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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#
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I. INTRODUCTION

The combination of InAs and AlSb offers interestin
physical properties as the large conduction band offset
the high electron mobility in InAs.1 The possibility of large
electron sheet concentrations2 leads to high-speed-device ap
plications. Interface~IF! properties are of great importanc
for the structural, optical, and electrical quality of heter
junctions. Two different types of IF can be grown by molec
lar beam epitaxy in the InAs/AlSb system.1 Fig. 1 displays
the different stackings for the so called InSb-like and t
AlAs-like IFs. When the InAs layer is terminated by In a
oms and the AlSb layer begins with Sb atoms, an InSb-l
IF is formed. The AlAs-like IF is realized, when the InA
layer ends with As atoms and the AlSb layer begins with
atoms. The structural properties of the superlattices~SLs!
investigated by different methods strongly depend on
type of IF above the AlSb layer.3,4 The reason for these dif
ferences lies in the different degree of lattice relaxation
the metastable SL. The higher degree of relaxation of
SLs with AlAs-like IF is mainly caused by diffusion of As
into the AlSb layers5 during the process of formation of th
IFs.

Recently, grazing incidence x-ray methods became
valuable tool to investigate roughness of surfaces and IF
multilayers.6–19 In the present work the interface roughne
of partly relaxed short period superlattices~SL! is investi-
gated by grazing incidence x-ray scattering. The influence
a different degree of relaxation of the SLs and the impact
the buffer layer on the interface roughness as well as on
lateral and vertical correlation lengths of the IF roughne
are investigated. The limits of the present scattering theo
for rough IFs are demonstrated.

a!Electronic mail: jen@pdi.wias-berlin.de
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II. EXPERIMENT

Samples consisting of a SL with 138 periods of 6 mon
layers ~ML ! InAs and 6 ML AlSb on top of a 1mm thick
AlSb buffer layer were grown by molecular beam epita
~MBE! on a semi-insulating~001! GaAs substrate. The
growth temperatures for the buffer layer and the SL we
600°C and 430°C, respectively. The AlSb layers were gro
at 1mm/h, and the InAs layers at 0.25mm/h. The group-V-
III beam flux ratio in both types of layers was 5:1. To forc
an InSb-like or AlAs-like IF formation, we provide eithe
excess of Sb or As at the IF during the so-called soak ti
ts .

1 For the sample with AlAs-like IFts was chosen to be 3
s, while for the sample with InSb-like IF the Sb soak tim
was 5 s.

The measurements of grazing incidence x-ray scatter
were performed with a diffractometer in double and trip
crystal configuration~BEDE D3!. The monochromator was a
single channel cut crystal in combination with 1 mm sli
resulting in the separation of the CuKa1-line. The angular
divergence behind the monochromator was 0.003° and
angular acceptance of the detector was below 0.1°. The a
lyzer crystal used in some of the measurements was a c
nel cut silicon~111! with an angular acceptance of 0.003
x-ray CuKa1 radiation (l50.154 nm! from a rotating anode
source~operated at 9 kW! was used. Longitudinal scans wit
and without sample offsets were recorded to distinguish
tween the diffuse scattering and the reflected intensity. T
transverse scans were performed through several Br
peaks of the SL and compared to the computer simulation
the diffuse scattering in order to determine the lateral cor
lation length of interface roughness of the SLs. Finally, lo
gitudinal scans with the analyzer crystal were performed n
the first superlattice peak to detect the vertical roughn
correlation in the SL stack. For all scans, the sample w
completely exposed to the incident beam leading to symm
ric profiles of the diffuse scattering in the transverse scan
/96/79(1)/120/5/$6.00 © 1996 American Institute of Physics



e

s
e

r

i

f

a

in
d
F
u

ul-
s
arp

il-

ns

c-

11
se-

of

per
ses
d
ces.
d

s in
-
ete

tor
e of
he
a

in-

ular
For the further characterization of the samples lar
angle, high resolution diffractometric measurements w
performed5 using the same diffractometer~BEDE D3!
equipped with two asymmetrically cut grooved silicon cry
tals in ~n,1n! setting20,21 as a monochromator and with th
analyzer described above. The diffraction curves were m
sured in the symmetric~004! and the asymmetric~115! re-
flections in order to measure the lattice parameter differen
perpendicular and parallel to the layers. Triple crystal a
scans were recorded near the AlSb buffer peak including
average lattice reflection of the SL~zero order satellite! in
the ~004! and ~224! geometry.

III. THEORY

Roughness of interfaces causes fluctuationsdx(r) of the
polarizability in the scattering object and thereby gives r
to a non-specular diffuse scattering of x-rays at grazing in
dence. The most recognized approach to calculate this e
in the lowest order over the perturbationdx(r) is to apply
the reciprocity theorem and the distorted wave Born appro
mation. This approach first used by Sinhaet al.6 for the scat-
tering from a rough surface, has been extended for multil
ers and superlattices.10,12,14,15,19,22The differential cross
section of diffuse scattering per unit solid angle is:

ds

dV
5^u f u2&, ~1!

where^ . . . & denotes averaging over the fluctuations andf
the amplitude of diffuse scattering calculated using the re
procity theorem and distorted wave Born approximation

f5
k2

4pE d3rEout~r!dx~r!Ein~r!. ~2!

