Interface roughness of InAs/AlSb superlattices investigated by x-ray
scattering
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InAs/AlSb short period superlattices grown either with AlAs-like or with InSb-like interfaces are
investigated by grazing incidence x-ray scattering and high resolution diffractometry. The
superlattices are grown on a relaxed AlSb buffer layer. It is shown that the two possible stackings
of layers in the superlattices resulting in a different degree of lattice relaxation lead also to a
different height of interface roughness. The lateral and vertical correlation lengths of the roughness
decrease with increasing relaxation of the superlattice. The vertical correlation length corresponds
to an almost complete correlation of different interfaces in the case of the nearly perfect superlattice
with InSb-like interfaces. © 1996 American Institute of Physics. @S0021-8979~96!04201-0#

I. INTRODUCTION

II. EXPERIMENT

The combination of InAs and AlSb offers interesting
physical properties as the large conduction band offset and
the high electron mobility in InAs.1 The possibility of large
electron sheet concentrations2 leads to high-speed-device applications. Interface ~IF! properties are of great importance
for the structural, optical, and electrical quality of heterojunctions. Two different types of IF can be grown by molecular beam epitaxy in the InAs/AlSb system.1 Fig. 1 displays
the different stackings for the so called InSb-like and the
AlAs-like IFs. When the InAs layer is terminated by In atoms and the AlSb layer begins with Sb atoms, an InSb-like
IF is formed. The AlAs-like IF is realized, when the InAs
layer ends with As atoms and the AlSb layer begins with Al
atoms. The structural properties of the superlattices ~SLs!
investigated by different methods strongly depend on the
type of IF above the AlSb layer.3,4 The reason for these differences lies in the different degree of lattice relaxation of
the metastable SL. The higher degree of relaxation of the
SLs with AlAs-like IF is mainly caused by diffusion of As
into the AlSb layers5 during the process of formation of the
IFs.
Recently, grazing incidence x-ray methods became a
valuable tool to investigate roughness of surfaces and IFs in
multilayers.6 –19 In the present work the interface roughness
of partly relaxed short period superlattices ~SL! is investigated by grazing incidence x-ray scattering. The influence of
a different degree of relaxation of the SLs and the impact of
the buffer layer on the interface roughness as well as on the
lateral and vertical correlation lengths of the IF roughness
are investigated. The limits of the present scattering theories
for rough IFs are demonstrated.

Samples consisting of a SL with 138 periods of 6 monolayers ~ML! InAs and 6 ML AlSb on top of a 1 m m thick
AlSb buffer layer were grown by molecular beam epitaxy
~MBE! on a semi-insulating ~001! GaAs substrate. The
growth temperatures for the buffer layer and the SL were
600°C and 430°C, respectively. The AlSb layers were grown
at 1 m m/h, and the InAs layers at 0.25 m m/h. The group-VIII beam flux ratio in both types of layers was 5:1. To force
an InSb-like or AlAs-like IF formation, we provide either
excess of Sb or As at the IF during the so-called soak time
t s . 1 For the sample with AlAs-like IF t s was chosen to be 3
s, while for the sample with InSb-like IF the Sb soak time
was 5 s.
The measurements of grazing incidence x-ray scattering
were performed with a diffractometer in double and triple
crystal configuration ~BEDE D3!. The monochromator was a
single channel cut crystal in combination with 1 mm slits
resulting in the separation of the CuKa 1 -line. The angular
divergence behind the monochromator was 0.003° and the
angular acceptance of the detector was below 0.1°. The analyzer crystal used in some of the measurements was a channel cut silicon ~111! with an angular acceptance of 0.003°.
x-ray CuKa 1 radiation (l50.154 nm! from a rotating anode
source ~operated at 9 kW! was used. Longitudinal scans with
and without sample offsets were recorded to distinguish between the diffuse scattering and the reflected intensity. The
transverse scans were performed through several Bragg
peaks of the SL and compared to the computer simulations of
the diffuse scattering in order to determine the lateral correlation length of interface roughness of the SLs. Finally, longitudinal scans with the analyzer crystal were performed near
the first superlattice peak to detect the vertical roughness
correlation in the SL stack. For all scans, the sample was
completely exposed to the incident beam leading to symmetric profiles of the diffuse scattering in the transverse scans.
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FIG. 1. Schematic view of the stacking near the InSb-like ~left! and the
AlAs-like ~right! interfaces ~IFs!.

