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Diffuse x-ray scattering from misfit and threading dislocations in PbTe/BaF,/Si(111) thin layers
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Diffuse x-ray scattering from epitaxial PbTe layers on Si(111) is analyzed both theoretically and experimen-
tally. Reciprocal-space maps and x-ray diffraction profiles are measured and simulated for symmetrical and
asymmetrical diffractions as well. The intensity distribution of diffusively scattered radiation is simulated
within the statistical theory of x-ray scattering. Both types of expected defects—misfit and threading
dislocations—are discussed. Comparing simulated maps to measured ones we can distinguish between contri-
butions arising from misfit and threading dislocations. In the case of PbTe thin layers, the majority diffuse

scattering comes from misfit dislocations.
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I. INTRODUCTION

X-ray scattering is widely used for thin film and epitaxial
layer characterization. Usually, only one experimental pa-
rameter is used for the structure characterization—full width
at half maximum (FWHM) of a scattered intensity profile.
Little attention is paid to the shape of the intensity distribu-
tion of diffusely scattered radiation in reciprocal space.

Several papers have dealt with the analysis of the
reciprocal-space distribution of the intensity diffracted from
thin layers with dislocations. Ayers! elaborated a model
which is frequently applied to threading dislocation density
determination in various types of semiconductor heterostruc-
tures. Threading dislocations cause a decrease of mobility of
charge carries, i.e., they affect transport properties of the
system. His model is based on the measurement of FWHM
of different diffractions and then plotting FWHM (Ref. 2)
against tan’ 6, where @ is the Bragg angle. Threading dislo-
cation density can be determined either using the slope of
linear dependence FWHM—tan? 6 or from the intercept with
the ordinate. Nevertheless, only for the FWHM we cannot
determine the type of defects. In contrast to FWHM,
reciprocal-space maps, i.e., intensity distribution of scattered
radiation around reciprocal lattice point, can be used for the
determination of the type and concentration of the defects.

Krivoglaz? built up a general theoretical description of
diffuse scattering connected to the given defect within the
layer. This model is routinely used in powder x-ray diffrac-
tion. However, using high-resolution x-ray diffraction and
reciprocal-space maps (RSM), we are able to analyze the
diffusely scattered x rays in more precise way.

Kaganer et al. used diffuse scattering from epitaxial lay-
ers for the determination of misfit dislocation density in
semiconductor heterostructures. He discussed the effect of
correlation in dislocation positions and density inhomogeni-
ties on diffraction profile as well. Danis et al.* studied diffuse
scattering from threading dislocation in epitaxial GaN layers.
Correlation in dislocation positions were treated in different
ways by using Kubo expansion formulas.

However, Kaganer® and Dani§* dealt only with one type
of dislocation—misfit or threading. Actually, misfit and
threading dislocations can coexist in the disturbed layer and
both of them contribute to diffuse scattering. The analysis of

1098-0121/2006/73(1)/014102(6)/$23.00

014102-1

PACS number(s): 61.10.Dp, 61.72.Lk, 68.55.—a

experimental data is very complicated if several defect types
are present in the investigated sample. This situation is very
common—due to a mismatch of layer and substrate lattice
parameters we may expect creation of misfit dislocations at
the interface. Misfit dislocations can generate threading dis-
location segments. Both these types of defect affect the
shape, i.e., FWHM, of the intensity profile.

In this paper, we present a method of how to distinguish
the contributions of threading and misfit dislocations to the
RSM. The method is based on the Krivoglaz? theory.

The paper is organized as follows: in Sec. II we introduce
basic formalism from the kinematical approximation needed
for the description of diffuse scattering. In Sec. III experi-
mental conditions as well as experimental results will be
presented. Section IV is devoted to discussion and in Sec. IV
conclusions are presented.

II. INTENSITY OF DIFFUSE X-RAY SCATTERING

Our aim is to calculate the intensity of diffusely scattered
x rays from an epitaxial layer of PbTe contianing both misfit
and threading dislocations. At first, we introduce essential
formalism used in our work. In the second part of this sec-
tion we focus on a particular case of defects in a epitaxial
PbTe layer.

