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ABSTRACT

Electron transport properties in InAs films epitaxially grown on GaAs(001), InAs/GaAs(001) heterostructures, were systematically
investigated through the dependence on crystal direction, thickness, and temperature. As a result, we found a pronounced electron mobility
anisotropy, in which the mobility is highest and lowest along ½1�10� and ½110� crystal directions, respectively. The mobility anisotropy
intensifies as the InAs thickness decreases, while it diminishes in thick regimes, where the InAs films are relatively immune to effects from
the epitaxial heterointerface. We observed the anisotropy in a wide temperature range, 5–395K, with an enhancement at high temperatures.
Our analysis indicates that the electron mobility anisotropy can be attributed to anisotropic electron scatterings by both interface roughness
and random piezoelectric polarization near the interface.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0039748

InAs, a narrow-gap compound semiconductor with attractive
physical properties,1,2 is promising for high-performance applications
such as mid-infrared optical devices,3 ultra-high-speed electron devi-
ces,4–6 and also interband tunnel devices.7,8 Heterogeneous integration
of InAs thin films on host substrates has been reported with excellent
device performances.9–13 However, InAs films directly grown on GaAs
are more accessible and are again drawing research attention,14–16

although the crystal quality of the InAs/GaAs is a concern.17 In the
InAs/GaAs, crystal imperfections near the heterointerface due to the
large lattice mismatch between InAs and GaAs cause electron scatter-
ing dominating electron transport properties. Such interface-related
scattering can be an origin of anisotropic electron mobilities, which
are sometimes observed in (In)GaAs channel heterostructures at low
temperatures18–25 and are attributed to anisotropic interface rough-
ness,18 cross-hatch morphology,21 lattice relaxation,19 dislocation distri-
bution,24,25 composition modulation,22 and random piezoelectricity.23

However, there is no study on the mobility anisotropy in InAs/GaAs
heterostructures as well as its dependences on the InAs thickness and
temperature. In this work, using InAs films epitaxially grown by
molecular beam epitaxy (MBE) on GaAs(001) substrates, we investi-
gated electron transport properties in InAs/GaAs(001) and their
dependences on crystal direction, film thickness, and temperature. As
a result, we found an electron mobility anisotropy, which increases

with decreasing InAs thickness, in the whole measured temperature
range of 5–395K including a temperature-enhanced behavior at high
temperatures. The electron mobility anisotropy was analyzed and
attributed to anisotropic electron scatterings by both interface rough-
ness and random piezoelectric (PE) polarization near the interface.

Undoped InAs film layers were grown by means of solid-source
MBE on semi-insulating GaAs(001) substrates at 480 �C with a growth
rate on the order of 1ML/s in an arsenic-rich atmosphere. After the
growth, InAs surfaces were examined by atomic force microscope
(AFM). We fabricated 6-terminal Hall-bar devices (50 lm width and
200 lm length) with eight current-flowing directions for the InAs/
GaAs(001) having InAs thickness d � 10nm–� lm, where InAs
layer isolation and thinning were carried out by wet etching. Figure
1(a) shows an example of the AFM surface images, which has a rough-
ness root mean square (RMS) of 3.6nm, and cross-hatch morphology
(CHM) is not exhibited.26 The CHM is sometimes associated with
electron mobility anisotropy in InGaAs systems.19,21,22,24,25 However,
such mobility anisotropy is sometimes observed in the systems with-
out CHM.20,23 In addition, some InGaAs systems with clear CHM do
not show a notable mobility anisotropy,27 implying other origin(s) of
the observed mobility anisotropy. The device fabrication process,
including the isolation and thinning, and electrode formation, is
schematically shown in Fig. 1(b). The current-flowing directions
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with angles h from the ½1�10� crystal direction are given in Fig. 1(c).
An optical image of a Hall-bar device is shown in Fig. 1(d). The
electron mobility l and the sheet electron concentration ns in the
InAs/GaAs(001) were obtained by Hall-effect measurements under
a magnetic field of 0.32 T. For temperature dependence of trans-
port properties, a liquid-helium-type cryostat was employed for
the measurements from 5K to 395 K under the same magnetic
field.

