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Correlation between atomic-scale structure and mobility anisotropy
in InAs/Ga12xIn xSb superlattices
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~Received 28 July 1997!

We have performed detailed characterization of atomic-scale interface structure in InAs/Ga12xInxSb super-
lattices using cross-sectional scanning tunneling microscopy~STM! and established a semiquantitative corre-
lation between interface structure and transport properties in these structures. Quantitative analysis of STM
images of both~110! and (11̄0) cross-sectional planes of the superlattice indicates that interfaces in the (110̄)
plane exhibit a higher degree of interface roughness than those in the~110! plane and that the
Ga12xInxSb-on-InAs interfaces are rougher than the InAs-on-Ga12xInxSb interfaces. The roughness data are
consistent with anisotropy in interface structure arising from anisotropic island formation during growth and,
in addition, a growth-sequence-dependent interface structure arising from differences in interfacial bond struc-
ture between the two interfaces. Low-temperature Hall measurements performed on these samples demonstrate
the existence of a substantial lateral anisotropy in mobility that is in semiquantitative agreement with modeling
of interface roughness scattering that incorporates our quantitative measurements of interface roughness using
STM. @S0163-1829~98!03911-3#
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I. INTRODUCTION

InAs/Ga12xInxSb strained-layer superlattices have sho
great promise for application in mid- to long-wavelength
frared imaging applications,1,2 and have been used succes
fully as the active layers in both photodiodes3 and diode
lasers.4 However, the atomic-scale interfacial properties
these superlattice structures have been found to be of cr
importance in determining material and device propert
Because both group-III and group-V constituents cha
from one superlattice layer to the next, two distinct bo
configurations—InSb-like and Ga12xInxAs-like—can be
present at each interface.5 Ga12xInxSb/InAs superlattices
grown with InSb-like interfacial bonds are expected to p
sess superior device characteristics compared to those g
with Ga12xInxAs-like bonds,6,7 and studies of transport in
InAs/AlSb quantum wells have shown that higher mobiliti
can be achieved when the structures are grown with In
like interfaces than with AlAs-like interfaces.8 A detailed
understanding of the atomic-scale structural and comp
tional properties of these interfaces, and the relationship
tween these material properties and various aspects of de
performance, is therefore essential to the optimization
electrical and optical properties of device structures base
the InAs/Ga12xInxSb and related material systems.

In this paper we describe a detailed, quantitative anal
of interface structure in InAs/Ga12xInxSb superlattices using
cross-sectional scanning tunneling microscopy~STM! and
semiquantitative correlation of these STM results with m
surements of low-temperature Hall mobilities. Hig
resolution cross-sectional STM imaging of th
InAs/Ga12xInxSb superlattices allows atomic-scale interfa
roughness and asymmetry to be profiled directly, and is u
570163-1829/98/57~11!/6534~6!/$15.00
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to investigate directly and quantitatively the nature and
gree of lateral anisotropy and growth-sequence depend
in interface structure. Features in interface structure reve
by our analysis are interpreted as consequences of aniso
in island formation during sample growth and of differenc
in growth-sequence-dependent bond configuration at the
terfaces. We also present the results of low-temperature
mobility studies performed on the superlattice samples. T
Hall mobilities are found to be highly anisotropic, and mo
eling of interface roughness scattering using the interf
roughness data derived from high-resolution STM imag
demonstrates a semiquantitative correlation between
measured Hall mobility anisotropy and quantitative measu
ments of interface roughness obtained by STM.

II. EXPERIMENT

The InAs/Ga12xInxSb superlattice sample used in th
study was grown by solid-source molecular-beam epita
~MBE! in a VG V80 MKII MBE system on ann-type GaSb
~001! substrate. The growth system and substrate prepara
techniques have been described in detail elsewhere.9 The su-
perlattice consisted of 50 Å Ga0.75In0.25Sb alternating with 17
Å InAs for 150 periods, capped with 500 Å GaSb. The e
taxial layers were grown at 380 °C on a 1000-Å GaSb buf
layer. At each interface in the superlattice layers, a 5-sec
soak was used to induce the formation of InSb-like bon
The average composition and overall structural quality of
superlattice were confirmed by high-resolution x-ray diffra
tion.