A. Diffuse scattering within the kinematical approximation

In an experiment, we usually measure intensity distribu-
tion I1(Q) of scattered x rays around a reciprocal lattice point
(RLP) given by a wave vector Q. It is convenient to intro-
duce the wave-vector deviation q=Q-Q, from the nearest
RLP vector Q. For the reader’s convenience we summarize
the necessary theory according to Kaganer’s work.?

In the kinematical approximation, the intensity of diffuse
scattering by a layer of thickness T(-T<z<0) is given as a
Fourier integral

I(q) =AQJ

Z

dSrf dSr/e—i.(q.r—q*.r/)G(r _ l") .
e(=T,0) 7 e(-T,0)

(1)

where Ay is a constant containing a square of the sample
polarizability, among others, and G(r—r’) is the correlation
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function of the deformation field caused by the defects

G(r.r') = (exp{-iQ - [u(r) —u(r’)]}). 2)

u(r) denotes the random shift of the atom in position r due to
the defects and Q is the diffraction vector. The averaging ()
is performed over the ensemble of all defect configurations.

If we assume that the system is laterally uniform, the
integral (1) can be simplified to the form (assuming a copla-
nar geometry)

o0 0 0
1(q:q.) = Aq f dx f dz J dz' e Hax+ale=2)]
- -T -T

X e G (x,2,7"), (3)

where u is the linear absorption coefficient. Integration over
the y coordinate was performed in an evaluation of (3) (i.e.,
a wide open detector is used during experiment).

An explicit formula for the correlation function G(x,z,z’)
was derived by Krivoglaz,> who rewrote G(x,z,z’) into the
exponential form

G(x,z,7") =exp{- T(x,z,2)}, (4)

where T(x,z,z’) is also called the correlation function. In the
case of uncorrelated misfit dislocations parallel to the y axis,
the correlation function T(x,z,z") has the following form:

T(x,2,2') = Qaf

—0

)

dx’{l _ eiQ~[ua(x/,z)—ua(x’—x,z')]}, (5)
and for threading dislocations we obtain
T(X,Z,Z,) - 2 Qaf dzl'”{l _ eiQ{ua(r—r",z)—ua(r'—r",z')]}’
(23

(6)

where in both equations we sum over all types of the defects.
If the dislocation density is large enough, one can apply the
Taylor expansion to the dot product Q-[u(r-r",z)—u(r’
-r",z")], yielding

Q- [ulr-r"z) —u(r'-r"z")]=R-V[Q-u("2)], (7)

where the vector R=(r-r’,z—z")=(x,0,z-2z’). Actually, be-
cause we are doing integration over y in (3), the x in R is
equal to |r—r’|.

In the case of threading dislocations, by substituting from
Eq. (7) into (6) and using the expansion exp(ix)=1+ix
—%xz, we obtain the following formula for the correlation

function:

T0n22) =2 f dzr"{l(xﬁq#w e

, ﬁQ-u(r”,z)> 1( dQ -u(r’,z)
-7') +—|x +(z
0z 2 ox
. " 2
_Z,)ﬂQ :(r ,z)) } ®)
Z

The imaginary part of T(x,z,z") is responsible for a shift of
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the intensity maximum in the (g,,q.) plane. This shift is
caused by an average strain induced in the layer by the de-
fects. The real part of the correlation function describes the
shape of the intensity profile of the scattered radiation.

It can be easily shown? that, within this so-called high-
density approximation, the real part of the correlation func-
tion T(x,z,z’) is a quadratic form both in x and (z—z'). This
implies a Gaussian profile of the scattered intensity along the
g, direction. Kaganer? proved that for misfit dislocations this
approximation is valid if L<T, where L is the mean distance
between misfit dislocations and 7 is the layer thickness.
However, such simple condition can not be stated for thread-
ing dislocations. In this case we have to check the shape of
intensity distribution along the ¢, direction—if it is Gauss-
ian, we can use the high-density approximation.

