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Highly anisotropic electron transport in shallow InGaAs heterostructures
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We observe strikingly different magnetoconductivities in the two orthogdhaD) directions in strain
relaxed Ip ;:Ga, »,sAS/Ing 75Al o ,5AS heterostructures on GaAs with an additional strained InAs channel. Up to
19% higher mobilities are found in tHel10] direction compared with thgl10Q] direction. In addition, the
[110] direction shows a pronounced positive parabolic magnetoresistance, which is not obs¢+t&d|ifThe
degree of this anisotropic transport is found to decrease for an increase in electron density as well as for an
increasing distance between the two-dimensional electron gas and the heterostructure surface. The positive
magnetoresistance [110] can be explained by the semiclassical theory on modulated two-dimensional elec-
tron gases. We tentatively attribute the potential modulation to anisotropic spatial variations in residual strain,
which are correlated with the cross hatch morphology of the sample surface.
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The development of lattice-mismatched epitaxy of 1lI-V uted to anisotropic spatial variations in residual strain. The
semiconductor alloys, such as@g, _,As and IRAIl;_,As, dependence of the anisotropic electron transport on the dis-
on GaAs and InP substrates offers promising aspects for thance between the 2DEG and the heterostructure surface to-
design of electronic devices. However, the lattice mismatclgether with atomic force microscopy studies of the surface
between different layers can only be compensated for byuggest a correlation between the anisotropic transport prop-
elastic strain if the layer thicknesses do not exceed a criticadrties and the asymmetric cross-hatch morphology.
valuel For thicker layers strain relaxation generally takes The samples are grown by molecular-beam epitaxy on a
place via the formation of misfit and associated threading001) GaAs substrate. For strain relaxation a step graded
dislocations: which degrade the electronic properties of thebuffer consisting of six 100-nm-thick layers of /d, ,As
devices? The strain fields associated with the misfit disloca-with increasing indium content is grown. The specific growth
tions lead to the characteristic cross-hatch morphotogy,details are reported in previous publicatiors.The buffer
which occurs in the form of trenches and ridges alignedayer is followed by an Ip;sAlg-5As layer doped within 7
along the two orthogonal in-plangl10) directions at the nm and a subsequent undoped spacer layer of 5-nm thick-
heterostructure surfade. For strain-relaxed SiGe films ness. The channel containing the 2DEG consists of a 16-nm
grown on Si, it has been shown that the cross-hatch morpholng 75Ga »5As quantum well with an asymmetrically inserted
ogy is highly correlated with large lateral variations in the 4-nm InAs layer. The whole structure is capped by an
surface straifi.Studies of the strain relaxation in step-gradeding 7sAl o oAs layer. Using this template we have grown three
In,Ga, _,As/GaAs heterostructures revealed spatial variadifferent samples with cap thicknesses of 6, 16, and 36 nm.
tions of the in-plane straih.Due to the lack of inversion Shubnikov-de HaagSdH) and Hall measurements are car-
symmetry in IlI-V semiconductors, orthogonal directions areried out on photolithographically defined L-shaped Hall bars
not equivalent, which affects the uniformity of the strain re-with a width of 100um and a length to width ratio of 4,
laxation and the epitaxial growfl? Anisotropic transport- aligned along the two orthogonal in-plane directiddg0]
properties of two-dimensional electron gas@DEGS in  and[-110]. The measurements are performed at a tempera-
heterostructures containing strained or strain relaxed layeisire of 4.2 K. The signals are detected using lock-in tech-
have been reported by several authdrs® These anisotro- nique and a current of 0.4A. To assess the mobility as a
pies were associated with asymmetric lattice defects and/dunction of the carrier density we illuminate the samples with
surface morphologies. Anisotropic ordering effects duringa red light-emitting diode resulting in an increase of the elec-
strained-layer epitaxial growth were also reporteddow-  tron density.
ever, complete correlations between asymmetric structural Table | shows the intrinsic, i.e., before illumination of the
and electronic properties are not clear at present. samples, electron mobilitieg and densitiedN, for the three

In this work, we report on highly anisotropic samples. The samples show only slightly different densities
magnetotransport ~ properties  of  modulation-dopedwhich could be due to the different cap thickness influencing
Ing 725G &y 25AS/INg 75Al g o5AS  heterostructures embedding anthe charge distribution in the heterostructures. A much
additional strained InAs channel grown on GaAs. In additionsmaller difference in the density is also found between the
to a mobility anisotropy along the two orthogordl10) di-  orthogonak110 directions, which is comparable to the den-
rections of up to 19%, the low-mobility directiofl10] sity deviations measured between different voltage probes of
shows a pronounced positive parabolic magnetoresistanca,Hall bar oriented along only one crystal direction. Compar-
which is not observed ifi-110]. We show that this positive ing the mobilities in the twq110) directions we observe a
magnetoresistance can be explained by a weak potentiatobility anisotropy, which is as high as 19% for the most
modulation resulting in a spatially varying electron density.shallow sample. For the less shallow structures this anisot-
The origin of the potential modulation is tentatively attrib- ropy decreases gradually. Moreover, we find that the mobil-
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TABLE I. Electron densities and mobilities in the twd10 T T T
directions for the three samples with different distances between the  500| (@) N =42x10"em? 6 nm cap i
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— 500k 1% =98 000 cm’/Vs J
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ity anisotropy decreases for increasing electron density. The  “VFars=e==Z0- 2 NN / \,

