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Abstract
The capabilities of X-ray diffuse scattering (XRDS) method for the study of microdefects in semiconductor crystals
have been overviewed. Analysis of the results has shown that the XRDS method is a highly sensitive and information
valuable tool for studying early stages of solid solution decomposition in semiconductors. A review of the results
relating to the methodological aspect has shown that the most consistent approach is a combination of XRDS with
precision lattice parameter measurements. It allows one to detect decomposition stages that cannot be visualized using
transmission electron microscopy (TEM) and moreover to draw conclusions as to microdefect formation mechanisms.
TEM-invisible defects that are coherent with the matrix and have smeared boundaries with low displacement field
gradients may form due to transmutation doping as a result of neutron irradiation and relaxation of disordered regions
accompanied by redistribution of point defects and annihilation of interstitial defects and vacancies. For GaP and InP
examples, a structural microdefect formation mechanism has been revealed associated with the interaction of defects
forming during the decomposition and residual intrinsic defects. Analysis of XRDS intensity distribution around the
reciprocal lattice site and the related evolution of lattice constant allows detecting different decomposition stages:
first, the formation of a solution of Frenkel pairs in which concentration fluctuations develop, then the formation of
matrix-coherent microdefects and finally coherency violation and the formation of defects with sharp boundaries.
Fundamentally, the latter defects can be precipitating particles. Study of the evolution of diffuse scattering iso-intensity
curves in GaP, GaAs(Si) and Si(O) has allowed tracing the evolution of microdefects from matrix-coherent ones to microdefects with smeared coherency resulting from microdefect growth during the decomposition of non-stoichiometric
solid solutions heavily supersaturated with intrinsic (or impurity) components.
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1. Introduction
Among the problems faced by the technologies of semiconductor single crystals with preset properties that
are determined mainly by the structural perfection and
homogeneity of the crystals, there are important issues
relating to the origins and properties of microdefects in

their crystal lattice as well as microdefect study and nondestructive control methods. Hereinafter we will consider
microdefects to be local violations of crystal lattice periodicity caused by clusters of point defects (intrinsic or impurity), dislocation loops or dispersed phase precipitates
having submicron or micron sizes. All these violations
are first type defects [1] by their effect on X-ray diffrac-
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tion. Various microdefect study methods were reviewed
and their information value, advantages and drawbacks
were discussed earlier [2]. The most information valuable
one of these methods is X-ray diffuse scattering which allows analyzing the distribution of scattered X-ray waves
in the vicinity of the reciprocal lattice site. XRDS measurement in triple-crystal X-ray diffractometer setup allows
fundamental identification of microdefects and determination of their sizes and concentration. The theory of the
method is continuously improved. Accurate analytical
expressions were obtained [3] for the diffuse components
of one-dimensional cross-sections and reciprocal space
maps measured in Bragg diffraction setup for single crystals containing several types of defects. Analytical processing of experimental reflection curves and reciprocal
space maps allowed determination of complex microdefect structures in silicon [4, 5] and garnet [6, 7] crystals
exposed to radiation. The use of synchrotron sources greatly broadens the capabilities of the XRDS method. In ion
implanted tungsten single crystals, this method revealed
and allowed studying 3 nm radius dislocation loops of vacancy and interstitial type [8] which are almost irresolvable in transmission electron microscopy (TEM) images.
The results obtained using XRDS and TEM for larger defects in metals are in good agreement.
Below we will dwell upon more detailed aspects of the
problem in question: capabilities of the XRDS method
paired with precision lattice parameter measurements on
a diffractometer with a laboratory-grade X-ray source for
the study of microdefects in semiconductor single crystals.