Hall-effect measurement results at room temperature are shown
in Fig. 2 as functions of h with some spotted InAs thicknesses. As seen
in the inset, ns exhibits almost constant values for every film thickness,
i.e., isotropic behavior on the order of 1012 cm�2. In spite of the
undoped InAs layers, we do not observe electron depletion even for
very thin InAs films, owing to the Fermi level pinning above the con-
duction band bottom,28,29 where the electrons are distributed through
the film thickness as shown in Ref. 30. On the other hand, we recognize
anisotropic mobilities, h-dependent l, as obviously noticed in Figs. 2(a)
and 2(b) showing the inverse mobility 1=l in full-scale and multi-panel
plots, respectively. The highest electron mobility is along ½1�10� crystal
direction corresponding to h ¼ 0�, and the lowest is along ½110� direc-
tion with h ¼ 90�, while intermediate values are through other direc-
tions, e.g., h ¼ 645�. The total electron mobility l can be expressed by
a Matthiessen form

1
l
¼ 1

l0
þ f ðhÞ

~l
; (1)

where l0 and ~l are mobility components in the h-independent and
h-dependent terms, respectively, and f ðhÞ is an even function of h sat-
isfying f ð0�Þ ¼ 0 and f ð90�Þ ¼ f ð�90�Þ ¼ 1, which will be examined
later. In Fig. 2(b), 1=l0 and 1=~l schematically defined. It should be
noted that l½1�10� ¼ l0 and l½110� ¼ l0~l=ðl0 þ ~lÞ, leading to
l½1�10�=l½110� ¼ 1þ l0=~l.

Despite no clear thickness dependence of ns, l decreases with
decreasing InAs thickness d, owing to high-density crystal defects near
the InAs/GaAs interface.26 The electrons occupy several subbands,
whose mobilities are averaged to give the measured mobility. For sub-
band wave functions extended through the thickness, as in thin layers
�100 nm,30 the electron average position is �d=2 from the interface.
Thus, each subband has several scattering times (corresponding to
mechanisms) as functions of d, accordingly a mobility as a function of
d. For thick layers, interface and surface accumulation subbands exist;
the former with an extremely low mobility gives minute contribution
to the measured high mobility of a thick layer, and the latter has scat-
tering times and a mobility depending on d. Therefore, hereafter, we
discuss the measured mobility as a function of d. In Fig. 3(a), 1=l0
and 1=~l as functions of d are shown, exhibiting monotonic decrease
for both l0 and ~l with decreasing d. In addition, the contribution of ~l
to the total mobility becomes more significant for thinner InAs films,
i.e., the thinner film the stronger anisotropy. The fact that the anisot-
ropy intensifies when the InAs film thickness decreases suggests that
the observed mobility anisotropy is primarily caused by scattering
mechanisms at/near the InAs/GaAs interface. The mobility ratio
l½1�10�=l½110� ¼ 1þ l0=~l at room temperature is shown in Fig. 3(b) as
a function of the InAs film thickness for the InAs/GaAs(001), and also

FIG. 1. (a) An AFM image of InAs surfaces, (b) the schematic of fabrication pro-
cess, (c) an illustration of current flowing direction, and (d) an optical image of Hall-
bar devices.

FIG. 2. The inverse room-temperature electron mobility 1=l as functions of the
crystal direction h for InAs/GaAs(001) in (a) full-scale and (b) multi-panel plots. The
inset: The room-temperature sheet electron concentration ns as functions of the
crystal direction h for InAs/GaAs(001).
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for InAs films bonded on low-k flexible substrate (InAs/FS).13,30–32

The InAs/GaAs(001) shows a clear mobility anisotropy, i.e.,
l½1�10�=l½110� > 1 for the thickness regime �30 nm, but the anisot-
ropy alleviates as the thickness increases, and vanishes for very
thick regimes � 1 lm. On the other hand, the InAs/FS, in which
the InAs films are free from imperfections associated with the epi-
taxial heterointerface, exhibits negligible anisotropy for the whole
measured thickness range. These results confirm that the observed
mobility anisotropy in the InAs/GaAs(001) can be attributed to
anisotropic scattering(s) associated with the InAs/GaAs(001)
heterointerface.

