Interface roughness of InNAs/AISb superlattices investigated by x-ray
scattering
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INAs/AISb 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 AISb 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 Physids$§0021-8976)04201-0

I. INTRODUCTION Il. EXPERIMENT

The combination of InAs and AlSb offers interesting ~ Samples consisting of a SL with 138 periods of 6 mono-
physical properties as the large conduction band offset anY€'s(ML) InAs and 6 ML AISb on top of a Jum thick
the high electron mobility in InAS.The possibility of large S0 buffer layer were grown by molecular beam epitaxy
electron sheet concentratiérieads to high-speed-device ap- (MBE) on a semi-insulating(001) GaAs substrate. The
plications. Interface€lIF) properties are of great importance growth temperatures for the buffer layer and the SL were

for the structural. ootical. and electrical quality of hetero_600°C and 430°C, respectively. The AISb layers were grown
. : _? ud.f;: phical, fIE : b qu be | at 1 um/h, and the InAs layers at 0.2om/h. The group-V-
junctions. Two diferent types of I can be grown by Molecu-y; paam flux ratio in both types of layers was 5:1. To force

lar be_am epitaxy 'n the INAS/AISb systenfig. 1.d|splays an InSb-like or AlAs-like IF formation, we provide either
the different stackings for the so called InSb-like and thegycess of Sb or As at the IF during the so-called soak time
AlAs-like IFs. When the InAs layer is terminated by In at- 5.1 For the sample with AlAs-like IF- was chosen to be 3
oms and the AISb layer begins with Sb atoms, an InSb-like; while for the sample with InSb-like IF the Sb soak time
IF is formed. The AlAs-like IF is realized, when the InAs was 5 s.
layer ends with As atoms and the AISb layer begins with Al The measurements of grazing incidence x-ray scattering
atoms. The structural properties of the superlatti¢gss  were performed with a diffractometer in double and triple
investigated by different methods strongly depend on therystal configuratiofBEDE D3). The monochromator was a
type of IF above the AISb layér* The reason for these dif- single channel cut crystal in combination with 1 mm slits
ferences lies in the different degree of lattice relaxation ofresulting in the separation of the Cuk-line. The angular
the metastable SL. The higher degree of relaxation of thélivergence behind the monochromator was 0.003° and the
SLs with AlAs-like IF is mainly caused by diffusion of As angular acceptance of the detector was below 0.1°. The ana-
into the AISb layer during the process of formation of the lyzer crystal used in some of the measurements was a chan-
IFs. nel cut silicon(111) with an angular acceptance of 0.003°.
Recently, grazing incidence x-ray methods became '@y CuKa; radiation . =0.154 nm from a rotating anode
valuable tool to investigate roughness of surfaces and IFs ifoUrce(operated at 9 kWwas used. Longitudinal scans with
multilayers®~1° In the present work the interface roughnessand without sample offsets were recorded to distinguish be-
of partly relaxed short period superlatticésL) is investi- tween the diffuse scattering and the reflected intensity. The

gated by grazing incidence x-ray scattering. The influence Otrransverse scans were performed through se_veral_ Bragg
. . . eaks of the SL and compared to the computer simulations of
a different degree of relaxation of the SLs and the impact o

the buffer laver on the interface rouahness as well as on th he diffuse scattering in order to determine the lateral corre-
lateral and y ical lation | tgh ¢ the IF h fation length of interface roughness of the SLs. Finally, lon-
ateral and vertical correfation 'engths ot the I rougnnesgyy,qina| scans with the analyzer crystal were performed near
are investigated. The limits of the present scattering theori

e first superlattice peak to detect the vertical roughness
for rough IFs are demonstrated. correlation in the SL stack. For all scans, the sample was
completely exposed to the incident beam leading to symmet-
3Electronic mail: jen@pdi.wias-berlin.de ric profiles of the diffuse scattering in the transverse scans.
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IE E whereQ,,= K| ®'+K! " is the wave vector transfe¥, , de-

in AsinAs|in SblAI SbAISb  In As InlAs All SbAI SbAI Sb notes the summation over the interfaces ahd,,q the

o o o © ® olole © @ summation over the transmitted and reflected waves in mul-
© 0 |lole e © © o o e tilayers. The quantitiesy;(Q») are the Fourier transforms

o o o © e o lole @ @ of 6x(r). Rough interfaces are commonly treated as sharp
© O o le e © © o o @ boundaries with random displacemenig(p) from their