2. Theory
The theory of X-ray diffuse scattering (XRDS) from defects near Bragg reflections was put forward by Dederichs
[10, 11] and Larson [12]. In this section, we will consider
the theoretical basis of the method which will be required
for further analysis of experimental data.
The XRDS intensity distribution I(q) is determined by
the Fourier image of the defect’s displacement field u(q)
I (q) ~| Q·u(q) |2 ,

(1)

where q = Q – H is the vector describing the deviation
of the diffraction vector Q from the reciprocal lattice site
described by the vector H.
If the local displacements around the defects are small
and Q.u(q) << 1, the differential cross-section of diffuse
scattering Sdif(q) is written in the form [1, 13]

2 2
2 H C
Sdf (q) = N FH  2
 q


3

∑ πi γ i +
1

5
( HC ) 2

v02 q



π1γ 1  , (2)



where FH is the structural amplitude, N is the number of
scattering centers, C is the defect power that characterizes
the crystal volume change ΔV caused by the defect and,

for a specific microdefect type, can be expressed through
defect parameters (shape, size and deformation sign), and
ν0 is the unit cell volume. For example, a defect with a
Coulomb type displacement field u(r) >> C(r0)/r2 has the
power C(r0) which depends on the direction of the unit
vector r0 and its sign is similar to that of ΔV. If ΔV > 0,
then С > 0 too, and vice versa. The parameters πi and γi are
determined (see e.g. [1]) as follows:
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where TrPmn is the trace of the double-force tensor Pmn.
The factors γi depend on the elastic constants of the
material and the directions of the vectors q and H. For
high-symmetry directions of q and H in cubic crystals,
e.g., for 100, 110 and 111 type sites, the γi expressions
are relatively simple (see, table 8 [1]). For specific defect symmetries, some of the parameters πi take on zero.
For cubic symmetry defects only the parameter π1 differs
from zero, for tetragonal symmetry π3 = 0 and for trigonal
symmetry π2 = 0. In some cases, γi = 0; thus choosing the
directions of q and H one can separately determine πi and
thence the symmetry of the defect’s displacement field.
During point defect association in the course of structural transformation caused by post-crystallization cooling and process heat treatments, the sizes of the strong
distortion regions around defects increase. As a result, the
range of q for which the relationship I(q) ~ q-2 is true (the
Huang scattering region) is narrowed. For heavily distorted regions (Q.u(q) >> 1) the diffuse scattering intensity is
described by the Stokes–Wilson asymptotic approximaADS
(q ) . In the q >> q0(QC)–1/2 range the asymption Sdiff
totic diffuse scattering cross-section expression takes on
as follows [1]:
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here the function Ψ ~ 2 depends on the angle between the
vectors H and q.
The components of the tensor Pnm for dislocation loops
are described as follows:
Pmn  C12Tr  mn   m d  nm  2C44  mm ,

(5)

where Ωmn = 0.5(Fnbm + Fmbn), d = C11 + C12 + 2C44; Сij are
the components of the elasticity tensor for the cubic symmetry crystal; F and b are the vector characterizing the
dislocation loop plane and its Burgers vector, respectively.
The first term in brackets of Eq. (2) corresponds to
H
Huang scattering Sdif
(q ) which is symmetrical relative
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to the reciprocal lattice site (q = 0). The second term characterizes the asymmetrical part of the diffuse scattering
A
intensity Sdif
(q ) and the shift of the diffuse scattering
intensity distribution towards positive (at ΔV > 0) or negative (at ΔV < 0) qz (qz is the projection of the vector q
parallel to the reciprocal lattice vector). The XRDS intensity near reciprocal lattice sites can be conveniently
represented in the form of equal intensity surfaces (iso-intensity curves) or their sections by the diffraction plane. In
the Huang scattering region at small q the equation of the
diffuse scattering iso-intensity contours is
3

q 2 = const ∑ πi γ i .
i =1

The shape of the diffuse scattering iso-intensity contours
is determined by the type of the defects and the symmetry of their displacement fields. The shape of the diffuse
scattering iso-intensity curves allows one to determine the
symmetry of the displacement field and choose between
their possible configurations. It is sometimes sufficient to
analyze the XRDS intensity distribution along with directions parallel or perpendicular to the reciprocal lattice
vector of the respective site. With an increase in q length
the experimental dependences should exhibit changes in
the law of XRDS intensity decrease. One can separate
three q regions:
• Huang scattering region: scattering at weak elastic
lattice distortions far from the defect centre. The
distance r from the defect centre is far greater than
its characteristic size R0. The intensity expression is
I(q) ~ q-2. The tangent of the slope angle of the lgI(q)
= f(lgq) dependence in this region is -2;
• asymptotic diffuse scattering (ADS) region: scattering at relatively strong lattice distortions obeying
the elastic continuum theory. In this case I(q) ~ q-4,
which corresponds to a slope of -4 (in the same coordinates). The bending point q0, which marks the
Huang to asymptotic scattering transition can be
used for evaluating the defect’s power:
q0 =