For the further characterization of the samples large
angle, high resolution diffractometric measurements were
performed5 using the same diffractometer ~BEDE D3!
equipped with two asymmetrically cut grooved silicon crystals in ~n,1n! setting20,21 as a monochromator and with the
analyzer described above. The diffraction curves were measured in the symmetric ~004! and the asymmetric ~115! reflections in order to measure the lattice parameter differences
perpendicular and parallel to the layers. Triple crystal area
scans were recorded near the AlSb buffer peak including the
average lattice reflection of the SL ~zero order satellite! in
the ~004! and ~224! geometry.
III. THEORY

Roughness of interfaces causes fluctuations d x (r) of the
polarizability in the scattering object and thereby gives rise
to a non-specular diffuse scattering of x-rays at grazing incidence. The most recognized approach to calculate this effect
in the lowest order over the perturbation d x (r) is to apply
the reciprocity theorem and the distorted wave Born approximation. This approach first used by Sinha et al.6 for the scattering from a rough surface, has been extended for multilayers and superlattices.10,12,14,15,19,22 The differential cross
section of diffuse scattering per unit solid angle is:
ds
5 ^u f u 2& ,
dV

~1!

where ^ . . . & denotes averaging over the fluctuations and f
the amplitude of diffuse scattering calculated using the reciprocity theorem and distorted wave Born approximation
f5
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The parameter k is the modulus of the wave vector k of
x-rays in vacuum, and Ein(r) and Eout(r) are the wavefields
inside the sample produced by the x-ray plane waves coming
from the incidence direction and from the observation point,
respectively. These wavefields can be determined considering the boundary conditions for x-rays at each interface. For
multilayers, the well-known methods are the Parrat’s recurrent formulae23,24 and the Abeles matrix method.25 Substituting the wavefields into the equations ~1! and ~2! one can find
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~3!

j
where Qlm
5Klj out1Kmjin is the wave vector transfer, ( j,k denotes the summation over the interfaces and ( l,m,p,q the
summation over the transmitted and reflected waves in multilayers. The quantities d x j (Qlm ) are the Fourier transforms
of d x (r). Rough interfaces are commonly treated as sharp
boundaries with random displacements u j ( r) from their
mean position z j and step-wise changes in x-ray polarizabilities. With this approximation the average in equation ~3! can
be expressed15,19 in terms of the root mean square ~rms! displacement of interfaces, s 2j 5 ^ u 2j ( r) & ,
and the
displacement–displacement
correlation
functions
K jk ( r)5 ^ u j (0)u k ( r) &

S D

ds
k2
5S
dV
4p

2

N

2

Dx Dx

( ( j j k *k
j,k51 l,m, p,q51 Q lmz Q pqz

j

k

j2

k 2 2

2

* z k ! 2 ~ Q lmz s j 1Q pqz
* s k ! /2
3e 2i ~ Q lmz z j 2Q pqz

3

E

j

k

* K jk ~ r! 21 .
d2 re 2i qr$ e Q lmz Q pqz
%

~4!

