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High resolution x-ray diffractometry of the structural characteristics of a semiconducting
„InGa…As/GaAs superlattice
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A statistical approach is used to construct a kinematic theory of x-ray diffraction on a
semiconducting superlattice with a two layer period. This theory takes two types of structural
deformations into account: crystal lattice defects caused by microdefects distributed
chaotically over the thickness of the superlattice, and periodicity defects of an additional
superlattice potential owing to random deviations in the thicknesses of the layers of its period
from specified values. Numerical simulation is used to illustrate the effect of structural
defects on the development of the diffraction reflection curve. The theory is used to analyze
experimental x-ray diffraction spectra of semiconducting InxGa12xAs/GaAs superlattices.
© 1999 American Institute of Physics.@S1063-7842~99!00902-2#
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INTRODUCTION

Semiconducting superlattices are a new and impor
class of modulated crystalline structures. Because of the
ditional periodic potential created by the alternation of tw
or more layers of a certain set of semiconductors, supe
tices have a number of unique electrical and optical prop
ties. Existing methods for epitaxial growth make it possib
to create superlattices with a rather high structural perfect
Nevertheless, actual superlattices inevitably contain vari
kinds of defects. Because of its nondestructive character
relative simplicity, x-ray diffraction is the most effectiv
method for determining the structural parameters of supe
tices.

At present considerable attention is being devoted to
scribing the diffraction of x rays on superlattices with diffe
ent structural defects. Studies have been made1–3 of the ef-
fect of cluster microdefects on the formation of the tw
crystal diffraction reflection curves from semiconducti
superlattices.

The behavior of diffraction reflection curves from supe
lattices with irregularities of the heterointerfaces has b
studied in number of papers.4–7 A study has been made8 of
x-ray diffraction in the presence of macroscopic distortio
of the modulated structure of a superlattice caused by fl
tuations in the layer thicknesses and composition.

In reality, superlattices can contain microdefects~point
defects and clusters of them, small-radius dislocation loo
etc.!, as well as different kinds of macroscopic defects in
additional periodic structure which arise during the epitax
growth process. In this paper we obtain expressions for
intensity of coherent and diffusely scattered waves tak
fluctuations in the superlattice layer thicknesses and sta
cally distributed microdefects into account.
1711063-7842/99/44(2)/9/$15.00
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A MODEL OF DEFECTS

In order to describe microdefects we use a model
spherically symmetric amorphous Coulomb clusters. In t
model, the chaotically distributed defects in the crystal g
rise to the following random local atomic displacements:

du~r !5H Ar

r 3
, if ur u.Rd

a random quantity, ifur u<Rd ,

~1!

where Rd and A are the defect radius and power, respe
tively.

We introduce the following model of macroscopic d
fects in anN-period superlattice. We assume that there
random deviationsd l p

(n) in the thickness of thepth layer in
the nth period of the superlattice,l p

(n) , from the specified
value ^ l p&, so that l p

(n)5^ l p&1d l p
(n) (n51,2, . . . ,N; p

51,2). Since the superlattice is produced by succes
deposition of layers, the fluctuations in the thicknesses
different layers can be regarded as independent. T
^d l p

(n)
•d l s

(m)&50, if pÞs or nÞm.

COHERENT INTENSITY

In terms of the statistical approach to a kinematic the
of diffraction, the reflection amplitude coefficient for cohe
ently scattered rays from a superlattice with a period of t
layers is given by

^Rc&5 (
n51

N

^r ~n!&mn21 )
m51

n21

^tm&, ~2!

where the bracketŝ . . . & denote averaging the enclose
quantity over the fluctuations in the layer thicknesses. T
solutions for the averaged reflection amplitude coeffici
© 1999 American Institute of Physics
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^r (n)& and the products of the transmission amplitude coe
cients in the directions of the incident and reflected ra
^t (n)&, of thenth period of the superlattice are given by

^r ~n!&5^r 1&1^r 2&^t1&m1 , ~3!

^t ~n!&5^t1&^t2&, ~4!

where the corresponding quantities in the individual layers
the superlattice period,^r p& and^tp& have the following form
(p51,2):

^r p&5spEp

exp~ i2Ap^ l p&!Dp21

2Ap
, ~5!

^tp&5exp~ i2Ap
r ^ l p&!Dp . ~6!