1
HC

;

(6)

• defect core scattering region. This is the region of
small r ≤ R0 (Laue scattering) in which scattering is
quite difficult for experimental measurement since
at low defect concentrations and sufficiently large
q > qT even Laue scattering is but a small part of
the thermal diffuse scattering which decreases in the
same coordinates with a slope of –2. This scattering
can be used as the internal reference for defect concentration determination [14].
The expression of diffuse scattering at thermal oscillations [15] is as follows:
T
Sdiff
= N FH

2

kTH 2
v0 q 2

K (Q, q)

where K(Q, q) is the Christoffel determinant that depends
on the directions of the vectors Q and q [15].
A convenient expression was reported [14] for assessing the concentration ndef of microdefects in the crystal
from the ratio of the Huang and thermal diffuse scattering intensities:
s H ( qH )
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where qH, qT are the wave vectors for the angular deviations from the reciprocal lattice site where Huang or thermal diffuse scattering dominate.
This expression allows measuring the XRDS intensity
from microdefects in absolute units without allowance for
the scattering layer volume, the structural amplitude, the
Debye-Waller factor and the solid scattering angle. Thus
such parameters as the symmetry, volume and concentration of the microdefects can be determined directly from
the experimental data on the diffuse scattering intensity
for the test crystal.
The above q dependences of differential scattering
cross-sections are somewhat different from the experimental intensity vs q dependences. To provide for the required light power when a synchrotron radiation source
is used, one has to impart a certain vertical divergence
to the beams (this divergence is perpendicular to the diffraction plane). In this case the slopes of the XRDS intensity vs q dependences I(q) are not -2 and -4, but -1 and
-3, respectively.
Huang scattering is efficient if all the microdefects
have the same sign of power C. However, if the test crystal contains microdefects with different power signs, i.e.,
vacancy and interstitial type microdefects are present, and
especially if there are microdefects smaller than ~1 mm
in size, the asymptotic scattering region is more experimentally accessible. In this region the vectors q satisfy
the condition (CQ)-0.5 << q << CQR0-3, where R0 is the
characteristic microdefect size [1]. Hence an increase in
the power of microdefects makes the left-hand part of this
expression so small (the Huang scattering region) that
to become experimentally inaccessible since it becomes
smaller than the instrumentally detectable size of reciprocal lattice site. In this case, microdefect power information can be obtained from ADS analysis. Due to the
inverse symmetry of the displacement field in the crystal,
one can always find points that are equidistant from the
defect centre in which the local lattice distortion is the
same and which therefore reflect radiation to the same
reciprocal space point. The interference of the radiation
reflected by these regions produces oscillations at one
side of the reciprocal lattice site depending on the defect
power sign. Plotting the asymptotic scattering dependence along the q axis as I(qz)qz3 vs qz, one can clearly see
these oscillations and use their period for evaluating the
power of the defects even if the crystal contains both vacancy and interstitial type defects, because oscillations of
radiation scattered by these defects are located at opposite
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sides of the reciprocal lattice site (at qz < 0 and at qz > 0,
respectively) [17]. The power of the microdefects can be
assessed from the distance between two adjacent maxima:
C=

H

(

1
qz22/ 3

− qz21/ 3

)

3

,

(8)

where qzi (i = 1, 2) are the coordinates of the two adjacent maxima in the Iqz3 = f(qz) dependence. The number
of maxima in the region (CQ)-0,5 << q << (CQ)R0-3 is as
follows [18]:
• for dislocation loops:
nL = QbL ,

(9)

where bL is the Burgers vector of the loop;
• for defect clusters with the radius Rcl:
ncl =

4
πQRcl .
3

Thus, the XRDS intensity is determined by the doubleforce tensor components. However, the actually measured
XRDS intensity is that for the near region of the reciprocal
lattice sites. Clearly, this situation refers to defects far
greater than the atomic sizes. The use of synchrotron
sources and low temperature for experiments allow studying
displacement fields for discrete point defects by measuring
XRDS intensity distribution over the entire Brillouin zone
around the reciprocal lattice site, when the intensity is low
or (at low defect concentrations) even lower than the room
temperature thermal diffuse scattering intensity.
On the other hand, a change in the lattice parameter
caused by point defects in the crystal is also related to the
double-force tensor components. For example, in cubic
crystals [1] the relative change in the lattice parameter
Δa/a caused by point defects with concentration n is
3

n 3π1
∆a
∆V
,
=n
=
a
V
v0 (C11 + 2C12 )