Here S denotes the illuminated area of the sample and q is
the lateral component of vectors Qlm . This component is the
same for all Qlm because the lateral component of wave vectors is not changed at specular reflection and refraction.
There is a variety of suggestions6,10,15,17,19 on the form of
the correlation function K jk ( r). Here, we used the function
derived in Ref. 19 and corresponding to the model in Ref. 11
for the roughness transfer and accumulation during subsequent growth of multilayers
N
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p 2n 54 n (2z n 2z j 2z k ) and n is a diffusion-like relaxation parameter of roughness. The parameters s n and j n are the rms
height and the lateral correlation length, respectively, of
roughness acquired during the formation of the n-th interface
in addition to the roughness already transferred from deeper
IFs. The rms of the transferred roughness decreases
s 8n 5 s n / A11 p 2n / j 2n ) and the wavelength of transferred
roughness increases with the spacing between the interfaces.
In the limit n →`, K jÞk ( r)50, i.e., roughness transfer and
correlations are absent. In the opposite limit n →0, the
roughness is completely transferred and accumulated as in
Ref. 15. For s n,N 50 and s N Þ 0 the roughness of the substrate is transferred to all interfaces. This is the complete
correlation limit of the model in Ref. 10.
In addition we assume all j n to be equal and introduce
the vertical correlation length of roughness j vert5 j 2 / n .
Equation ~4! was integrated over the component of vector
q perpendicular to the plane of specular reflection because of
the large height of receiving slit in the experiment. The
specular x-ray reflectivity was simulated with the help of a
computer program described elsewhere.24
IV. RESULTS

Fig. 2 shows the longitudinal scans of the reflected intensity ~squares! and the diffuse scattering ~circles!. The diffuse scattering is clearly observed in scans with an angular
Jenichen et al.
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FIG. 3. Longitudinal u/2u scans with sample offset 0.1o through the first
superlattice maximum taken with the analyzer crystal for samples with
InSb-like ~squares! and AlAs-like ~circles! interfaces. Theoretical calculations for complete vertical correlation ~line! and a correlation length of 100
nm are given for comparison ~dashed line for 0.6 nm rms roughness and
dotted line for 1.0 nm rms roughness!.
FIG. 2. Measured reflectivity ~squares!, calculated reflectivity ~line!, and
diffuse scattering ~points, measured with 0.5 degrees offset! of samples with
InSb-like ~top! and AlAs-like ~bottom! interfaces ~IFs!. For the calculations
the rms roughnesses of each IF were assumed to be 0.6 nm and 1.0 nm,
respectively.

offset of the sample of 0.5°. The reflected beam and the
diffuse scattering show pronounced Bragg peaks of the SL.
These maxima in the diffuse scattering testify that the roughness of the IFs is correlated.7–10,15–17,19
From the comparison of the corrected x-ray reflectivity
with the computer simulations ~Fig. 2! the averaged rms
roughness was obtained ~Table I!. The rms roughness is
higher for the sample with AlAs-like IF than for the sample
with InSb-like IF. In both cases, theory and experiment differ
at the large-angle part of the curves. This discrepancy is due
to the large rms roughness which for large angles is beyond
the limits of the algorithm.24 The applicability of this algorithm as well as of the diffuse scattering model described in
the previous section requires s Q!2 p , or a i !l/2s , where
a i is the incidence angle and l is the x-ray wavelength.
We should note that the effect of roughness on the specular reflectivity is basically not distinguishable6,26 from that of
the transition layers with a thickness of t tr52 s . The presence of transition layers in InAs/AlSb superlattices caused

TABLE I. Results obtained from the comparison of longitudinal and transverse scans to the corresponding calculations in the distorted wave Born
approximation. The average relaxation of the superlattices was obtained
from high resolution diffractometry.a
IF
rms-roughness @nm#
Lateral correlation length @nm#
Vertical correlation length @nm#
Relaxation of SL on AlSb @%#
a

