe the detailed shape of the potential.

It is now widely accepted that the dominant higher h
monics of the confining potential which were observed
some magnetotransport studies cannot be explained
electrostatic modulation alone, but arise from stre
effects.2–5 These higher harmonics can result in hard con
ing potentials which for some applications—e.g., quant
devices operating at elevated temperatures—are superi
conventional, essentially sinusoidal or parabolic potentia

Here we report on magnetotransport measurements
two-dimensional electron gas~2DEG! beneath an epitaxia
stressor structure and apply a theory that allows us to de
mine the Fourier coefficients of the electronic potential at
location of the electron system. Contrary to conventio
~e.g., evaporated or sputtered! strained structures, epitaxia
stressors offer the possibility to accurately control t
amount of stress during fabrication and allow for a prec
theoretical analysis, starting from the well-known mater
parameters and matching conditions.

In the low-field magnetoresistance, lateral superlatti
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exhibit oscillations which are periodic in the reciprocal ma
netic field, 1/B.5,6 This behavior can be described in a qu
siclassical model,7 which was generalized by Gerhardts8 to
include higher harmonics. Within this framework, the osc
lating contributionDrxx to the low-field magnetoresistivity
rxx is given by
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whereVn is the contribution of thenth harmonic to the po-
tential modulation,EF the Fermi energy,l 5tvF the mean
free path, andBres5a/2Rc the rescaled magnetic field give
in terms of the superlattice perioda and the classical cyclo
tron radiusRc . From Eq.~1! it can be seen that features
distinct values of Bres are repeated again at 1/2* Bres,
1/3* Bres, etc. An example of such a ‘‘subharmonic’’ replic
can be seen in the inset of Fig. 1~d!.

From Eq. ~1b! it can be seen that the modulus of th
coefficientsVn of the potential can be directly deduced fro
rxx through a simple Fourier analysis. It is interesting to no
that the situation is analogous to the evaluation of optic
x-ray or electron diffraction spectra, where the intensity
flects the Fourier coefficients of the scattering potential,
the sign of the coefficients cannot be obtained due to los
phase information. Here, however, the tunable quantity is
classicalcyclotron radiusRc rather than a wavelength.

The samples are prepared from MBE grown modulat
doped AlGaAs/GaAs heterostructures which are capped w
a thin layer of InxGa12xAs @see also Fig. 1~a!#. The InGaAs
layer is not lattice matched to the AlGaAs/GaAs heterostr
ture and will be coherently strained as long as its thicknes
below the critical thickness. The amount of strain can
accurately controlled in the MBE process by choice of t
mole fractionx and the thickness of the strained layer. In t
structure used for this letter, we chose a thickness of 10
0 © 1998 American Institute of Physics
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and an Indium content of 10%. This is well below the critic
thickness; we estimate the strain in the layer to be«50.7%
assuming Vegard’s law. The 2DEG is located 50 nm bene
this strained layer. Hall bars are fabricated by optical litho
raphy and wet chemical etching. Source, drain, and poten
probe contacts are provided by evaporated AuGeNi pa
alloyed at 420 °C.E-beam lithography and wet chemic
etching are employed to define the stressor grating on to
one side of the Hall bar. The other part is left unprocesse
serve as a reference. The perioda of our structures is 670
nm, the widthw of the stressors is 430 nm in sample A a
140 nm in sample B. After processing, the actual etch de
is determined by atomic force microscopy to 13 nm
sample A and 10 nm for sample B. The four-terminal ma
netoresistance across to the grating,rxx , is measured at 4.2
K in a standard Hall bar geometry@Fig. 1~b!# with the ap-
plied current parallel to thê110& direction. The carrier den
sity and mobility are determined toNS54.231011 cm22

~sample A!, NS55.031011 cm22 ~sample B!, and m54.9
3105 cm2/V s.

Figures 1~c! and 1~d! show the magnetoresistancerxx

across the superlattice versusB field. Although the period of
the lattice is the same for both structures, therxx traces look
quite different, which already indicates the strong influen
of the higher harmonics on the effective potential at the
cation of the 2DEG. For device A, where the stressors
much wider than the spacing in between, we follow the
proach used by Denget al.9 to calculate the conduction ban
modulation resulting from a one-dimensional stressed su
lattice. Starting from standard elasticity theory, the str
components due to the stressors are determined and
there the conduction band modulation. This approach
glects the piezoelectric contributions to the potential mo
lation ~see below!.

For the present case, which is homogeneous in thy
direction, the energy modulation of the conduction ba
edge due to strain can be approximated to first order by10

DE5p~exx1ezz!, ~2!

wherep is the hydrostatic deformation potential of the co

FIG. 1. ~a! Schematic of the heterostructure with the InGaAs surface st
sor. ~b! Hall bar geometry and measuring setup used in the experiment~c!
Longitudinal magnetoresistancerxx as a function of magnetic fieldB for
sample A with a stressor width ofw5430 nm. ~d! rxx vs B for sample B
with a stressor width ofw5140 nm.
l

th
-
ial
s,

of
to

th
r
-

e
-
re
-

r-
n
m

e-
-

d

duction band edge, which can be evaluated from the hyd
static pressure potentialaGaAs8 528.08 eV top52/3a8.11

It is important to note that bothexx andezz are linearly
dependent on the force per unit lengthSexerted by the stres
sor and thereforeE, so the actual value ofS determines the
amplitudes but not the shape of the conduction band mo
lation. Using the procedure of Ref. 9 and the geometry
sample A, the conduction band modulation is determined
shown in the inset of Fig. 2. The Fourier coefficients of th
potential are then determined and used to calculate the
gitudinal resistivityrxx according to Eq.~1!.

