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Highly anharmonic potential modulation in lateral superlattices fabricated
using epitaxial InGaAs stressors

R. J. Luyken,® A. Lorke,” A. M. Song, M. Streibl, and J. P. Kotthaus
Sektion Physik, LMU, Geschw.-Scholl PI. 1, D-8053%khen, Germany

C. Kadow, J. H. English, and A. C. Gossard
Materials Department and QUEST, University of California, Santa Barbara, California 93106

(Received 22 May 1998; accepted for publication 23 June 11998

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. 1©98 American Institute of Physics.
[S0003-695(198)03034-4

With advances in miniaturization of semiconductor exhibit oscillations which are periodic in the reciprocal mag-
structures, the interplay between mechanical stress and elesetic field, 1B.%6 This behavior can be described in a qua-
tronic properties becomes more and more important. On thsiclassical model,which was generalized by Gerhartits
one hand, mechanical stress can limit the performance dficlude higher harmonics. Within this framework, the oscil-
small scale electronic devices. On the other hand, a corlating contributionAp,, to the low-field magnetoresistivity
trolled application of stress can be used to tailor the opticabxx is given by
and electronic properties of semiconductor structures beyond

common patterning techniques, such as etching or electr —ﬂ _ i on eVn>2 12 565 cod L_E (1a
static modulation. Several optical investigatibhave shown Pxso | =1 Er | \a? T\ B 4|

that patterned, stressed or strained films, so-called “stres- 2/ |2 - %

sors,” can be used to achieve nanoscale confinement with a = (i) (7) Bres{ > nV2+ > nV2 sin( n 2_:;) }
relatively large band gap modulation. However, detailed in- Er/ \a n=0 n=0 B
formation about the shape of the potential is difficult to ob- (1b)

tain from optical experiments where mainly quantization ef- hereV. is th tributi f thath h ic to th
fects in the potential minima are investigated. We show inVerev, 1S the contribution ot théxth harmonic to the po-
ntial modulationEg the Fermi energyl = v the mean

. . t
the following that magnetotransport experiments can be use res. e .
to probe the detailed shape of the potential. fr?ee path, and"°=a/2R, the rescaled magnetic field given

It is now widely accepted that the dominant higher har-" terms of the superlattice periadand the classical cyclo-

monics of the confining potential which were observed intron radiusR, . From Eq.(1) it can be seen that features at
9p distinct values of B™° are repeated again at 1IR™S

some magnetotransport studies cannot be explained froTlg* B'S etc. An example of such a “subharmonic” replica
electrostatic modulation alone, but arise from stres%an be ’seen in the inset of Fig(dL
effects?=> These higher harmonics can result in hard confin- From Eq.(1b) it can be seen that the modulus of the
ing potentials which for some applications—e.g., quantumyqeficientsv, of the potential can be directly deduced from
devices operating at elevated temperatures—are SUPErior 10 ,,gh a simple Fourier analysis. It is interesting to note
conventional, essentially sinusoidal or parabolic potentials. it the situation is analogous to the evaluation of optical,
Here we report on magnetotransport measurements onyaray or electron diffraction spectra, where the intensity re-
two-dimensional electron ga@DEG) beneath an epitaxial flects the Fourier coefficients of the scattering potential, but
stressor structure and apply a theory that allows us to detefne sign of the coefficients cannot be obtained due to loss of
mine the Fourier coefficients of the electronic potential at thegynase information. Here, however, the tunable quantity is the
location of the electron system. Contrary to conventionagiassicalcyclotron radiusR, rather than a wavelength.
(e.g., evaporated or sputtgb_e_stralned structures, epitaxial The samples are prepared from MBE grown modulation
stressors offer the possibility to accurately control thedoped AlGaAs/GaAs heterostructures which are capped with
amount of stress during fabrication and allow for a precise; thin layer of InGa _,As [see also Fig. B)]. The InGaAs
theoretical analysis, starting from the well-known materiallayer is not lattice matched to the AlGaAs/GaAs heterostruc-
parameters and matching conditions. ~ture and will be coherently strained as long as its thickness is
In the low-field magnetoresistance, lateral superlatticepelow the critical thickness. The amount of strain can be
accurately controlled in the MBE process by choice of the
aElectronic mail: Hannes.Luyken@physik.uni-muenchen.de mole fractionx and th.e thickness of the strained layer. In the
PElectronic mail: Axel.Lorke@physik.uni-muenchen.de structure used for this letter, we chose a thickness of 10 nm
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@ oherenty strained o - T duction band edge, which can be evaluated from the hydro-
R | R . static pressure potential;,,= —8.08 eV top=2/3a’.*
} A 146 L It is important to note that bothk,, ande,, are linearly