STM experiments were conducted in an ultrahigh-vacu
system at a base pressure of approximately 1
310210 Torr. Superlattice samples were cleavedin situ to
expose either a~110! or a (11̄0) cross-sectional face o
6534 © 1998 The American Physical Society
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57 6535CORRELATION BETWEEN ATOMIC-SCALE STRUCTURE . . .
which STM imaging was performed. While atomically fl
cross-sectional surfaces were obtained for both the~110! and
(11̄0) planes, we found that cleaving to expose the~110!
surface was generally more successful. Both Pt-Ir and W
cleanedin situ by electron bombardment were used for the
studies. Because the cleaved surfaces are atomically flat
contrast seen in constant-current STM images correspo
primarily to features in the electronic structure of the samp
rather than to the actual physical topography of the surfa
For the mobility studies, Hall bars were fabricated usi
standard photolithography and wet-etching techniques.
bars were oriented such that the Hall voltages were meas
along both the@11̄0# and @110# directions. Measurement
were obtained in a variable-temperature Hall measurem
apparatus over a wide range of applied currents and mag
fields.

III. INTERFACE ROUGHNESS STUDIES

Previous cross-sectional STM studies of InAs/Ga
~Refs. 10–12! and InAs/Ga0.75In0.25Sb ~Refs. 13 and 14! su-
perlattices have provided considerable evidence of inter
roughness and growth-sequence-dependent interface a
metry. For InAs/Ga0.75In0.25Sb structures, interfaces in whic
Ga0.75In0.25Sb was grown on InAs typically appear mo
abrupt electronically in cross-sectional STM images than
terfaces in which InAs was grown on Ga0.75In0.25Sb,13 and
measurements of orbital spacings obtained from STM
ages suggested a greater degree of InSb-like character a
InAs-on-Ga0.75In0.25Sb interfaces.14 Furthermore, x-ray-
diffraction and simulation studies by Mileset al. have sug-
gested an asymmetry in interface structure
InAs/Ga12xInxSb superlattices, even under growth con
tions intended to produce entirely InSb-like interface9

These studies suggested that the Ga12xInxSb layers are ter-
minated with InSb-like bonds, while the InAs layers are t
minated by roughly equal numbers of InSb-like a
Ga12xInxAs-like bonds. In this work, a more detailed, qua
titative analysis of interface roughness and growth-seque
dependence of interface asymmetry has been performed
ing cross-sectional STM, and the resulting quantification
atomic-scale interface structure has been correlated
low-temperature measurements of Hall carrier mobility.

Figure 1 shows a high-resolution constant-current cro
sectional image of the InAs/Ga0.75In0.25Sb superlattice struc
ture, obtained at a sample bias voltage of21.5 V and a
tunneling current of 0.1 nA. The contrast between the dar
InAs layers and the brighter Ga0.75In0.25Sb layers is clearly
visible. This contrast is electronically induced, rather th
arising from features in the actual physical topography of
cleaved surface. For negative sample bias voltage and
given tip-sample separation, both the band offsets and
expected distribution of carriers in the InAs/Ga0.75In0.25Sb
superlattice would lead to increased tunneling current in
Ga0.75In0.25Sb layers as compared to the InAs layers, givi
rise to apparent topographic features in a constant-cur
image. Also evident in the image is monolayer-level roug
ness between the InAs and Ga0.75In0.25Sb layers. A large
number of images of similar quality were obtained over
gions up to 1000 Å31000 Å in size from both~110! and
(11̄0) cross sections of the sample. All images showe
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clear contrast between the InAs layers and the Ga0.75In0.25Sb
layers, as well as evidence of monolayer-level interfa
roughness.