low-mobility [110] direction shows an undulation period of 0 L 1 S ~

the cross-hatch morphology which is about four times 250k (c) L . 36 1m cla

shorter than that in thg-110] direction. Figure 1 shows an so0k N;=6.3x10 cm P i

atomic force microscopyAFM) image of the 36-nm cap 2" =159 000 cm/Vs

sample surface visualizing the cross hatch pattern. The 1508 2 =161 000 cm’/Vs 1

height variations are in the 10—20-nm regime. The fast Fou- 100 ]

rier transform of the AFM imag¢Fig. 1(b)] clearly shows 50 .

periodicities of the cross-hatch pattern in th€10] and 0

[110] directions with periods od~5.5 and 1.3 nm, respec- 0 1 2 3 4

tively. B[T]

In addition to the mobility anisotropy, we find strikingly

?.Iﬁeremhmsg.netﬁreSIS.tlvgl.es I(g)thedog{tgf)ggmaﬂ.@ .dlret%_ curves and[110] (solid curve$ directions of the 6-nm cafm) and
1ons, which IS shown In FIgs.(d) an - Lomparng the w0 36.nm capgb) samples. In addition to the mobility anisotropy, a

resistan_ce curves in th_e two di_rections, a p_ronounced p_ositivgtmng positive magnetoresistance is observef i, which dis-
parabolic magnetoresistance is observefilit0], but not in appears for higher electron densities.

[-110]. For magnetic fieldB8>1 T this positive magnetore-

sistance is superimposed by the emerging SdH-oscillationgsgicate that there is no parallel conduction in our samples,

which further are much higher in amplitude[ib10] than in  5nq we can exclude this effect as an explanation for the

[-110]. The differences in the magnetoresistivity curves beygsitive magnetoresistance.

come stronger for decreasing distance between the 2DEG a positive magnetoresistance has been observed in peri-

and the surface, as can be seen directly from Fig®.@hd  qgically modulated 2DEGs at high magnetic fields, where

2(b). As for the mobility anisotropy, these differences de-ine cyclotron radius is much smaller than the pericdof

crease gradually at higher electron densities. For the 36-nipe density modulatio' It has been found that this

cap sample no difference in lthe rp;lgne_tor_eastlwtles is foun@lonoscillatory magnetoresistance arises beyond the low-field

for a density ofNs~6.0x 10 cm™2 This is demonstrated commensurability oscillatiori$6 and follows directly from

in Fig. 2(c) where both traces are nearly identical and almosthe theory by Beenakkéf.Originally, Beenakker derived a

no mobility anisotropy is found. o semiclassical expression for a weak potential modulation ex-
We would like to note that in both directions the SdH p|aining the commensurability oscillations in terms of a reso-

oscillation minima reach zero for magnetic fields above 4 Thance between the periodic cyclotron motion and the oscil-
Furthermore, the carrier densities determined from SdH anfyting ExB drift of the orbit center induced by the

Hall measurements agree within less than 2%. These findinggodulation. For w.r>1 and a modulation strengtl
=eV,/EF<1 the longitudinal magnetoresistivity is given
17

by

FIG. 2. Anisotropic magnetoresistances in fre110] (dashed

Pxx po=1+0.5eq)235(qro[1-J5(ar )17 %, (1)

whereJy(z) is the Bessel function of the first kind of order
zero and real argument w., andr. are the cyclotron fre-
quency and radius, respectively,is the electron scattering
time, Eg is the Fermi energyl| is the mean free pathy
=2sx/a, and the potential modulation is taken &%x)
=2V msSin(2mx/a). Assuming a weak modulation of the
carrier density if110] for our samples, it is likely to have a

FIG. 1. AFM image(a) revealing the cross-hatch morphology of period similar to that of the cross hatches, we determine the
the surface for the 36-nm cap sample. The fast Fourier trangtorm modulation strengtle by fitting our magnetoresistance data
clearly shows different periodicities in the twa10) directions. with Eq. (2).
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FIG. 3. Acomparison between the measured magnetoresistances FIG. 4. Strengthe of the 2DEG modulation in dependence on
in [110] (solid curve$ and the theoretical expressioflashed the carrier density for the three samples with different distances
curves; see Eq1)) in the magnetic field range for which the posi- between the 2DEG and the surface. The modulation strengths
tive magnetoresistance is not concealed by the SdH oscillations. Are determined as is described in the text. The lines are guides
clear dependence of the determined modulation streagth the  to the eye.
carrier density can be seen. The three curves correspond to carrier