InSb-like

AlAs-like

0.6
140
400-500
30

1.0
100
100-400
91

See Ref. 5.
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by interdiffusion has been proven in Ref. 4. However, the
transition layers do not result in non-specular diffuse scattering.
Figs. 3 and 4 display the longitudinal and transverse
scans through the first SL maxima. These scans record the
nonspecular x-ray scattering and contain information about
the vertical and lateral correlation lengths of the interface
roughness. These correlation lengths have been obtained by
comparing the numerical calculations with the experimental
data ~Table I!.
First, the analysis of the longitudinal scans taken with an
analyzer crystal proves that the vertical correlation length of
roughness in both cases is of the order of the total thickness
of the SL, j vert.500 nm. The dotted and the dashed lines in
Fig. 3 show the theoretical curves for j vert.100 nm and the
rms roughnesses of 0.6 nm and 1.0 nm, respectively, which
are considerably wider than the corresponding experimental
curves. Obviously the vertical correlation length of the
sample with InSb-like IFs is larger than that of the sample
with AlAs-like IFs. For the simulation of the transverse
scans, the averaging over the exit angles due to the low resolution of the receiving slit of the detector was taken into
account. The large width of the curve in the transverse scan
for the sample with AlAs-like interfaces points to the small
lateral correlation length ~to the short lateral ‘‘wavelength’’!
of roughness in this case.
A discrepancy between the distorted wave Born approximation and the experiment arises for the higher order SL
maxima. Therefore only the experimental results for the
higher order satellites are presented. An adequate theoretical
description is still missing ~see section III!. The average relaxation of the SL with respect to the AlSb buffer layer is
also given in Table I for comparison. The average SL relaxation was obtained from high resolution diffractometry comparing the symmetric ~004! and asymmetric ~115! and ~224!
reflections.5
Jenichen et al.

Table I must be treated with some care and a further development of the theory of diffuse scattering is needed.

VI. CONCLUSIONS

The roughness of short period SLs exhibiting a different
degree of relaxation has been investigated in detail. Due to
surface steps introduced by the glide of misfit dislocations
and inhomogenous strains connected with the inhomogenous
distribution of misfit dislocations the surface of the buffer
layer introduces roughness of the interfaces of the growing
SL. This roughness is highly correlated vertically, when the
SL grows, without introducing additional crystal defects. The
SL with InSb-like IFs is a good example for such a case.
However, in the SL with AlAs-like IFs both the vertical and
the lateral correlation lengths are reduced and the rms roughness is increased by introducing a relatively high density of
additional crystal defects such as misfit dislocations and
stacking faults.
FIG. 4. Transversal scans through the first three Bragg peaks of the superlattice ~first: points, second: squares, third: triangles! of samples with InSblike ~top! and AlAs-like ~bottom! interfaces ~IFs!. Calculations are shown
~with vertical offset! for the first maximum and lateral correlation lengths of
140 nm and 100 nm, respectively.
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V. DISCUSSION

The AlSb buffer layer is almost totally relaxed,4,5 i.e., the
misfit dislocation density near the interface to the substrate is
higher than 106 cm21 ~see Ref. 27!. This high dislocation
density is inhomogenously distributed, leading to a certain
surface roughness due to steps connected with the dislocation gliding28 and to inhomogenous strains in the layer.
The relaxation of the SL with InSb-like IFs is relatively
low, and only a few additional defects are introduced by the
SL itself. Therefore the vertical correlation length of the IF
roughness amounts to about 500 nm, which is in fact the
whole thickness of the SL. Triple crystal scans also yield
coherently scattering domains, with sizes of the order of the
SL thickness.
The relaxation of the SL with AlAs-like IF is strong and
inhomogenous with depth.5 The amount of crystal defects
introduced by the SL is large4 leading to a higher value of the
rms roughness and to a reduction of the lateral and vertical
correlation lengths of the IF roughness.
The theoretical model applied to the simulations of diffuse scattering contains some assumptions which are not
completely adequate for samples with thin layers and large
rms roughness especially in the range of large angles. Firstly,
it is assumed that the layers have constant composition and
density within their thickness and sharp interfaces randomly
shifted up and down along the lateral coordinates. This is not
strictly correct for SLs where the transition domains are
comparable with the thickness of the layers. Secondly, it is
assumed that the x-ray wavefields are not considerably
changed within the rms roughness. This condition is not fulfilled when the rms roughness is of the same order as the
thickness of the layers. Thus, the numerical results given in
J. Appl. Phys., Vol. 79, No. 1, 1 January 1996

1

G. Tuttle, H. Kroemer, and J. H. English, Appl. Phys. Lett. 67, 3032
~1990!.
2
C. Nguyen, B. Brar, H. Kroemer, and J. H. English, J. Appl. Phys. 73,
8313 ~1993!.
3
B. Brar, J. Ibbetson, H. Kroemer, and J. H. English, Appl. Phys. Lett. 64,
3392 ~1994!.
4
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