(10)

where ΔV/V is the relative change in the crystal volume
caused by one defect and Cij are the elastic moduli. If
point defects produce a displacement field with a cubic
symmetry, then P11 = P22 = P33 and π1 = 3P112, whence
3

3nπ11
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,
=−
a
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P11 = (C11 + 2C12 ) v0

∆r .
r
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Equations (11) and (12) give the relaxation volume for
one point defect which can be evaluated from the respective change in the lattice parameter:

∆a
∆r
(13)
=3 ,
a
r
where Δr/r is the relative difference in the atomic radii
of the matrix and the point defect. If the lattice contains
point defects with positive and negative Δr, then the overall change Δa/a will be the superposition of these solid
solutions:
3n −1

3
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∆a
1
 n Tr Pi − n Tr P v  , (14)
=
i
jj
v
jj 
a
v0 (C11 + 2C12 ) 

where ni, nv are the concentrations of interstitial and vacancy type defects.
Thus, precision lattice parameter measurements allow
evaluating the differential point defect concentration if
the relaxation volumes are known. The symmetrical part
of Huang scattering does not depend on the defect power
sign, and the intensities of the radiation scattered from
defects with opposite power signs are superimposed.
However, at somewhat greater q for which the asymptotADS
ic approximation is valid (see Eq. (4)), I diff
~ ∆V q 4 ;
here ΔV is the volume change per one defect. As a result,
the scattering intensity for vacancy and interstitial type
defects is distributed at different sides of the reciprocal
lattice site.
Thus, precision lattice parameter and diffuse scattering
measurements are complementary methods allowing one
to analyze structural changes in the state of point defects
at early stages of solid solution decomposition in semiconductors. We will demonstrate this below with some
examples.

3. Experimental
3.1 Oxygen solid solution in silicon
Early precipitation stages in Si(O) solid solution containing (7–8) ∙ 1017 cm-3 oxygen in silicon was studied
[14]. XRDS intensity measurements near the [[400]] site
in crystals after homogenization annealing at 1000 °C
showed that this intensity was close to the detection limit
against the thermal scattering intensity background. However, the XRDS intensity grew by almost three orders of
magnitude after annealing at 450 °C. The shape of the
diffuse scattering iso-intensity curve shown in Fig. 1 indicates that the microdefects which form as a result of
annealing and scatter near the reciprocal lattice site were
coherent with the matrix and have planar shapes. The shift
of the iso-intensity curve section towards positive vectors
q from the reciprocal lattice site suggests that the microdefect power sign was positive (С > 0). Note that these
microdefects are not detectable by transmission electron
microscopy (TEM) or metallographic methods since they
are coherent with the matrix and have smeared boundaries
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Figure 1. XRDS scattering intensity distribution near the [[400]] site for silicon single crystal after homogenizing annealing at
1000 °C and annealing at 450 °C (16 h): (a) experimental iso-intensity curve, (b) symmetrical component and (c) asymmetrical
component. XRDS intensity for the iso-intensity curves varies in the 0.5–9.5 cps range with a 1.0 cps step.