densities(from bottom to top: Ng=5.7/4.6/3.8¢ 10 cm 2. the modulation vanishes for the 36-nm cap sample, whereas
it is still present for the more shallow structurempare
Figure 3 shows the magnetoresistancefli0] for three  Fig. 2). Apart from an offset, the density dependencies: of
different carrier densities and the calculated fits using Eqgin the 16-nm and 36-nm cap samples are identical. The rea-
(1). The only adjustable parameter used for the fits is theon for the slightly different behavior of the 6-nm cap sample
modulation strengtlz. The Fermi energyeg and the mean in comparison with the 16-nm and 36-nm cap samples for
free pathl are determined directly from each magnetoresishigher densities is not clear to us at present.
tance curve for each fit. The modulation period is assumed to We tentatively attribute a potential modulation to spatial
be a=1.3 um, which is the undulation period determined variations of the residual in-plane strain. For strained SiGe
for troughs orthogonal t¢110] at the sample surfacésee films on Si the existence of laterally varying strain fields and
Fig. 1. We find a very good agreement between the experiits correlation with the cross-hatch morphology has been
ment and the theoretical expression until the onset of thelemonstratefl.Anisotropic in-plane strain relaxation is also
SdH-oscillations, which are not included in the theory. Slightreported for InGa, _,As/GaAs heterostructures, resulting in
deviations between the fits and experiment, which are hardly.m-scale variations of uniaxial and biaxial straln§.The
visible on the scale of Fig. 3, are not surprising since thehydrostatic strain components directly influence the band
theoretical assumption of a sinusoidal modulation of theineup of the heterostructuféand could thus lead to a po-
electron density will differ from the experimental situation. tential fluctuation interacting with the 2DEG. Nonhydrostatic
The determined modulation strengtihisire of the order of a  strain(shear strainis known to affect the electronic structure
few percent, which agrees with other experiments on weaklypy removing band degeneracy. An additional contribution
modulated 2DEGS!~*® Moreover, we note that the positive may result from piezoelectric effects, which couple to shear
magnetoresistance is not influenced by temperatures of up iresse$:'® The fact that a positive magnetoresistance is only
25 K, which indicates that we are dealing with a classicalobserved in one of the tw¢110 directions as well as the
transport phenomenon. The commensurability oscillation®bserved mobility anisotropy may at least be partly due to an
periodic in 1B are not observed in the experiment, and areanisotropic strain relaxation concomitant with an asymmetric
too small to be resolved in the calculated traces in Fig. 3misfit dislocation density.The systematic dependence of the
They would occur at fields at whichrg>a. At these fields modulation strengtls on the shallowness of the sample, i.e.,
the commensurability oscillations cannot be observed in ouon the distance between the 2DEG and the crystal surface,
relatively low-mobility samples, since the conditiggB>1 indicates that the anisotropic transport properties are closely
does not hold’ related to the asymmetric cross-hatch morphology. Assuming
Figure 4 shows the modulation strengtfdetermined for the potential modulation to arise from residual strain, we
all three samples as a function of the carrier density. Qualiroughly estimate the average residual strain, i.e., the average
tatively the modulation strength behaves as expected from residual lattice mismatch. We use a deformation potential of
the density dependence and the cap layer dependence of th& eV by interpolating between the values given for InAs
anisotropy. For each sample we find a monotonic decrease ahd GaAs® For the 6-nm cap sample with=0.08 this
e with increasing carrier density. If we assume the potentialvould yield a residual lattice mismatch ef0.04%. Taking
modulationeV,,s to be an intrinsic property of the crystal into account the simplicity of this estimate, i.e., especially
structure, i.e., constant, a higher carrier density results in ¢he negligence of the screening of the 2DEG, this value is in
weaker modulatior =eV,s/Er of the 2DEG. Furthermore, good agreement with results from direct measurements of the
the modulation strength decreases for increasing distanceresidual strairf®
between the 2DEG and the crystal surface. At high densities In summary, we report on highly anisotropic magne-
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totransport  properties of shallow modulation-dopedelectron density if110]. The origin of the potential modu-
Ing 7:Gay 25AS/INg 75Al g o5AS  heterostructures containing an lation is tentatively attributed to anisotropic spatial variations
additional strained InAs channel grown on GaAs. We find ain residual strain, which are correlated with the cross-hatch
mobility anisotropy of up to 19% in the two orthogonal morphology of the sample surface.

(110 directions. The low-mobility directiof110] shows a

positive magnetoresistance. Both the mobility anisotropy and i ,

the positive magnetoresistance decrease for increasing elec- We wish to thank T. Maltezopoules for performing the
tron density as well as for an increase of the distance beAFM images, and the Deutsche Forschungsgemeinschaft for
tween the 2DEG and the sample surface. This positive maginancial support via the Sonderforschungsbereich 508
netoresistance can be understood in terms of a modulate@uantenmaterialien”.
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