Here

Ap5 1
2S hp1

2pDdp

d0
2 D ;

Ddp /d0 , l p , and mp5exp(22Ap
i lp) are, respectively, the

relative deformation~strain!, thickness, and a coefficien
which accounts for photoabsorption in thepth layer of the
superlattice period;d0 is the interplane separation of the su
strate;m5m1•m2 ; the indicesr and i denote, respectively
the real and imaginary part; the variablehp is given in terms
of the angular deviationDq5q2qB of the diffraction angle
q from the exact Bragg angleqB of the substrate by

hp5
2p

lg0
~x0

~p!1Dq sinqB!, ~7!

wherel is the x-ray wavelength,x0,g
(p) are the Fourier com-

ponents of the dielectric susceptibility in the directions of t
incident and reflected beams, respectively, andg0,g are the
direction cosines of the incident and reflected rays;sp

5(pCxg
(p))/(luggu); C is the polarization factor; andEp is

the statistical Debye–Waller factor (p51,2).
In Eqs. ~5! and ~6! we have introduced the quantit

Dp(Dq)5^exp(i2Ap
r dlp)&, which we define as the effectiv

Debye–Waller factor of thepth layer of the period. The
explicit expression forDp depends on the particular form o
the distribution of the fluctuations in the layer thickness.
particular, for a continuous Gaussian distribution, we can

Dp~Dq!5exp~22~Ap
r Vp!2!, ~8!

whereVp
2 is the dispersion of the distribution of the fluctu

tions in the thickness of thepth layer of the superlattice
period.

In the case of symmetric Bragg diffraction, the soluti
for the coherently scattered intensity is expressed in term
the reflection amplitude coefficient^Rc& as follows:

I c5u^Rc&u2. ~9!

DIFFUSE INTENSITY

Defects cause incoherent~diffuse! scattering, whose an
gular distribution is found from the equationI d5I t2I c,
whereI t is the total scattering intensity.

For the diffuse intensity owing to fluctuations in th
thicknesses of the superlattice layers, we obtain
-
,

f

e

of

I d5^uRcu2&2u^R2&u2. ~10!

The expression for the total intensity averaged over
thickness fluctuations@the first term in Eq.~10!# is written in
the form

^uRcu2&5 (
n,n851

N

Sn,n8m
n1n822, ~11!

where

Sn,n85H ^ur ~n!u2&, n5n8;

^r ~n!&•^r * ~n8!t ~n8!&•^t&n2n821, n.n8;

^r ~n!t* ~n!&•^r * ~n8!&•^t* &n82n21, n,n8.
~12!

The quantitieŝ ur u2& and^r * t& in Eq. ~12! are given by

^ur u2&5^ur 1u2&1^ur 2u2&m1
212 Re~^r 1* t1&^r 2&!m1 , ~13!

^r * t&5^r 1* t1&^t2&1^r 2* t2&m1 . ~14!

The formulas for^ur pu2& and ^r p* tp& of the individual
layers can be written as

^ur pu2&5uspu2Ep
2

11mp
222mp cos~2Ap

r ^ l p&!Dp

4uApu2
, ~15!

^r p* tp&5spEp

mp2exp~ i2Ap
r ^ l p&!Dp

2Ap*
. ~16!

Microdefects distributed in the superlattice layers a
cause diffuse scattering whose angular profile is determi
by the type, dimensions, and concentration of the defects
the kinematic approximation, the solution for the diffuse
scattered intensity can be written in the form9

I d~Dq!5I 1
d~Dq!mn21

mN2m2N

m2m21
, ~17!

where

I 1
d~Dq!52~ us1u2~12E1

2!t1l 11us2u2~12E2
2!t2l 2m1!

~18!

is the angular distribution of the incoherently scattered int
sity in the superlattice period.

An explicit expression for the correlation lengthtp cor-
responding to the microdefect model of Eq.~1! when the
atomic fields of the displacements of the different clusters
not overlap has been obtained elsewhere:10

tp~Cp!5
1

11Ã2H t0~Cp!1Ã2t0~0!S exp~ ix0!

ix0
S 5

3
2g0

2D
1

~g0
211!g0

x0
2 ~12exp~ ix0!!1

8i

3x0
1 2~12g0

2!F

1
x0

2~3g0
221!

~F02F !D J , ~19!

6
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where Ã5Augu/Rd
2 , g is the diffraction vector, x0,1

52Rd,1Cpg0 , R1 is the outer boundary of the field of elast
displacements,Cp52Ap (p51,2),

F5 lnS x1

x0
D1E

x0

x1 exp~ iz!21

z
dz, ~20!

F05
exp~ ix0!

x0
2

2
exp~ ix1!

x1
2

1
i exp~ ix0!

x0
2

i exp~ ix1!

x1
,

~21!

t0~Cp!5t0
r ~Cp!1 i t0

i ~Cp!, ~22!

t0
r ~Cp!5

3

4
Rdg0

8

x0
4S x0

2

2
112cos~x0!2x0 sin~x0! D ,

~23!

t0
i ~Cp!5

Rdg0

x0
4 ~2x0

326 sin~x0!16x0 cos~x0!!. ~24!