The parameterk is the modulus of the wave vectork of
x-rays in vacuum, andEin(r) andEout(r) are the wavefields
inside the sample produced by the x-ray plane waves com
from the incidence direction and from the observation po
respectively. These wavefields can be determined consi
ing the boundary conditions for x-rays at each interface.
multilayers, the well-known methods are the Parrat’s rec
rent formulae23,24and the Abeles matrix method.25 Substitut-
ing the wavefields into the equations~1! and~2! one can find

ds

dV
5S k24p D 2 (

j ,k51

N

(
l ,m,p,q51

2

^dx j~Qlm
j !dxk* ~Qpq

k !&, ~3!

FIG. 1. Schematic view of the stacking near the InSb-like~left! and the
AlAs-like ~right! interfaces~IFs!.
J. Appl. Phys., Vol. 79, No. 1, 1 January 1996
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whereQlm
j 5Kl

j out1Km
j in is the wave vector transfer,( j ,k de-

notes the summation over the interfaces and( l ,m,p,q the
summation over the transmitted and reflected waves in m
tilayers. The quantitiesdx j (Qlm) are the Fourier transform
of dx(r). Rough interfaces are commonly treated as sh
boundaries with random displacementsuj (r) from their
mean positionzj and step-wise changes in x-ray polarizab
ities. With this approximation the average in equation~3! can
be expressed15,19 in terms of the root mean square~rms! dis-
placement of interfaces, s j

25^uj
2(r)&, and the

displacement–displacement correlation functio
K jk(r)5^uj (0)uk(r)&

ds

dV
5SS k24p D 2 (

j ,k51

N

(
l ,m,p,q51

2
Dx jDxk

Qlmz
j Qpqz

k*

3e2 i ~Qlmz
j zj2Qpqz

k* zk!2~Qlmz
j2 s j

2
1Qpqz

k* 2sk
2
!/2

3E d2re2 i qr$eQlmz
j Qpqz

k* K jk~ r!21%. ~4!

HereS denotes the illuminated area of the sample andq is
the lateral component of vectorsQlm . This component is the
same for allQlm because the lateral component of wave ve
tors is not changed at specular reflection and refraction.

There is a variety of suggestions6,10,15,17,19on the form of
the correlation functionK jk( r). Here, we used the function
derived in Ref. 19 and corresponding to the model in Ref.
for the roughness transfer and accumulation during sub
quent growth of multilayers

K jk~r!5 (
n5max~ j ,k!

N

sn
2

jn
2

jn
21pn

2 expF2
r2

jn
21pn

2G . ~5!

pn
254n(2zn2zj2zk) andn is a diffusion-like relaxation pa-

rameter of roughness. The parameterssn andjn are the rms
height and the lateral correlation length, respectively,
roughnessacquiredduring the formation of then-th interface
in addition to the roughness already transferred from dee
IFs. The rms of the transferred roughness decrea
sn85sn /A11pn

2/jn
2) and the wavelength of transferre

roughness increases with the spacing between the interfa
In the limit n→`, K jÞk(r)50, i.e., roughness transfer an
correlations are absent. In the opposite limitn→0, the
roughness is completely transferred and accumulated a
Ref. 15. Forsn,N50 andsN Þ 0 the roughness of the sub
strate is transferred to all interfaces. This is the compl
correlation limit of the model in Ref. 10.

In addition we assume alljn to be equal and introduce
the vertical correlation length of roughnessjvert5j2/n.
Equation ~4! was integrated over the component of vec
q perpendicular to the plane of specular reflection becaus
the large height of receiving slit in the experiment. T
specular x-ray reflectivity was simulated with the help of
computer program described elsewhere.24

IV. RESULTS

Fig. 2 shows the longitudinal scans of the reflected
tensity~squares! and the diffuse scattering~circles!. The dif-
fuse scattering is clearly observed in scans with an ang
121Jenichen et al.
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offset of the sample of 0.5°. The reflected beam and t
diffuse scattering show pronounced Bragg peaks of the S
These maxima in the diffuse scattering testify that the roug
ness of the IFs is correlated.7–10,15–17,19

From the comparison of the corrected x-ray reflectivi
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 sampl
with InSb-like IF. In both cases, theory and experiment diff
at the large-angle part of the curves. This discrepancy is d
to the large rms roughness which for large angles is beyo
the limits of the algorithm.24 The applicability of this algo-
rithm as well as of the diffuse scattering model described
the previous section requiressQ!2p, or a i!l/2s, where
a i is the incidence angle andl is the x-ray wavelength.

We should note that the effect of roughness on the spe
lar reflectivity is basically not distinguishable6,26 from that of
the transition layers with a thickness oft tr52s. The pres-
ence of transition layers in InAs/AlSb superlattices caus

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
respectively.