Analyzing the thickness dependence of l0 and ~l at room temper-
ature, we find that the mobility components can be well fitted by
Matthiessen forms

1
l0
¼ 1

lin
þ A0

d5:2
þ B0

d2
þ C0

d
; (2)

and

1
~l
¼

~A
d5:2
þ

~B
d2
þ

~C
d
; (3)

as indicated by the fitting curves in Fig. 3(a), where lin is a thickness-
independent mobility, and the d�5:2-proportional and d�1-proportional

terms, respectively, correspond to interface roughness (thickness fluctua-
tion) scattering and Coulomb scattering by the interface charges,30 while
the d�2-proportional terms will be examined later. The fitting gives a
thickness-independent mobility lin ’ 13 000 cm2=V s, which is owing
to isotropic phonon scattering giving a mobility of �25 000 cm2=V s,33

and additional isotropic scattering independent of the thickness, such as
bulk dislocation scattering. In thick InAs film regimes, this mobility
dominates the total mobility, alleviating the mobility anisotropy. For
d�5:2-proportional and d�2-proportional terms, we find ~A=A0 ’
~B=B0 � 1 from the fitting, suggesting that these terms have a related
mechanism of the anisotropy. On the other hand, C0 � ~C holds for the
d�1-proportional Coulomb scattering, whose coefficient should be given
by ðnCe3m�2Þ=ð4pe2s�h

3k3FÞ using the interface charge density nC, the
electron effective mass m�, the dielectric constant es, and the Fermi
wave vector kF.

13,30,31 From the value of C0 obtained by the fitting, we
find that the interface charges with a density nC � 6� 1013 cm�2

causes nearly isotropic scattering, apart from a weak contribution from
an anisotropic charge distribution giving a small ~C . Therefore, we con-
sider that the essence of the anisotropic mobility is attributed to the
d�5:2-proportional and d�2-proportional terms with a related mecha-
nism of the anisotropy.

Owing to a large lattice mismatch, the InAs/GaAs(001) hetero-
structures possess large heterointerface roughness and random strain
near the interface. In particular, there must be non-vanishing random
shear strain, even though its average is zero. The strain induces PE
polarization P given by

P ¼
Px
Py
Pz

0
B@

1
CA ¼

0 0 0 e14 0 0

0 0 0 0 e14 0

0 0 0 0 0 e14

0
B@

1
CA

exx
eyy
ezz
eyz
ezx
exy

0
BBBBBBBBB@

1
CCCCCCCCCA

; (4)

in the zinc blende InAs, where e14 is the PE constant and ejk is the
strain tensor.34,35 It should be noted that, only the off diagonal com-
ponents of ejk, the shear strain components, contribute to the PE
polarization. Thus, the non-vanishing random shear strain near the
interface causes random PE polarization,36–38 even though its average
is zero. The random PE polarization scatters electrons via a random
dipole potential, which is a square-inverse r�2 potential, whereas a
Coulomb (monopole) potential is r�1. While the Coulomb potential
by the interface charges gives scattering probability / d�1, the dipole
potential by the random PE polarization will give scattering probabil-
ity / d�2. Therefore, we consider that the d�2-proportional terms in
(2) and (3) are attributed to the random PE polarization scattering,
while the d�5:2 and d�1 terms, respectively, to the interface roughness
scattering and the Coulomb scattering. Both the interface roughness
scattering and the random PE polarization scattering are associated
with the heterointerface randomness,36–38 where the randomness can
be anisotropic; for example, can be intensified by misfit dislocations
developing asymmetrically along ½110� and ½1�10�.39–41 Thus, both the
interface roughness scattering and the random PE polarization scat-
tering can be anisotropic, leading to the electron mobility anisotropy.
The mobility limited by the interface roughness scattering is

lIR / ðDKÞ�2 exp ðk2FK
2Þ � ðDKÞ�2,42 and that limited by the

FIG. 3. (a) The inverse mobilities 1=l0; 1=~l for InAs/GaAs(001), and (b) the
mobility ratio l½1�10�=l½110� ¼ 1þ l0=~l at room temperature as functions of the
InAs thickness.
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random PE polarization scattering is lPE / ðe14eDKÞ�2 exp ðk2FK
2Þ