where the deformation gradient is insufficient to produce
contrast in TEM images. However, this process was reported to cause hardening of Si crystals [19].
3.2 Indium antimonide neutron irradiation
TEM-undetectable defects that are coherent with the matrix
and have smeared boundaries with small displacement
field gradients can also be produced by neutron irradiation
and relaxation of disordered regions accompanied
by redistribution of point defects and annihilation of
interstitial and vacancy type defects. The dependence of
the increase in the indium antimonide lattice parameter on
the neutron fluence showed that, according to calculations,
only ~20 Frenkel pairs out of 600 per one fast reactor
neutron (Е > 0.1 MeV) remained after annihilation [20],
which is far smaller than for other A3B5 compounds (e.g.
100 Frenkel pairs per one neutron remained after GaAs
irradiation in the same reactor). However, the vacancy and
interstitial type defects remaining in InSb agglomerated
into vacancy and interstitial type microdefects. Fig. 2
shows а change in the XRDS intensity along qz. Judging
from the positions of the bending points for positive and
negative qz, the Idiff(q)q3 = f(q) dependences for the initial
crystals suggest that the InSb crystals before irradiation
had local inhomogeneities of both vacancy (V–MD) and
interstitial (I–MD) types with sizes of ~0.45 and 0.5 mm,
respectively. The XRDS intensity for qz > 0 was somewhat
higher (the overall volume of V–MD is greater by about
10%), with the microdefects being mainly non-spherical
in shape [20]. Neutron irradiation at higher fluencies
showed that the scattering pattern changed noticeably at
fluencies of ~5 × 1016 cm-2. The XRDS intensity decreased
dramatically for qz < 0 and somewhat increased for qz > 0.
Obviously, the sizes and number of non-spherical V–MD
decrease. After annealing of these crystals, integrated
analysis of the change in the lattice parameter, carrier
concentrations as determined from the number of Sn atoms
occupying In sites as a result of transmutation, and XRDS

Figure 2. XRDS scattering intensity distribution along the
qz cross-section of the diffuse scattering iso-intensity curve for
the [[224] site of fast neutron irradiated InSb crystals at different
fluencies φt, cm–2: (1) initial crystal; (2) fluence 5 × 1016 cm–2;
(3) 5 × 1017 cm–2; (4) 1.3 × 1018 cm–2.

intensity (see e.g. Fig. 3) allows tracing the structural
evolution regularities during annealing. For example,
annealing at below 200 °C caused a significant change
in the XRDS intensity distribution, the lattice parameter
remaining the same. Radiation defect annihilation and
hence a decrease in the lattice parameter only began at a
300 °C annealing temperature. One can conclude [21] that
the annihilation activation energy is higher than the selfdiffusion activation energy.
3.3 Indium phosphide neutron irradiation
An interesting example demonstrating the efficiency of
combined lattice parameter and XRDS measurements is
a study of InP crystal structure after transmutation doping
by reactor neutron irradiation [22, 23]. The data shown in
Fig. 4 suggest two factors that influence the lattice parameter. One is the increase in the lattice parameter due
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Figure 3. (a) XRDS scattering intensity distribution along the
qz cross-section of reciprocal space for fast neutron irradiated InSb(Te) crystal at 1.3·1018 cm-2 fluence (1) before and (2)
after heat treatment at different temperatures and (b) lattice
parameter of InSb single crystals with different initial carrier concentration irradiated with neutrons at different fluencies F as a function of subsequent heat treatment temperature:
(a) (1) before heat treatment, (2) after heat treatment at 150 °C,
(3) at 200 °C and (4) at 300 °C; (b) (1) InSb(Te), n0 = 4·1014 cm-3,
Ffn = 1.3·1018 cm-2; (2) InSb(Mn), p0 =5·1013 cm-3, Ffn = 5·1017 cm-2;
(3) InSb(Te), n0 = 1.7·1015 cm-3, Fsn = 4.3·1017 cm-2.

to tellurium doping (with part of Te being electrically inactive due to the formation of In2Te3 complexes which
do not form microdefects as suggested by the low diffuse
scattering intensity). A similar observation was made later using the same methods for GaP single crystals that
were also doped with a 6B subgroup element (sulfur).
InP neutron irradiation decreased the lattice parameter
over the entire Te concentration range. This decrease was
for the first time revealed for InP and for single crystals
irradiated with different neutron fluencies (Fig. 5). It was
shown [22, 23] that experimental lattice parameter and
XRDS measurement results can be accounted for in the
assumption that antisite defects PIn (phosphorus in indium position) form in the crystal in a sufficient quantity to
decrease the lattice parameter in the presence of Frenkel
defects which increase the lattice parameter. The crystals
were heat-treated [23] for checking this model. The effect
of anneals on the lattice parameter and XRDS distribution suggested the validity of the above defect formation
model for InP. Figure 6 shows that for annealing at up to
approx. 500 °C the increase in the lattice parameter was
in agreement with the concentration of the antisite defects, which is ~5 × 1018 cm-3. However, the change in the
XRDS distribution pattern during the anneals [23] suggested that the process was more complex. The XRDS
intensity distribution pattern shown in Fig. 6 b suggests
that e.g. the 300 °C annealing caused not only recombination of antisite defects (transfer of P atoms from In
positions to phosphorus vacancies), i.e., a process that
increases the lattice parameter, but also recombination
of vacancy and interstitial type defects associated into
microdefects due to the migration of interstitial defects
towards V–MD and vacancies towards I–MD. These microdefects are matrix-coherent concentration fluctuations
of vacancy and interstitial type point defects. Obviously,
this process should decrease the lattice parameter and
therefore the experimentally observed growth in the lattice parameter suggests that the actual concentration of