Individual interface profiles were extracted from the im
ages by enhancing the contrast between the InAs
Ga0.75In0.25Sb layers and then using an edge-detection al
rithm to delineate the interfaces. Profiles were compared
the original images to ensure that accurate representation
the interfaces were obtained. Quantitative interface profi
a(x) were obtained by measuring the distance between
interfaces and a baseline corresponding to the profile of
atomic bilayers in the image from which the interfaces ha
been extracted. Figure 2 shows representative interface

FIG. 1. High-resolution constant-current STM image of a 50
Ga0.75In0.25Sb/17-Å InAs superlattice, obtained at a sample bias
21.5 V and a tunneling current of 0.1 nA. The gray-scale range
the image is 2.5 Å. Monolayer roughness is visible at the interfa
between the InAs layers and Ga0.75In0.25Sb layers.

FIG. 2. Representative interface profiles obtained from~a! ~110!
and ~b! (11̄0) cross-sectional STM images of the 50-
Ga0.75In0.25Sb/17-Å InAs superlattice sample. The@001# growth di-
rection is indicated.
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files extracted from high-resolution constant-current ST
images similar in quality to that of Fig. 1. In total, severa
dozen interface profiles, each 500 Å in length, were extrac
from multiple STM images of both~110! and (11̄0) cross-
sectional surfaces.

The roughness spectra of the interfaces were calculated
taking discrete Fourier transforms of the extracted profile
The roughness frequency componentsAq are given by

Aq5
2

N (
n50

N21

a~nd!e2 iqd, ~1!

whereq52pn/L, L is the length of the interface, andd is
the spacing between data points along the interface~typically
0.5 Å!. The roughness power spectrum of each interfac
uAqu2, is fitted to a Lorentzian function

uAqu25
1

L

2D2~L/2p!

11~qL/2p!2 , ~2!

FIG. 3. Interface roughness power spectra~symbols! and
Lorentzian fits to the spectra~lines! for Ga0.75In0.25Sb-on-InAs and
InAs-on-Ga0.75In0.25Sb interfaces from~a! ~110! and ~b! (11̄0)
cross sections of the superlattice. Roughness amplitudes and co
lation lengths for each interface type are listed in Table I.
l
d

by
s.

e,

where D is the roughness amplitude andL the roughness
correlation length. We find the Lorentzian to be a better fit
our data than a Gaussian or other functional forms. T
Lorentzian spectral distribution corresponds to an expon
tial correlation in real space and is the spectral distribut
expected for a random spatial distribution of steps at
interface.15 The analysis described here is similar to that us
by other workers to quantify interface roughness measu
by cross-sectional STM.10,11,16,17Figure 3 shows a plot of the
power spectra and also of Lorentzian fits to the power spe
for the Ga12xInxSb-on-InAs and InAs-on-Ga12xInxSb inter-
faces from both~110! and (11̄0) cross sections. Table I list
the extracted roughness parameters for each interface
The spectra shown are averages of individual roughn
spectra from at least six different profiles for each interfa
type.

As indicated in Table I, the interfaces in the (110̄) plane
exhibit larger roughness amplitudes and correlation leng
than those in the~110! plane. This observation is consiste
with reflection high-energy electron-diffraction18 ~RHEED!
and STM~Refs. 19 and 20! studies of growth of~001! GaAs
by MBE, in which islands and terraces on the GaAs surfa
were observed to be elongated in the@11̄0# direction. Islands
elongated in the@11̄0# direction have also been seen in ST
studies of GaSb grown on InAs surfaces for both GaAs-l
and InSb-like interfaces.12 Similar island formation during
growth of the InAs/Ga12xInxSb layers would lead to a cor
responding anisotropy in interface structure. Interface str
ture in the~110! plane would reflect the presence of the mo
elongated island cross sections present along the@11̄0# di-
rection; for a given interface length along the@11̄0# direc-
tion, the interface structure observed would be influenced
a smaller number of island and terrace steps, leading
smaller amplitude components in the roughness spectr
Interface structure in the (110̄) plane, conversely, would re
flect the presence of the shorter, transverse-island cross
tions found along the@110# direction; for a given interface
length along the@110# direction, the interface structure see
would be influenced by a larger number of island and terr
steps than for the@11̄0# direction, leading to increased inte
face roughness. The quantitative results obtained from
interface roughness analysis are consistent with this inter
tation.