The approximation described above significantly simpli-
fies the calculation of the intensity distribution I(g,,q.) near
a RLP, see Eq. (3). As mentioned above, the shape of the
intensity distribution /(g,,q.) is fully determined by the real
part of the correlation function (8). Substituting the real part
of (8) into Eq. (3), we get

% 0 0
](qqu) = Ahf dxf de dz’e—i[qu'qu(Z—Z’)]e;L(Z+Z’)
— -T -T

X AR =B(@)x(z-2")-C)(z - z’)z, 9)
where
1 . II, 2
A(z)z—fdzr’,(&Qu—(l‘Z)> (10)
2 ox
1 dQ - u(r",z) 9Q - u(r",z)
B _ = d2 ” 11
@=5 )" az (11)
1 . rr’ 2
C(Z) - = f d2r//<ﬁQu—(rZ)> . (12)
2 oz

For the symmetrical diffraction, i.e., for Qy=(0,0,0.)
and B(z)=0, we can easily perform the integration over x,

0 0 —
NTT 2 . o
[(Qx’QZ) = Ahf dzj dZ, / e—q_,(/4A(z)e—tqZ(z—4‘ )
-t Jor NA(~z)

Xe,u(z+z’)e—C(z)(z—z’)2’ (13)

where integration over z and z’ have to be evaluated numeri-
cally. We can immediately see, that along the g, direction the
peak shape is Gaussian. For asymmetrical diffraction, i.e.,
Q=(0,,0,0.) and B(z) #0, the separate integration over x
can be performed as well, however, resulting in a little bit of
a complicated formula. For misfit dislocation, we can derive
similar relations, indeed.

B. Misfit and threading dislocations in epitaxial PbTe layers

PbTe crystallizes within the cubic NaCl structure. The
main dislocation system is (110){100}. Due to a large mis-
match between lattice parameters of silicon (substrate, a
=5.431 A) and PbTe (a=6.462 A), a high density of misfit
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FIG. 1. Dislocation system in PbTe. Misfit dislocations lie
within the (111) plane with different dislocation lines. Threading
dislocation are formed in the glide plane. Figure was adapted from
Zogg (Ref. 7).

dislocations at the interface is expected after reaching the
critical thickness of the layer. In our samples grown on
Si(111) oriented substrate, we have three different families of
misfit dislocations, see Fig. 1. Misfit dislocations can form
segments of threading dislocations which penetrate the layer.
Both types of dislocations contribute to diffuse scattering.
We will calculate the intensity distribution of diffuse scatter-
ing 1(q,,q.) separately for misfit and threading dislocations,
for simplicity. Actually, we have to sum over all types of
defects, thus the correlation function holds 7=T7,,+T,,, where
T,, and T,, are the correlation function for misfit and thread-
ing dislocations, respectively.

1. Misfit dislocations

At first, when calculating /(g,,q.), we have to determine
the correlation function 7T(x,z,z’). In order to perform the
integration given in Eq. (5), we have to know the displace-
ment field around a single dislocation. The expressions for
the displacement field around a misfit dislocation can be
found in Ref. 3, among others. As mentioned above, we have
to sum over three types of misfit dislocations. Fortunately,
the coefficients A(z), B(z), and C(z) (10)—(12) can be evalu-
ated analytically. Figure 2 shows simulated reciprocal-space
maps of a 1 wm thick PbTe layer computed for misfit dislo-
cation density 0=1.5X10* cm™.

2. Threading dislocations

Dislocation lines of threading dislocations lie within the
{100} planes, see Fig. 1. These dislocation lines are inclined
with respect to the surface by an angle 6. According to
atomic-force microscopy observations,”> we describe a
threading dislocation as an inclined screw dislocation with
the Burgers vector b,,=b,,=\2/2ap,7,, where b,,, b,, denote
the length of the Burgers vector of misfit and threading dis-
location. Displacement fields caused by an arbitrary inclined
screw dislocation were published in Ref. 6. Unfortunately, in
the case of an inclined screw dislocation, the parameters
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FIG. 2. (a) and (b): Simulated reciprocal space maps for the
1 um thick PbTe layer. Only misfit dislocations with density @
=1.5%10* cm™" were considered. Left-hand side shows symmetri-
cal diffraction 111; right-hand side asymmetrical 224. (c¢) and (d):
Simulated reciprocal space maps for the 1 um thick PbTe layer.
Only threading dislocations with density @=1.0X 10% cm™ were
considered. Left-hand side shows symmetrical diffraction 111;
right-hand shows asymmetrical 224.