Figure 4. InP lattice parameter as a function of major carrier
concentration (1) before and (2) after neutron irradiation at
2.3·1019 cm–2 fluence (thermal and rapid neutron fluence ratio
is 1).

Figure 5. InP lattice parameter as a function of rapid neutron
fluence for crystals with different initial impurity content n,
cm–3: (1) major carrier concentration (1.6–2.3)·1018 ; (2) 3.5·1016;
(3) (3–4.1)·1016 ; (4) 2·1017 ; (5) (4.2–5.2)·1016 ; (6) 8·1017; (7)
3.9·1018.

Modern Electronic Materials 4(4): 125–134

131

3.4 Nonstoichiometric gallium phosphide and arsenide
crystals

Figure 6. (a) lattice parameter and (b) XRDS intensity for InP specimen as a function of Bragg angle deviation at different annealing
temperatures: (a) (1) fluence 2.3·1019 cm–2; (2) 5.3·1017 cm–2; (b)
fluence 2.3·1019 cm–2: (1) Tann = 200 °C; (2) 300; (3) 500.

antisite defects was higher than the above estimate. The
energy barrier of recombination, in this case, seems to be
lower than for microdefects with sharp boundaries (dislocation loops or precipitates). Thus most antisite defects
were annealed at ~ 500 °C. At the same time, since the
lattice parameter did not change anymore upon 500 °C
annealing and the XRDS intensity grew dramatically, but
the intensity curve bending points remained almost at the
same positions, it is safe to assume that the predominant
process at this temperature was point defect redistribution causing an increase in the overall volume of large
(about 1 mm) microdefects.

We consider another typical application example of the
methods. Post-growth cooling of nonstoichiometric GaAs
and GaP crystals with significant quantities of excess cations caused precipitation of excess Ga resulting in the
formation of interstitial Ga (Gai) and Gai complexes with
residual interstitial phosphorus atoms (Рi) [24]. The subsequent decomposition stages involved defect complexes
agglomeration into matrix-coherent microdefects, their
growth in size or increasing quantity and finally, violation
of microdefect coherency with the matrix due to elastic
stress relaxation around the microdefects. We consider
experimental results for undoped GaP single crystals. The
lattice parameter of the wafers cut from the beginning of
the ingots was 0.545133–0.545130 nm (the stoichiometric GaP lattice parameter is 0.545514 nm). The somewhat
increase in the lattice parameter to 0.545137 nm for wafers cut from the end of the ingot was caused by intense
gallium precipitation and the formation of XRDS-detectable microdefects. Fig. 7 a shows XRDS intensity
distribution for the specimen containing ~4 × 1018 cm-3
phosphorus vacancies. It can be seen from Fig. 7a that
the XRDS intensity was low, and the typical iso-intensity
contours pattern suggests that the scattering was at platelike matrix-coherent microdefects. The shift of the iso-intensity contours center of gravity toward qz > 0 suggests
that the microdefects had a positive power. Fig. 7 b shows
the iso-intensity contours for a largely nonstoichiometric
specimen. The iso-intensity curve pattern is the same as
for the previous example, but the higher intensity suggests
that the total volume of the matrix-coherent microdefects
was considerably larger. Fig. 8 a shows the qx cross-section of the iso-intensity contours for the two above specimens. Their intensities differ by approximately one order
of magnitude, and hence the total volume of the microdefects differ by one order of magnitude also.
Fig. 7 c shows the iso-intensity contours for the specimen in which the decomposition caused somewhat increase in the lattice parameter. It can be seen (Fig. 7 c)

Figure 7. Typical XRDS scattering intensity distribution for GaP and GaAs crystals grown from Ga excess melt: (a) ingot beginning, (b) middle and (c) end.