In Fig. 2 the calculated curve forrxx is shown and com-
pared to the experimental data with a smooth backgro
subtracted.12 Given the simple analytical ansatz to calcula
the strain components, the calculated trace is in good ag
ment with the experimental data in the relevant regime
magnetic field 0.4<Bres<1.8 ~Below Bres50.4, no oscilla-
tions are observed as the mean free path becomes sm
than the corresponding cyclotron parameter; aboveBres

51.8 there is intermixing between the commensurability
cillations and the Shubnikov de Haas oscillations!. The
agreement between the experiment and the calculated e
of the deformation potential is an important result, since i
known that strong piezoelectric contributions are presen
strained GaAs structures and can even become domi
over contributions of the deformation potential.13 We cannot
completely rule out that in the present structure both con
butions coincidentally have a similar shape and are there
not distinguishable. Evidence of other experiments3 together
with our present findings, however, indicate that the shap
the effective potential follows that of the deformation pote
tial rather than that of the piezoelectric contribution.

It is not possible to apply the same approach to struct
B, where the prerequisite that the stressors are much w
than the spacing in between9 is not fulfilled. A more appro-
priate way would be a finite element analysis of the str
components, which is beyond the scope of this letter.
stead, we reverse the approach and, using Eq.~1!, determine
the Fourier coefficients of the effective potential from t
resistivity rxx . The solid line in Fig. 3 showsrxx /B ~as
determined from the experimental data with a smooth ba

s-

FIG. 2. Solid line: Longitudinal magnetoresistance of device A with
smooth background subtracted. Dotted line: Magnetoresistance as calcu
from Eq. ~1! with the Fourier components taken from the analytic poten
~see inset!, derived using the approach by Deng~Ref. 9!.
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ground subtracted!, plotted against 1/Bres. Note the antisym-
metric shape of the experimental data, which already refl
the properties of the Fourier series in Eq.~1b!. The large gap
between the main structure (2Rc /a51) and the first subhar
monic (2Rc /a52) already indicates strong contribution
from higher harmonics. This is confirmed by a Fourier ana
sis according to Eq.~1b! ~dotted line!. In particular, all com-
ponents up ton55 are stronger than or comparable to t
first harmonic~see table in Fig. 3!.

In general, the loss of phase information makes it imp
sible to construct the shape of the lateral potential from s
a Fourier analysis. In the present case, where only the
six harmonics give significant contributions, it turns out th
only two combinations of signs give potential shapes wh
are physically meaningful. One of these~with all negative
Vn) is shown in the inset in Fig. 3. It is worth noting that th
shape reproduces the surface stressor geometry with rem
able accuracy: The distance between the potential maxim
deduced from the transport spectroscopy is 170 nm, in g
agreement with the stressor width of 140 nm, as determi
from atomic force microscopy~AFM! measurements. Th
other possible potential modulation (V1 positive,V2 through
V6 negative! does not drastically differ from that shown i
Fig. 3. The main difference is a well-developed poten
minimum between the stressors. The finer features below
stressor, however, are only dependent on the higher harm
ics and are therefore indistinguishable from the ones sh
in Fig. 3. Our procedure thus allows us to determine in de
the effective potential at the location of the 2DEG, induc
by the surface stressor. In principle it is also possible
determine the absolute magnitude of the Fourier coefficie
from Eq.~1!. From this calculation we obtain a total condu
tion band modulation of 0.3 meV, which, for the prese
data, however, has a large margin of error, due to the un
tainty of the exact shape of the subtracted smo

FIG. 3. Solid line: Experimental longitudinal conductivityrxx /B plotted
against the normalized cyclotron diameter 2Rc to allow for a direct com-
parison with Eq.~1!. Dotted line: Fit to the data using Eq.~1! and the
Fourier components given in the table. Note that also the higher harm
structure@arrow in Fig. 1~d!# is reproduced by the fit. Inset: Potential lan
scape at the location of the 2DEG as constructed from the Fourier com
nentsVn , and compared to the etched stressor structure.
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background.14 For comparison, in photoluminescence~PL!
experiments we observe that the PL line of the patterned
of the sample is red-shifted by 1.8 meV against the unp
terned part. The origin of the discrepancy between the o
cal and transport measurements is not fully understood
can partly be attributed to the strain-induced valence b
modulation and partly to the fact that illumination strong
changes the effective potential modulation as a result of
persistent photoeffect. After illumination at relatively lo
intensities we find from magnetotransport measurements
the contribution of the first harmonic strongly increas
whereas all higher order contributions decrease. After furt
illumination, the commensurability oscillations eventua
vanish completely. We attribute this behavior to a condu
ing bypass in the donor layer which effectively screens
the strain-induced potential.

In conclusion, we have demonstrated that a heterost
ture with a coherently strained InGaAs top layer can be u
to create lateral potential modulation with strong contrib
tions of higher harmonics. Furthermore, we have shown
through magnetotransport spectroscopy these harmonics
be determined and used to reconstruct the strain-induced
tential modulation for conduction band electrons.
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