A(z), B(z), and C(z) of the quadratic form of T(x,z,z’) can-
not be expressed analytically, and a direct numerical simula-
tion is rather time consuming.

Figure 2 shows simulated intensity distributions of diffuse
scattering near two reciprocal lattice points. Comparing
reciprocal-space maps in Fig. 2, we can see that in the case
of symmetrical diffraction the intensity profile corresponding
to misfit and threading dislocations is nearly the same and
we cannot distinguish these two dislocation types. However,
intensity profiles in an asymmetrical diffraction for misfit
and threading dislocations are completely different. This al-
lows us to determine the dominant type of the defect.

III. EXPERIMENT

We investigated a 1.3 um thick PbTe layer grown on a
Si(111) substrate by molecular beam epitaxy. A thin (2 nm)
CaF, buffer layer was grown on the substrate for compatabil-
ity. The growth details are published elsewhere.” The as-
grown PbTe layer was chemically wet-etched in order to ob-
tain the requested layer thickness.
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FIG. 3. (a) and (b) show measured reciprocal space maps for
symmetrical diffraction 111 (up) and asymmetrical 224 (bottom) of
the 1.3 pum thick PbTe layer. (c) and (d) show simulated maps for
the same diffractions.

Reciprocal-space maps near several reciprocal lattice
points were measured using a laboratory high-resolution
x-ray diffractometer. The primary x-ray beam (Cu anode,
40 kV/35 mA) was monochromatized by a four-bounce
asymmetrical Ge220 Bartels monochromator; an x-ray mir-
ror was placed in front of the monochromator. The size of the
beam irradiating the sample was set to 0.5 0.5 mm? using
cross slits. The scattered radiation was analyzed by a three-
bounce crystal symmetrical Ge220 channel-cut analyzer and
registered with a gas-filled proportional detector.

Figure 3 shows measured diffusely scattered intensity
near reciprocal lattice points—111 (symmetrical) and 224
(asymmetrical). As was shown above, the shape of asym-
metrical reciprocal-space maps can determine if the diffuse
scattering is due to misfit or threading dislocations. As we
can see, the shape of measured asymmetrical space is similar
to the shape of simulated misfit dislocations.

The misfit dislocation density was determined from fitting
the measured ¢, scans to the theory above; the results are
plotted in Fig. 4. From the fits we have determined the misfit
dislocation density is 0=1.6X 10* cm™'. As is shown in Fig.
4 the intensity profile cannot be explained only by misfit
dislocations, especially concerning the tails of the profile.
Including diffuse scattering from threading dislocations does
not help. Adding the contribution threading dislocations in
the correlation function T(x,z,z’) only changes parameters
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FIG. 4. (a): ¢, scan of the 1.3 um thick PbTe layer for sym-
metrical diffraction 111. Points note measured data and the dashed
line marks theoretical calculation using the high-density approxima-
tion (Gaussian profile with constant background). The solid line
denotes sum of the fitted curve (dashed) and the contribution of the
disturbed surface layer. See the text for details. (b): ¢, scans for
three thickness of the PbTe layer. With increasing thickness of the
layer the diffraction profile become narrower.

of the resulting Gaussian profile—the tails remain the same.
Even as we did not use the high-density approximation for
threading dislocations, we are not able to fit the tails of the
diffraction profiles. Finally, we introduced a thin disturbed
layer at the top of the PbTe layer which contribute to the
diffuse scattering, e.g., due to surface roughness. Since we
do not exactly know the type of the defects in this disturbed
layer, and even the thickness of it, we define the correlation
function T(x,z,z") of this layer in a general quadratic form
T(x,z,2")=Ax*+B;x(z—z")+ C;(z—z')?. This form of corre-
lation function is used in a phenomelogical mosaic-block
model where the quadratic form is a result of a product of the
mosaic-block shape function and deformation within the
block.® Finally, if we assume that the disturbed layer can be
assumed as a small perturbation, then measured intensity is a
sum of diffuse scattering originating from misfit dislocations
and the intensity of the disturbed layer, I=1,,,;s;,+ Ljis; 1ayer» S€€
Fig. 4.