(cps)
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Typically the loop plane and its Burgers vector are determined by comparing the calculated and experimental
diffuse scattering iso-intensity curves. If the loops have
a homogeneous size distribution, their linear parameters
can be determined using two methods. The average loop
radius R0 can be evaluated from the vector q0 corresponding to the knee point in the qx cross-section of the diffuse
scattering iso-intensity curve using the formula



R0  H bq02

Figure 8. XRDS scattering intensity distribution along
qx cross-section: (a) ingot beginning and (b) end.

that the intensity distribution near the site was quite symmetrical. Thus the microdefect sizes ware sufficient for
stress relaxation around the microdefects. The shape of
the qx cross-section (Fig. 8 b) suggests that the increase
in the XRDS intensity was accompanied by an increase
in the curve slope. In the working range for which the
asymptotic approximation is valid, the curve slopes may
exceed –3 if the vector qx is even greater than for the asymptotic approximation region [1] which may be true if
the microdefects are large enough.
Thus, analysis of the XRDS pattern shown in Figs 7
and 8 and the lattice parameter evolution suggests different decomposition stages: first the formation of a solution
of Frenkel defects in which concentration fluctuations
develop (see above), then the formation of matrix-coherent microdefects and finally coherency violation and the
formation of defects with sharp boundaries which may be
precipitating particles. A similar observation was made
earlier [25] for the decomposition of oxygen solid solution in silicon.
3.5 Formation of dislocation loops in nonequilibrium
solid solutions
We consider another interesting XRDS method application: a study of dislocation loops forming at a certain stage
of point defect structural state evolution in nonequilibrium solid solutions. Dislocation loops are described by
their strength (diameter and Burgers vector) and planes.





1
2

,

where H is the diffraction vector and b is the Burgers vector.
The other method is based on analysis of the
I diff (qz )qz3 = f (qz ) dependence. Fig. 9 shows a plot
of this dependence for two regions of the GaAs wafer
measured in the vicinity of the [[333]] site in the [111]
direction. The first region where qz > 0 exhibited clear
oscillations. In accordance with Eq. (9), their number is equal to the scalar product of the Burgers vector
and the diffraction vector and is 3. The positions of the
oscillations at qz > 0 suggest that these loops are of an
interstitial type. Since the scattering intensity at qz < 0
is low, dislocation loops are probably the predominant
defect type in this region. The power of the loops assessed from the oscillation period was 4 × 10-4 mm3, and
so their radius was estimated to be ~0.5 mm. This estimate agrees with the loop radius assessed from the q0
value. (The respective figure is not shown for brevity.)
The diffuse scattering pattern for the other region was
completely different. The diffuse scattering intensity (the
amplitude and period of the oscillation peaks) suggests
that the number and sizes of the loops decreased. At the
same time, intense scattering arose at qz < 0, i.e., from
defects with negative power the volume of which seems
to be even greater than in the first region. The advantage
of the XRDS method showed itself for this case in the
higher statistical confidence of the results.

μm
Figure 9. XRDS scattering intensity distribution along
qz║[111] direction for two points of GaAs(Si) specimen section
(n = 4.8·1018 cm–3) near the [[333]] site: (1) Region where
dislocation loops were observed; (2) region where dislocation
loops were not observed.
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4. Conclusion
Analysis of the results showed that the XRDS method is a
highly sensitive and information valuable tool for studying
early stages of solid solution decomposition in semiconductors. A review of the results relating to the methodological aspect showed that the most consistent approach is
a combination of XRDS with precision lattice parameter
measurements. It allows one to detect decomposition stages that cannot be visualized using TEM and to draw conclusions as to microdefect formation mechanisms.
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For the GaP and InP examples, a structural microdefect
formation mechanism was revealed associated with the
interaction of defects forming during the decomposition
and residual intrinsic defects.
The mechanism of sulfur polytropy in gallium phosphide was observed for the first time.
Study of the evolution of diffuse scattering iso-intensity contours in GaP, GaAs(Si) and Si(O) allows tracing
the evolution of microdefects from matrix-coherent ones
to microdefects with smeared coherency resulting from
microdefect growth.
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