O o B © © o o |® & & mean positiorg; and step-wise changes in x-ray polarizabil-
O © © e e ® & e o e ities. With this approximation the average in equatidncan

be expresséd®in terms of the root mean squafiens) dis-

R 2_ /0,2
FIG. 1. Schematic view of the stacking near the InSh-fileft) and the p!acement Of. interfaces, 7j <u1 (p))_, and thF."
AlAs-like (right) interfaces(IFs). displacement—displacement correlation functions

k() =(u;j(0)uy(p))

kz)z N 2 AxAx

I d
For the further characterization of the samples large _Uzs — =
4m lezquz

angle, high resolution diffractometric measurements were d€
performed using the same diffractometefBEDE D3

equipped with two asymmetrically cut grooved silicon crys-

tals in (n,+n) setting®?! as a monochromator and with the _ e
analyzer described above. The diffraction curves were mea- X f d?pe™" W{eqmpaz ik P — 1}, (4
sured in the symmetri¢004) and the asymmetri€115) re- ) ) )
flections in order to measure the lattice parameter differencédere S denotes the illuminated area of the sample grid
perpendicular and parallel to the layers. Triple crystal aredhe lateral component of vecto@, . This component is the
scans were recorded near the AISb buffer peak including thé@me for allQ,, because the lateral component of wave vec-

average lattice reflection of the Skero order satellifein  tOrS is not changed at specular reflection and refraction.
the (004) and (224) geometry. There is a variety of suggestidh§'*>172%n the form of

the correlation function’Zjy( p). Here, we used the function
derived in Ref. 19 and corresponding to the model in Ref. 11

j,k=1 I,m,p,q=1

« o~ 1(Qlnzi~ Qt 20— (Ql2 o7+ Qlx 2ot

ll. THEORY for the roughness transfer and accumulation during subse-
Roughness of interfaces causes fluctuatidp@) of the — quent growth of multilayers

polarizability in the scattering object and thereby gives rise N 2 pe

to a non-specular diffuse scattering of x-rays at grazing inci- . % (p)= E _ aﬁ—ﬁexp{ it (5)

dence. The most recognized approach to calculate this effect n=maxj.k) n™ Pn &t Ph

in the lowest order over the perturbatidy(r) is to apply pﬁ:4y(2zn—zj—zk) andv is a diffusion-like relaxation pa-
the reciprocity theorem and the distorted wave Born approxirameter of roughness. The parametegsand &, are the rms
mation. This approach first used by Sirgtaal® for the scat-  height and the lateral correlation length, respectively, of
tering from a rough surface, has been extended for multilayroughnesscquiredduring the formation of the-th interface

ers and superlatticé§>1*1>1922The differential cross in addition to the roughness already transferred from deeper

section of diffuse scattering per unit solid angle is: IFs. The rms of the transferred roughness decreases
o on=onl\1+ pﬁ/g?,) and the wavelength of transferred
ATo) =(|f]?), (1) roughness increases with the spacing between the interfaces.

In the limit v—o, .7;.(p)=0, i.e., roughness transfer and
where( .. .) denotes averaging over the fluctuations dnd correlations are absent. In the opposite linit-0, the
the amplitude of diffuse scattering calculated using the reciroughness is completely transferred and accumulated as in
procity theorem and distorted wave Born approximation  Ref. 15. Foro,.ny=0 andoy # 0 the roughness of the sub-
K2 strate is transferred to all interfaces. This is the complete
f= —f d®rE°U{(r) Sy (r)EM(r). 2 correlation limit of the model in Ref. 10.
4m In addition we assume al,, to be equal and introduce
The parametek is the modulus of the wave vectdr of  the vertical correlation length of roughnegg.— .
x-rays in vacuum, anéE"(r) and E®{(r) are the wavefields Equation(4) was integrated over the component of vector
inside the sample produced by the x-ray plane waves coming perpendicular to the plane of specular reflection because of
from the incidence direction and from the observation pointthe large height of receiving slit in the experiment. The
respectively. These wavefields can be determined considespecular x-ray reflectivity was simulated with the help of a
ing the boundary conditions for x-rays at each interface. Focomputer program described elsewh&e.
multilayers, the well-known methods are the Parrat’s recur-
rent formulaé?*z“an.d the Abeles matrix meth&ﬂSubstityt— V. RESULTS
ing the wavefields into the equatiofs and(2) one can find
Fig. 2 shows the longitudinal scans of the reflected in-

do [ K? ) 2 N 2 . - ; o )
e Sy (0 ) ox*(05)), (3 tensity (squaresand the diffuse scatteringircles. The dif-
dQ 47w jica |,m%‘fq:1 (0X;(Qm) OXic (Qpg)): - (3) fuse scattering is clearly observed in scans with an angular
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FIG. 3. Longitudinal /26 scans with sample offset G.through the first
superlattice maximum taken with the analyzer crystal for samples with
InSb-like (squares and AlAs-like (circleg interfaces. Theoretical calcula-
tions for complete vertical correlatidftine) and a correlation length of 100
angle (O) nm are given for comparisofdashed line for 0.6 nm rms roughness and
dotted line for 1.0 nm rms roughngss