NUMERICAL SIMULATION

We shall analyze these equations using the example
10-period composite superlattice of 30 nm AlAs/30 n
GaAs grown on a massive~001!-oriented GaAs substrate
The layers in the period are enumerated from the subst
Numerical calculations were done for the symmetric~004!
reflection ofs-polarized CuKa1

radiation. It is assumed tha
the superlattice is in a stressed state owing to cohe
growth. Given the resulting tetragonal deformation of t
crystal lattice, the strain of thepth layer of the superlattice
period is given by

Ddp

d0
5

dp2d0

d0
Kp ,

wheredp andd0 are the easy-plane separations of the la
and substrate in the unstressed state andKp5(C11

(p)

1C12
(p))/C11

(p) , whereC11
(p) andC12

(p) are the elastic constant
of the crystal lattice in thepth layer of the period
(p51,2).

Figure 1 shows the angular distributions of the diffu
component and the total scattered intensity as function
the cluster radiusRd . The static Debye–Waller factor of th
layers in the period isE15E250.9. It is clear from Fig. 1a
that, for a constant degree of disruption of the crystall
lattice of the superlattice layers, a continuous reduction
the with of the angular distribution of the diffuse scatter
intensity is observed with increasing defect radius. This
turn has a significant effect on the behavior of the angu
profile of the total diffraction reflection curve. In Fig. 1b
rise in the profile of the total scattered intensity can be
ticed in this angular region as the defect size increases.

There is some interest in an analysis of the formation
the diffraction reflection curve as the structural perfection
one of the layers in the superlattice period is varied. It h
been shown11 that for certain values of the static Debye
Waller factors, complete quenching of the coherent com
nent of the scattered intensity of one or the other of
satellite peaks in the superlattice spectrum may occur.
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ures 2 and 3 show the variations in the angular distributi
of the coherent and total scattered intensities with the m
nitude of the static factorsE1 and E2 , respectively, for a
fixed defect radiusRd55 nm. Dips are observed in the co
herent intensity for the first satellite atE150.2 and for the
second, atE150.4 ~Fig. 2a!. Here the second layer of th
period is assumed perfect (E251). A similar pattern is ob-
served in the graph for the total scattered intensity~Fig. 2b!.
In the case where the first layer of the superlattice perio
perfect and the microdefects are concentrated in the sec
the picture changes. Now dips in the coherent intensity
observed for the minus first and minus second satellites,
spectively, atE250.35 andE250.8 ~Fig. 3a!. Note that, in
general, the dips in the coherent intensity and the minima
the total intensity do not coincide~compare Figs. 3a and 3
for the minus second satellite!. This is because even for
constant defect radius, as the static factor of one of the la
is reduced, the diffuse scattered intensity is found to rise

We now turn to an analysis of the effect of fluctuatio
in the thickness of a superlattice layer on its x-ray diffracti
spectra. Figure 4 shows the variations in the coherent,
fuse, and total scattered intensities with the magnitude of
relative fluctuations in the thicknesses of the superlattice
ers~i.e., of the ratio of the root mean square deviation of t
thickness of a layer to its mean value!. It can be seen from
Fig. 4a that, as the magnitude of the relative fluctuations
the layer thicknesses increases, a monotonic drop in the
herent intensity is observed, along with a broadening of
satellite peaks. This effect is stronger for higher satel
numbers. The existence of fluctuations in the layer thickn
causes diffuse scattering~Fig. 4b! which is concentrated
principally in the angular regions of the satellite peaks.
the magnitude of the fluctuations increases, a substantia
hancement is observed in the diffuse intensity. Howev
there is a limit to the rise in the diffuse intensity which,
can be seen from Fig. 4b, is more rapidly attained in
neighborhood of satellites with larger ordinal numbers. R
garding the total scattered intensity, we must note the follo
ing: as with the coherent intensity, when the magnitude
the fluctuations increases, a reduction in the total intensity
the satellites is observed, along with a broadening of
latter. Here, as the magnitude of the fluctuations increa
the fraction of the diffuse component in the total scatte
intensity becomes larger, so that gradually the diffuse int
sity begins to predominate. This is quite clear for the seco
and third satellites in Fig. 4c.

Therefore, microdefects statistically distributed over t
superlattice volume and possible fluctuations in the la
thicknesses away from certain values do have a signific
effect on the formation of the diffraction reflection curves.
is extremely important to take them into account in analyz
experimental x-ray diffraction spectra of superlattices.