The parameters in Table I also show a substantial dep

rre-

TABLE I. Roughness amplitudes and correlation lengths o
tained from fitting a Lorentzian function to the interface roughne
power spectra calculated for Ga0.75In0.25Sb-on-InAs and
InAs-on-Ga0.75In0.25Sb interfaces from~110! and (11̄0) cross-
sectional images.

Cross section Interface
Amplitude

D ~Å!

Correlation
length
L ~Å!

(11̄0) Ga12xInxSb-on-InAs 4.360.2 327638

(11̄0) InAs-on-Ga12xInxSb 2.860.2 174621

~110! Ga12xInxSb-on-InAs 3.260.2 301639
~110! InAs-on-Ga12xInxSb 1.960.1 112616
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dence of interface roughness on growth sequence, with
Ga12xInxSb-on-InAs interfaces being substantially rough
than the InAs-on-Ga12xInxSb interfaces. In earlier studies o
InAs/GaSb superlattices using STM, a substantial dep
dence of interface structure on growth sequence was
served, with the degree of asymmetry observed in interf
structure dependent upon the growth conditio
employed.10–12 Furthermore, x-ray-diffraction analyses o
InAs/Ga12xInxSb superlattice samples have suggested
the Ga12xInxSb layers are terminated with InSb-like bond
while the InAs layers are terminated by roughly equal nu
bers of InSb-like and Ga12xInxAs-like bonds.9 The
Ga12xInxSb-on-InAs interfaces would then be of mixe
InSb-like and Ga12xInxAs-like character, while the
InAs-on-Ga12xInxSb interfaces would be of a more homo
enous InSb-like character. As shown schematically in Fig
mixed stoichiometry at one interface will lead to increas
atomic-scale roughness at that interface. The roughness
obtained from our STM measurements are consistent w
this—the Ga12xInxSb-on-InAs interfaces, at which mixe
stoichiometry is expected to be present, are measur
rougher than the InAs-on-Ga12xInxSb interfaces, for which
we expect the stoichiometry to be more uniform.

IV. CORRELATION TO MOBILITY STUDIES

The results of the preceding interface roughness ana
have been correlated to data obtained from low-tempera

FIG. 4. Schematic diagram of an InSb-like interface structure
the InAs-on-Ga12xInxSb interface, and a mixed InSb-like an
Ga12xInxAs-like interface structure at the Ga12xInxSb-on-InAs in-
terface in an InAs/Ga12xInxSb superlattice. The dashed lines ind
cate the positions of the interfaces. The@001# growth direction is
indicated. Since STM is sensitive to the electronic properties
atomic-scale interface structure, the differences in roughness a
two different interfaces would be reflected in the STM data.
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Hall measurements of mobility. Magnetotransport measure
ments have shown that mobility in InAs/Ga12xInxSb super-
lattices is dominated by interface roughness scattering fo
temperature regimes of interest for long-wavelength infrare
devices ~4.2–200 K!.21,22 In our studies, temperature-
dependent mobilities were measured for transport along bo
the @110# and @11̄0# directions of the superlattice. Although
the sample used in this study was grown on ann-type sub-
strate in order to facilitate STM measurements, mobility
measurements obtained at temperatures below the Ga
freeze-out temperature are expected to correspond primari
to conduction within the superlattice epitaxial layers. Assum
ing a Te dopant concentration of;3.231017 cm23 in GaSb
and a binding energy of 10 meV,23 the freeze-out tempera-
ture is predicted to be 23 K. Previous temperature-depende
Hall mobility measurements performed on samples consis
ing of 75-period superlattice structures nominally identical to
the samples used in the studies reported here, but grown o
GaSb buffer layers on semi-insulating GaAs substrates, re
vealed a clear anisotropy in the carrier mobility, with the
mobility being larger in the@11̄0# direction than in the@110#
direction.24 Furthermore, transport measurements obtaine
by growing InAs/Al,GaSb quantum wells on lattice-matched
GaSb substrates have been shown to be similar to those o
tained by growing the quantum wells on GaSb buffer layers
on GaAs substrates.25 Anisotropic low-temperature Hall mo-
bilities have also been observed in modulation-doped
Al xGa12xAs/GaAs heterostructures grown by MBE.26 In
these studies, mobility in the@ 1̄10# direction was measured
to be larger than that in the@110# direction and was attributed
to scattering from interface islands longer in the@ 1̄10# direc-
tion than in the@110# direction.