� ðe14eDKÞ�2,36–38 using the interface randomness amplitude D and
correlation length K, and the average normal strain e, where the last
approximation is for small kFK. It should be noted that the correla-
tion length can be anisotropic. Assuming the randomness in the form
of elliptical islands18,43 with the width of 2K0 along the ½1�10� direction
and an eccentricity g, we obtain KðhÞ ¼ K0=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� g2 sin2h

p
, and thus

lIRðhÞ ¼ lIR0ð1� g2 sin2hÞ; (5)

and

lPEðhÞ ¼ lPE0ð1� g2 sin2hÞ; (6)

where lIR0 / ðDK0Þ�2 and lPE0 / ðe14eDK0Þ�2. These indicate that
f ðhÞ in (1) should be given by

f ðhÞ ¼ ð1� g2Þ sin2h
1� g2 sin2h

; (7)

and ~A=A0 and ~B=B0 in (2) and (3) should be given by g2=ð1� g2Þ.
The fitting curve of l using f ðhÞ shown in Fig. 2 gives g ’ 0:7, leading
to ~A=A0 ’ ~B=B0 � 1. The good fitting supports the picture that the
electron mobility anisotropy is attributed to both the anisotropic inter-
face roughness scattering and the random PE polarization scattering.

Furthermore, the electron mobility l as a function of temperature
T is shown in Fig. 4(a) for some spotted InAs thicknesses. The mobil-
ity anisotropy is observed in whole measurement temperature range,
5–395K, with the highest mobility along the ½1�10� direction, the lowest
along the [110] direction, and the intermediate through the [100]
direction. As shown in Fig. 4(b), we obtain 1=l0 and 1=~l as functions
of T, exhibiting stronger temperature dependences for ~l than for l0.
Moreover, by plotting the ratio l½1�10�=l½110� ¼ 1þ l0=~l as functions
of T as shown in Fig. 5, we find a temperature-enhanced anisotropy at
the high-temperature regimes, the higher temperatures the higher
l½1�10�=l½110�, i.e., the more dominant ~l. In the previous reports, mobil-
ity anisotropies were observed only at low temperatures, but not at
high temperatures,18–23 owing to isotropic phonon scattering dominat-
ing high-temperature mobilities. In contrast, we obtain the
temperature-enhanced mobility anisotropy in the InAs/GaAs(001) at
high temperatures. We consider that this behavior is attributed to tem-
perature dependence of the mobility due to the anisotropic random
PE polarization scattering, lPE / ðe14eDKÞ�2. Whereas D and K do
not have temperature dependence as a matter of course, e14 or e does.
The average normal strain e might be enhanced by an increase in tem-
perature. Moreover, the PE constant e14 can strongly depend on tem-
perature, as reported in Refs. 44–46; the higher T the larger e14, i.e., the
lower lPE. Hence, higher temperatures give more dominant aniso-
tropic lPE, leading to the temperature-enhanced electron mobility
anisotropy. A crude estimation gives that ~B almost doubles with tem-
perature increasing from 5 to 395K, whereas ~A and ~C stay nearly con-
stant, supporting the above picture. For the systems in Refs. 18–25, the
lattice mismatch between the channel and the barrier is small, even
though the buffer-substrate lattice mismatch is large in some cases,
and the “metamorphic interface” is micrometers away from the chan-
nel. Accordingly, the random strain in the channel is small, and the
random PE polarization is relatively weak. Therefore, the anisotropic
random PE polarization scattering, if any, is smeared out by the isotro-
pic phonon scattering at high temperatures. Similarly, the mobility

anisotropy is not observed for the InAs/FS, not having such a lattice-
mismatched interface with the anisotropic roughness and random PE
polarization. This indicates that effects of the top etched InAs surface
are not significant.

In summary, for lattice-mismatched InAs/GaAs(001) hetero-
structures with different InAs thicknesses, we investigated the depen-
dence of electron transport properties on crystal directions in a wide
temperature range. As a result, we found a pronounced electron
mobility anisotropy, which is enhanced either in the thin InAs film

FIG. 4. Temperature dependence of (a) the electron mobility l and (b) the inverse
of its components 1=l0 and 1=~l in InAs/GaAs(001).

FIG. 5. Temperature dependence of the mobility ratio l½1�10�=l½110� ¼ 1þ l0=~l for
InAs/GaAs(001).
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regimes or at high temperatures. From our analysis, it is concluded
that the mobility anisotropy can be attributed to anisotropic electron
scatterings by both interface roughness and random piezoelectric
polarization near the interface. The anisotropic scatterings are associ-
ated with an anisotropy of the correlation length of the randomness of
the heterointerface. The temperature-enhanced electron mobility
anisotropy can be attributed to the random piezoelectric polarization.
These insights are informative for physics of the electron transport in
InAs/GaAs systems, and their device applications.
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