TABLE I. Results obtained from the comparison of longitudinal and tran
verse scans to the corresponding calculations in the distorted wave B
approximation. The average relaxation of the superlattices was obtai
from high resolution diffractometry.a

IF InSb-like AlAs-like

rms-roughness@nm# 0.6 1.0
Lateral correlation length@nm# 140 100
Vertical correlation length@nm# 400-500 100-400
Relaxation of SL on AlSb@%# 30 91

aSee Ref. 5.
122 J. Appl. Phys., Vol. 79, No. 1, 1 January 1996
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by interdiffusion has been proven in Ref. 4. However, th
transition layers do not result in non-specular diffuse scatt
ing.

Figs. 3 and 4 display the longitudinal and transver
scans through the first SL maxima. These scans record
nonspecular x-ray scattering and contain information abo
the vertical and lateral correlation lengths of the interfa
roughness. These correlation lengths have been obtained
comparing the numerical calculations with the experimen
data~Table I!.

First, the analysis of the longitudinal scans taken with
analyzer crystal proves that the vertical correlation length
roughness in both cases is of the order of the total thickn
of the SL,jvert.500 nm. The dotted and the dashed lines
Fig. 3 show the theoretical curves forjvert.100 nm and the
rms roughnesses of 0.6 nm and 1.0 nm, respectively, wh
are considerably wider than the corresponding experimen
curves. Obviously the vertical correlation length of th
sample with InSb-like IFs is larger than that of the samp
with AlAs-like IFs. For the simulation of the transvers
scans, the averaging over the exit angles due to the low re
lution of the receiving slit of the detector was taken int
account. The large width of the curve in the transverse sc
for the sample with AlAs-like interfaces points to the sma
lateral correlation length~to the short lateral ‘‘wavelength’’!
of roughness in this case.

A discrepancy between the distorted wave Born appro
mation and the experiment arises for the higher order
maxima. Therefore only the experimental results for th
higher order satellites are presented. An adequate theore
description is still missing~see section III!. The average re-
laxation of the SL with respect to the AlSb buffer layer i
also given in Table I for comparison. The average SL rela
ation was obtained from high resolution diffractometry com
paring the symmetric~004! and asymmetric~115! and~224!
reflections.5

nm,

s-
orn
ed

FIG. 3. Longitudinalu/2u scans with sample offset 0.1o through the first
superlattice maximum taken with the analyzer crystal for samples w
InSb-like ~squares! and AlAs-like ~circles! interfaces. Theoretical calcula-
tions for complete vertical correlation~line! and a correlation length of 100
nm are given for comparison~dashed line for 0.6 nm rms roughness an
dotted line for 1.0 nm rms roughness!.
Jenichen et al.
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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 substrat
higher than 106cm21 ~see Ref. 27!. This high dislocation
density is inhomogenously distributed, leading to a cert
surface roughness due to steps connected with the dis
tion gliding28 and to inhomogenous strains in the layer.

The relaxation of the SL with InSb-like IFs is relative
low, and only a few additional defects are introduced by
SL itself. Therefore the vertical correlation length of the
roughness amounts to about 500 nm, which is in fact
whole thickness of the SL. Triple crystal scans also yi
coherently scattering domains, with sizes of the order of
SL thickness.

The relaxation of the SL with AlAs-like IF is strong an
inhomogenous with depth.5 The amount of crystal defect
introduced by the SL is large4 leading to a higher value of th
rms roughness and to a reduction of the lateral and ver
correlation lengths of the IF roughness.

The theoretical model applied to the simulations of d
fuse scattering contains some assumptions which are
completely adequate for samples with thin layers and la
rms roughness especially in the range of large angles. Fir
it is assumed that the layers have constant composition
density within their thickness and sharp interfaces rando
shifted up and down along the lateral coordinates. This is
strictly correct for SLs where the transition domains a
comparable with the thickness of the layers. Secondly, i
assumed that the x-ray wavefields are not considera
changed within the rms roughness. This condition is not
filled when the rms roughness is of the same order as
thickness of the layers. Thus, the numerical results give

FIG. 4. Transversal scans through the first three Bragg peaks of the s
lattice ~first: points, second: squares, third: triangles! of samples with InSb-
like ~top! and AlAs-like ~bottom! interfaces~IFs!. Calculations are shown
~with vertical offset! for the first maximum and lateral correlation lengths
140 nm and 100 nm, respectively.
J. Appl. Phys., Vol. 79, No. 1, 1 January 1996
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Table I must be treated with some care and a further dev
opment of the theory of diffuse scattering is needed.

VI. CONCLUSIONS

The roughness of short period SLs exhibiting a differen
degree of relaxation has been investigated in detail. Due
surface steps introduced by the glide of misfit dislocation
and inhomogenous strains connected with the inhomogeno
distribution of misfit dislocations the surface of the buffe
layer introduces roughness of the interfaces of the growin
SL. This roughness is highly correlated vertically, when th
SL grows, without introducing additional crystal defects. Th
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 roug
ness is increased by introducing a relatively high density
additional crystal defects such as misfit dislocations an
stacking faults.
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