From the comparison of measured RSMs and simulations
using the misfit-dislocation model we determined the density
of misfit dislocations to 1.6+0.1 X 10* cm~!. However, this
value of the misfit dislocation density is about 3 orders less
than the expected misfit dislocation density of a full relaxed
layer (©,e1ax~ 107 cm™!). We have checked the degree of re-
laxation by measuring reciprocal-space maps over a large
area in order to measure asymmetrical diffraction from PbTe
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FIG. 5. Reciprocal space maps around RLP 224 of Si (substrate)
and PbTe (layer). The layer is fully relaxed.

and Si simultaneously. The result is shown in Fig. 5—the
PbTe layer is fully relaxed.

In our theoretical description we did not consider any cor-
relation in dislocation positions. As was shown by Kaganer
et al.’ if a spatial correlation of the dislocation positions
takes place, the diffraction profile becomes narrower. There-
fore, most likely we observe an effective dislocation density
0, where 7 is correlation parameter y<1 (y=1 for uncor-
related case). In our case y~0.001, it implies that misfit
dislocations are strongly correlated in their positions.
Kaganer? reported y=0.03 for the AISb layer grown on
GaAs (misfit 7.9%—compare with 19% for PbTe and Si).

We have determined the misfit dislocation density of PbTe
layers with thicknesses 1.3, 2.4, and 3.4 um grown on the
same piece of the substrate. Despite decreasing the FWHM
of the intensity profile the dislocation density remains nearly
the same, see Table I.

IV. DISCUSSION

Statistical kinematical approximation of x-ray scattering
was used to describe the diffuse scattering from epitaxial
PbTe layers. Two types of defects were considered—misfit
and threading dislocations. Threading dislocations were as-
sumed to be of inclined screw origins.

Simulated reciprocal-space maps of misfit dislocations
agree quite well to measured data. Diffraction profiles be-
came narrower whereas the dislocation density remains the
same. Our results indicate strong correlation in misfit dislo-
cation positions, as well. Contribution of threading disloca-
tions can be neglected. This is shown in Fig. 6 where contri-

TABLE I. Misfit dislocation densities for PbTe layers with dif-
ferent thicknesses. Within the errors, the dislocation density remains
the same.

t (um) o (10* cm™)
1.3 1.6+0.1
2.4 1.6+0.1
3.4 1.5+0.1
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FIG. 6. Coefficients of the quadratic form of correlation func-
tion T(x,z,z") [see Egs. (10)-(12)] are plotted as a function of the z
coordinate for the 7=1.3 um thick layer. z=0 means the surface of
the layer; z=—T denotes the layer-substrate interface. Following dis-
location ~densities were chosen: @,=1.6X10"*cm™"; o,
=108 cm™2. The coefficients of misfit dislocation are larger (in ab-
solute value) than the ones for threading dislocation. Thus, the main
contribution to diffuse scattering comes from misfit dislocations.

butions to quadratic-form coefficients of T(x,z,z') are
plotted in the case of asymmetrical diffraction 224.

To our knowledge, any detailed analysis of x-ray diffuse
scattering from PbTe layers was not published, so far. Sev-
eral authors®!? dealt only with the FWHM of the diffraction
profile. These authors supposed that the diffuse scattering is
mainly due to threading dislocations. Only simple analysis
based on Ayers' approach has been performed. Threading
dislocation density was reported to be of order of o
~10% cm™. The thickness dependence of @,, was found to
follow the exponential law @, ~ 7~¢, however some different
values of « have been reported. While a 7~ law follows
easily from probability considerations,'' deviations from this
inverse power law still await a convincing explanation.

However, if there are several types of dislocations (and/or
other defects) present within the layer, we have to analyze
the diffuse scattering more carefully. Sometimes reciprocal-
space maps can be helpful in order to uncover the main
source of diffuse scattering. This implies that without thor-
ough investigation of reciprocal-space maps, the only appli-
cation of FWHM can be inaccurate.

V. CONCLUSION

Diffuse scattering from thin epitaxial layer of PbTe grown
on Si(111) substrates was examined. It was shown that the
intensity distribution of diffusely scattered radiation is
mainly caused by misift dislocations. The contribution of
threading dislocations (inclined screw dislocations) is negli-
gible. The misfit dislocation density remains the same
(within the errors) for several layer thicknesses.
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