Figure 5 shows the measuredp-type Hall mobility for the
superlattice sample. The mobility at low temperature is ob
served to be larger in the@11̄0# direction than in the@110#
direction of the superlattice by a factor of approximately
1.5–2. At higher temperatures than those shown in the fig
ure, carrier transport is dominated by the substrate: the ca
rier mobilities reach values similar to those seen in measure

t

f
the

FIG. 5. Measured Hall mobilities for the superlattice as func-
tions of temperature and direction. The mobility is observed to be
larger in the @11̄0# direction than in the@110# direction of the
superlattice.
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ments performed usingn-type GaSb27 and the mobility ratio
reaches unity. The measured values of the carrier mob
shown in Fig. 5 are smaller than those observed in studie
superlattice samples with 25-Å Ga0.75In0.25Sb and>25-Å
InAs layers.21,22 However, this can be explained by consi
ering the dependence of interface-roughness-limited mob
on the well widths of the structures. Interface roughness s
tering in a quantum well with thick, infinitely high barrier
leads to an expected mobility dependence on the well w
d of m}d6,28 while the measured dependence of the lo
temperature carrier mobility on layer width wasm}d2.4.21

Using the reported mobility of 3900 cm2/V sec for a 25-Å
InAs well in an n-type InAs/Ga0.75In0.25Sb superlattice, an
extrapolation of the mobility using either am}d2.4 or a m
}d6 dependence on well width results in values of Hall m
bilities for our sample structure that are within reasona
range of our measurements.

A rough estimate of the mobility anisotropy ratio bas
on interface roughness scattering relaxation times may
obtained using the extracted roughness parameters from
STM data. In this calculation, the matrix element for scatt
ing S(q) is proportional to the Fourier transform of the di
tribution of steps at each interface. Assuming the depende
of energy on well widths to be the same for both spa
directions, we take the interface roughness dependenc
S(q) to be given by the Fourier transform of the autocor
lation of the interface profiles.15 However, this is just given
by Eq. ~2!, the Lorentzian which is fitted to the power spe
trum of each interface.S(q) is then incorporated into the
momentum relaxation timet(k) using the relation

1

t~k!
5

e2Fs
2m*

2p\3 E
0

2p

du~12cosu!S~q!FG~q!

«~q! G
2

,

q52k sin u/2, ~3!

where Fs is the average surface field,m* is the effective
mass parallel to the interface,k is the electron wave vector,u
is the scattering angle,G(q) contains corrections for imag
potential and electric field modification at the deformed
terface, and«(q) is the electron dielectric function to ac
count for free-electron screening. The drift mobility is r
lated directly to the scattering times by28

m5
e

m* ^t&. ~4!

Assuming a Hall scattering factor of 1, the Hall mobility an
drift mobility may be taken to be equal. Using Eqs.~3! and
~4! and the roughness parameters given in Table I, the r
of interface roughness scattering times for transport in
@11̄0# and @110# directions, t@11̄0#/t@110#, is calculated
numerically as a function ofk. Total scattering times asso
ciated with each direction are calculated from the scatte
times from the individual interface types according to t
expression

1

t total
5

1

tGaInSb-on-InAs
1

1

tInAs-on-GaInSb
. ~5!