dependent on the force per unit len@lexerted by the stres-
sor and therefor&, so the actual value d determines the
amplitudes but not the shape of the conduction band modu-
lation. Using the procedure of Ref. 9 and the geometry of
sample A, the conduction band modulation is determined as
shown in the inset of Fig. 2. The Fourier coefficients of this
potential are then determined and used to calculate the lon-
gitudinal resistivityp,, according to Eq(1).

lconst

sample B

w= 140 nm In Fig. 2 the calculated curve far,, is shown and com-

¢ o1 02 03 oa ((%5 06 07 pared to the experimental data with a smooth background
magnetic tiel . . .
subtracted? Given the simple analytical ansatz to calculate
FIG. 1. (8) Schematic of the heterostructure with the InGaAs surface stresthe strain components, the calculated trace is in good agree-

sor. (b) Hall bar geometry and measuring setup used in the experirt@nt. ment with the experimental data in the relevant regime of

Longitudinal magnetoresistangg, as a function of magnetic fiel& for . - res_ .
sample A with a stressor width @f=430 nm. (d) p,, vs B for sample B magnetic field 0.4 Bres<1.8 (Below B™=0.4, no oscilla-

with a stressor width ofv= 140 nm. tions are observed as the mean free path becomes smaller
than the corresponding cyclotron parameter; ab®@/&
=1.8 there is intermixing between the commensurability os-
and an Indium content of 10%. This is well below the critical jjlations and the Shubnikov de Haas oscillatipn¥he
thickness; we estimate the strain in the layer tosb®.7%  agreement between the experiment and the calculated effect
assuming Vegard's law. The 2DEG is located 50 nm beneatf the deformation potential is an important result, since it is
this strained layer. Hall bars are fabricated by optical lithognown that strong piezoelectric contributions are present in
raphy and wet chemical etching. Source, drain, and potentigrained GaAs structures and can even become dominant
probe contacts are provided by evaporated AuGeNi padgyer contributions of the deformation potenfi@We cannot
alloyed at 420 °C.E-beam lithography and wet chemical completely rule out that in the present structure both contri-
etching are employed to define the stressor grating on top qftions coincidentally have a similar shape and are therefore
one side of the Hall bar. The other part is left unprocessed tg gt distinguishable. Evidence of other experimémntgether
serve as a reference. The periadf our structures is 670 \yith our present findings, however, indicate that the shape of
nm, the widthw of the stressors is 430 nm in sample A andne effective potential follows that of the deformation poten-
140 nm in sample B. After processing, the actual etch deptlig| rather than that of the piezoelectric contribution.
is determined by atomic force microscopy to 13 nm for |t is not possible to apply the same approach to structure
sample A and 10 nm for sample B. The four-terminal mag-g where the prerequisite that the stressors are much wider
netoresistance across to the gratipg,, is measured at 4.2 ihan the spacing in betwe®is not fulfilled. A more appro-
K in a standard Hall bar geometf¥ig. 1(b)] with the ap-  priate way would be a finite element analysis of the strain
plied current parallel to th€l10 direction. The carrier den- components, which is beyond the scope of this letter. In-

sity and mobility are delterrrliped tbls=4.2}10" cm™®  gtead, we reverse the approach and, using Bgdetermine
(sample A, Ns=5.0x10" cm™? (sample B, and u=4.9  the Fourier coefficients of the effective potential from the
X 10° cnPiV s. resistivity p,,. The solid line in Fig. 3 shows,,/B (as