FIG. 2. Measured reflectivitysquarey calculated reflectivity(line), and
diffuse scatteringpoints, measured with 0.5 degrees offs#ftsamples 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 n

respectively. B‘y interdiffusion has been proven in Ref. 4. However, the

transition layers do not result in non-specular diffuse scatter-
ing.

Figs. 3 and 4 display the longitudinal and transverse
offset of the sample of 0.5°. The reflected beam and thgcans through the first SL maxima. These scans record the
diffuse scattering show pronounced Bragg peaks of the Slnonspecular x-ray scattering and contain information about
These maxima in the diffuse scattering testify that the roughthe vertical and lateral correlation lengths of the interface
ness of the IFs is correlatéd!®*>~"19 roughness. These correlation lengths have been obtained by

From the comparison of the corrected x-ray reflectivity comparing the numerical calculations with the experimental
with the computer simulationgFig. 2) the averaged rms data(Table ).
roughness was obtaine@able ). The rms roughness is First, the analysis of the longitudinal scans taken with an
higher for the sample with AlAs-like IF than for the sample analyzer crystal proves that the vertical correlation length of
with InSb-like IF. In both cases, theory and experiment differroughness in both cases is of the order of the total thickness
at the large-angle part of the curves. This discrepancy is duef the SL,&,.+500 nm. The dotted and the dashed lines in
to the large rms roughness which for large angles is beyongig. 3 show the theoretical curves féj.n=100 nm and the
the limits of the algorithnf? The applicability of this algo- rms roughnesses of 0.6 nm and 1.0 nm, respectively, which
rithm as well as of the diffuse scattering model described imare considerably wider than the corresponding experimental
the previous section requiregQ <2, or a;<\/20, where  curves. Obviously the vertical correlation length of the
«a; is the incidence angle andis the x-ray wavelength. sample with InSb-like IFs is larger than that of the sample

We should note that the effect of roughness on the specwyith AlAs-like IFs. For the simulation of the transverse
lar reflectivity is basically not distinguishaBi# from that of scans, the averaging over the exit angles due to the low reso-
the transition layers with a thickness gf=20. The pres- |ution of the receiving slit of the detector was taken into
ence of transition layers in InAs/AISb superlattices causediccount. The large width of the curve in the transverse scan

for the sample with AlAs-like interfaces points to the small

lateral correlation lengtlito the short lateral “wavelength”
TABLE I. Results obtained from the comparison of longitudinal and trans-of roughness in this case. . .
verse scans to the corresponding calculations in the distorted wave Born A discrepancy between the distorted wave Born approxi-
approximation. The average relaxation of the superlattices was obtainefnation and the experiment arises for the higher order SL
from high resolution diffractometrs. maxima. Therefore only the experimental results for the
higher order satellites are presented. An adequate theoretical

7 InSb-like AlAs-like description is still missingsee section I)l The average re-
rms-roughnesnm| 0.6 1.0 laxation of the SL with respect to the AlSb buffer layer is
Lateral correlation lengtinm] 140 100 also given in Table | for comparison. The average SL relax-
Vertical correlation lengtfinm] 400-500 100-400 ation was obtained from high resolution diffractometry com-
Relaxation of SL on AISH§%] 30 91 . . .

paring the symmetri€004) and asymmetri¢115 and(224)
See Ref. 5. reflections>
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r . : . Table | must be treated with some care and a further devel-
s opment of the theory of diffuse scattering is needed.

3 A InSb IF 1

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
[ s AlAs IF | 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 rough-
ness is increased by introducing a relatively high density of

angle (°) additional crystal defects such as misfit dislocations and
stacking faults.

FIG. 4. Transversal scans through the first three Bragg peaks of the super-
lattice (first: points, second: squares, third: trianglesamples with InSb-
like (top) and AlAs-like (bottom) interfaces(IFs). Calculations are shown

(with vertical offsej for the first maximum and lateral correlation lengths of ACKNOWLEDGMENTS
140 nm and 100 nm, respectively.

intensity (log. scale)
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