Figure 6 shows a plot of the calculated scattering time ra
vs k. These calculations confirm that the scattering rel
ty
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ation times for interfaces in the@11̄0# direction are longer
than those in the@110# direction; furthermore, the ratio of the
scattering times is in semiquantitative agreement with
actual measured mobility ratio of the superlattice samp
The estimates indicate that a mobility anisotropy of mo
than a factor of 2 can be expected for wave vectorsk of
;0.08 Å21 or smaller, corresponding to carrier scatteri
from features in the heterojunction interface structure w
characteristic lateral sizes of;75 Å or greater.

While the above calculation provides a rough estimate
the influence of anisotropic interface roughness on mobil
it should be noted that the carrier mobility is highly depe
dent on the band structure of the superlattice, and the b
structure itself is sensitive to fluctuations in the confinem
energy caused by interface roughness~i.e., spatial variation
of the widths of both wells and barriers!. A detailed analysis
of the mobility in these superlattices would therefore need
incorporate both detailed interface roughness informat
such as that obtained in our STM measurements and a
istic calculation of the superlattice electronic structure and
influence on transport properties. Such an analysis is a
ject of current investigation. Nevertheless, our studies
scribed here demonstrate semiquantitative agreement
tween the atomic-scale electronic and structural anisotr
directly observed by cross-sectional STM and macrosco
carrier transport data obtained using devices fabricated f
the same samples.

V. CONCLUSIONS

We have used cross-sectional STM to investigate dire
and quantitatively the atomic-scale interface morphology
InAs/Ga12xInxSb superlattices grown by MBE, and hav
demonstrated a semiquantitative correlation between ato
scale interface structure and transport properties in th
structures. Spectral analysis of interface profiles obtained
STM shows that interfaces in the (110̄) cross-sectional plane

FIG. 6. Calculated ratio of interface roughness scattering tim
as a function ofk using the interface roughness parameters de
mined by STM for the 17-Å InAs/50-Å Ga0.75In0.25Sb superlattice.
The scattering time ratios should be directly proportional to
carrier mobility ratios in the superlattice. The anisotropy in t
calculated scattering times is in semiquantitative agreement with
measured anisotropy in Hall mobility in the superlattice.
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have larger roughness amplitudes and correlation leng
than those in the~110! cross-sectional plane; this directiona
anisotropy in the interface structure of the superlattice lay
is interpreted as a consequence of anisotropic island for
tion during growth. The roughness spectra also indicate
presence of a growth-sequence-dependent interface struc
interfaces in which Ga12xInxSb has been grown on InAs ar
substantially rougher than interfaces in which InAs has be
grown on Ga12xInxSb. This dependence is interpreted
arising from differences in interfacial bond structure pr
duced under various growth conditions and supports ear
observations suggesting a more homogenous InSb-like b
character at the InAs-on-Ga12xInxSb interfaces than at the
Ga12xInxSb-on-InAs interfaces. Hall mobilities measure
below the freeze-out temperature of the GaSb substrate
veal a marked anisotropy in mobility, with the mobility be
ing higher in the@11̄0# direction than in the@110# direction
in the superlattice. Since the interfaces in the (110̄) cross-
sectional STM images display lower roughness amplitud
ths
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ure:
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nd

d
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and correlation lengths, and correspond to the interfa
along the@110# superlattice direction, the transport aniso
ropy observed in the Hall mobility measurements correla
with the directional structural anisotropy seen in the ST
data. Modeling of the interface roughness scattering tim
using interface roughness data from our STM studies de
onstrates semiquantitative agreement between the ato
scale electronic and structural anisotropy directly observ
by cross-sectional STM and macroscopic carrier transp
data obtained from the same device structures.
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