X-RAY DIFFRACTION DIAGNOSTICS OF A
SEMICONDUCTING „InGa…As/GaAs SUPERLATTICE

We shall use the formulas derived here to study a se
conducting (InxGa12x)As/GaAs superlattice grown by
molecular-beam epitaxy on an exactly~001!-oriented, perfect
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FIG. 1. Theoretical dependences of the angular dis
butions of the diffuse component~a! and the total scat-
tered intensity~b! of a 10-period semiconducting 30 nm
AlAs/30 nm GaAs superlattice on the cluster radius.
on
e

ro

as
m
as
and
GaAs crystal. Two-crystal experimental diffraction reflecti
curves~Fig. 5a and b! of the superlattice were taken in th
neighborhood of the~004! peak of the substrate. The~004!
reflection from a perfect Ge crystal was used to monoch
 -

matize the x rays. The beam incident on the sample w
stopped by horizontal and vertical slits of 0.1 and 2 m
widths, respectively. The experimental curve of Fig. 5b w
obtained with a 0.1 mm slit placed between the sample
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FIG. 2. Theoretical dependences of the a
gular distributions of the coherent compo
nent ~a! and the total scattered intensity~b!
on the static Debye–Waller factorE1 of the
first layer of a superlattice period. The su
perlattice is the same as in Fig. 1.
4
-
a

s
s
d

the detector~at a distance of 185 mm from the sample and
mm from the detector! in order to reduce the diffuse compo
nent of the scattered intensity. The curve of Fig. 5a w
obtained without a slit.

During epitaxial growth, 20 pairs of 0.5-Å-thick InA
and roughly 300-Å-GaAs layers were deposited. An analy
of the experimental data, however, only revealed 19 perio
5

s

is
s.

Using the relationship between the angular separationDq l

between satellites and the thicknessl of a period,

Dq l5
luggu

l sin 2qB
,

we obtain the following result:l 526164 Å. In addition,
with the aid of the standard formula
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FIG. 3. Theoretical dependences of the a
gular distributions of the coherent compo
nent ~a! and the total scattered intensity~b!
on the statistical Debye–Waller factorE2

for the second layer of a superlattice perio
The superlattice is the same as in Fig. 1.
-

la

b-

ial
on-
Dq052
Dd

d0
K1•xav tanqB ,

whereDd/d0 is the relative difference in the lattice param
eters of the unstressed InAs and GaAs layers andK1 is the
Honstra coefficient for InAs, the magnitude of the angu
 r

deviationDq0 of the central superlattice peak from the su
strate peak yielded an average~over the superlattice period!
molar fraction of indiumxav5(2363)31024.

Since the thickness of the InAs layers during epitax
growth was less than a monolayer, it was necessary to c
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FIG. 4. Theoretical dependences of the angular distributions of the coherent~a! and diffuse components~b! and of the total scattered intensity~c! on the
magnitude of the relative fluctuations in the thickness of the superlattice layers. The superlattice is the same as in Fig. 1.
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sider a monolayer of InxGa12xAs, rather than a thin layer o
InAs. This, in turn, allows us to find the thicknesses of t
layers in the period,l (InGa)As and l GaAs, and the molar frac-
tion x of indium in the InxGa12xAs layer (l (InGa)As53.116
60.004 Å, l GaAs525864 Å, andx50.1960.01). The mo-
lar fraction estimate was refined tox50.2260.01 during the
course of numerically comparing the theoretical and exp
mental diffraction reflection curves.

Some theoretical diffraction reflection curves based
the superlattice parameters obtained from the numerical



178 Tech. Phys. 44 (2), February 1999 Nesterets et al.
FIG. 5. Experimental~a, b! and the corresponding theoretical~c, d! diffraction reflection curves for a semiconducting~InGa!As/GaAs/ . . . /~001!GaAs
superlattice.
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culations are shown in Fig. 5c and d. These curves have b
calculated using the formulas obtained in this paper for
corresponding experimental curves of Fig. 5a and b. In
culating the theoretical curves we have taken into accoun~1!
the polarization and instrument function of the distribution
the radiation incident on the sample crystal~a Gaussian func-
tion was used for the latter!, ~2! fluctuations in the thick-
nesses of the superlattice layers, and~3! microdefects uni-
formly distributed over the superlattice thickness.

It was possible to obtain satisfactory agreement betw
the experimental and theoretical reflection curves for the
lowing parameters: a width of 1762 for the instrument func-
en
e
l-

f

n
l-

tion distribution of the incident beam,V15861 Å, V2

50.0960.01 Å, a defect radiusRd58 nm, and a static
Debye–Waller factorE50.98.

Using a narrow slit in front of the detector greatly r
duces the diffuse component of the scattered intensity. C
culations showed that for the experimental geometry and
crodefects having a radius of 10 nm, a 0.1-mm-wide slit
front of the detector allowed only a few percent of the d
fusely scattered intensity to pass. For this reason only
coherent component of the scattered intensity is shown
Fig. 5d for comparison with the corresponding experimen
curve ~Fig. 5b!.
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