Figures Ic) and 1d) show the magnetoresistanpg,  determined from the experimental data with a smooth back-
across the superlattice verdddield. Although the period of

the lattice is the same for both structures, phetraces look

quite different, which already indicates the strong influence
of the higher harmonics on the effective potential at the lo- N
cation of the 2DEG. For device A, where the stressors are x ﬂ ﬂ ﬂ ﬂ ﬂ !

much wider than the spacing in between, we follow the ap- "/\I l/\j w N H \/\J

AE¢ (a.u.)

proach used by Denet al® to calculate the conduction band

modulation resulting from a one-dimensional stressed super- '
lattice. Starting from standard elasticity theory, the strain
components due to the stressors are determined and from
there the conduction band modulation. This approach ne-
glects the piezoelectric contributions to the potential modu-
lation (see below.

0
X (pm)

pxx (a.ut)

. . . —— experiment |
For the present case, which is homogeneous inythe R gd8iidf ¥ sin'?u|aﬁon
direction, the energy modulation of the conduction band g o L 1'5 '2 o5
edge due to strain can be approximated to first ordé? by ) Bres = a /2.Rc ’
AE:D(GXX+ fzz)r 2) FIG. 2. Solid line: Longitudinal magnetoresistance of device A with a

smooth background subtracted. Dotted line: Magnetoresistance as calculated
) ) ) ) from Eq. (1) with the Fourier components taken from the analytic potential
wherep is the hydrostatic deformation potential of the con- (see insgt derived using the approach by De(Ref. 9.
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n | VoVal background? For comparison, in photoluminescent®L)
5 > 1.44 experiments we observe that the PL line of the patterned area
g 3 1.67 of the sample is red-shifted by 1.8 meV against the unpat-
Lﬁ [ g (1)% terned part. The origin of the discr_epancy between the opti-
R 6 0.23 cal and transport measurements is not fully understood. It

can partly be attributed to the strain-induced valence band
modulation and partly to the fact that illumination strongly
changes the effective potential modulation as a result of the
persistent photoeffect. After illumination at relatively low
intensities we find from magnetotransport measurements that
the contribution of the first harmonic strongly increases
whereas all higher order contributions decrease. After further
illumination, the commensurability oscillations eventually

vanish completely. We attribute this behavior to a conduct-
. . L y ing bypass in the donor layer which effectively screens out
FIG. 3. Solid line: Experimental longitudinal conductivipy, /B plotted . .
against the normalized cyclotron diametéR 2to allow for a direct com- the Stram'mdu_ced pOtentlal'
parison with Eq.(1). Dotted line: Fit to the data using E¢1) and the In conclusion, we have demonstrated that a heterostruc-
Fourier components given in the table. Note that also the higher harmoniture with a coherently strained InGaAs top layer can be used
structure[arrow in Fig. 1d)] is reproduced by the fit. Inset: Potential land- to create lateral potential modulation with strong contribu-
scape at the location of the 2DEG as constructed from the Fourier compQg- . .
nentsV,, . and compared to the etched stressor structure. tions of higher harmonics. Furthermore, we have shown that
through magnetotransport spectroscopy these harmonics can
_ ) be determined and used to reconstruct the strain-induced po-
ground subtractgdplotted against B™ Note the antisym-  tential modulation for conduction band electrons.
metric shape of the experimental data, which already reflects

the properties of the Fourier series in Etjp). The large gap The authors would like to acknowledge valuable techni-
between the main structure RR/a=1) and the first subhar- Cal support b){ A. Krle[e and stimulating dlscussmn.s with J.
monic (2R./a=2) already indicates strong contributions H. Davies. This work is supported by the BMBF via Grant
from higher harmonics. This is confirmed by a Fourier analy-N0- 01BM623, a Max—Planck research award, and by
sis according to Eq1b) (dotted ling. In particular, all com- QUEST, a NSF Science and Technology Center via AFOSR
ponents up tm=5 are stronger than or comparable to theGrant No. F49620-94-1-0158. A.S. acknowledges support
first harmonic(see table in Fig. B through the Alexander von Humboldt foundation.
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] Note, however, that this uncertainty mainly influences the strength of the
data, however, has a large margin of error, due to the uncer-fis; Fourier component, so that the evaluation in Fig. 3 is only little

tainty of the exact shape of the subtracted smooth affected.
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