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The quantitative characterization of complex microdefect
structures in silicon crystals grown by Czochralski method
and irradiated with various doses of high-energy electrons
(18 MeV) has been performed by methods of the high-
resolution X-ray diffraction. The concentrations and average
sizes of dislocation loops and oxygen precipitates have been

1 Introduction The investigation of changes of the
structure and physical properties of silicon and other
semiconducting materials under the influence of electron
irradiation is of large scientific and technological importance
(see, e.g., Refs. [1-5]). Particularly, the obtained knowledge
can provide the possibility of aimed influence on structural
changes and related mechanical, electro-physical, optical,
and other physical properties of the newly developed
functional materials.

Experimental investigations of the generation and
transformation of defects in semiconductors after an electron
irradiation are concerned mainly with intrinsic point defects
and their small complexes with impurity atoms. For the
observation of these defects different spectroscopic methods
are used [3—-8]. The small clusters of intrinsic point defects
and new phase particles in electron-irradiated semiconductor
crystals were observed also by means of transmission
electron microscopy [9] and differential X-ray diffracto-
metry [10, 11].

Far less works are devoted to the observation of large
growth microdefects in such crystals and analysis of their
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determined by using the combined treatment of reciprocal space
maps and rocking curves based on the analytical formulas
of the statistical dynamical theory of X-ray diffraction by
imperfect crystals with randomly distributed microdefects of
several types.
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interactions with primary radiation defects (see, e.g., [12]).
Corresponding investigations can be carried out only by
means of high-resolution X-ray diffractometry with the use
of results of the statistical dynamical theory of X-ray
diffraction in imperfect crystals, which has been developed
recently and gives the self-consistent description of coherent
and diffuse components of diffraction intensity in crystals
with several types of defects of arbitrary sizes [13, 14].

The aim of the present work consists in the determination
of changes of the concentrations and sizes of dominant
types of microdefects in the silicon single crystals grown
by Czochralski method (Cz Si) after their irradiation
with high-energy electrons by using methods of the high-
resolution X-ray diffractometry.

2 Basic equations

2.1 Reciprocal space maps Differential X-ray dif-
fraction intensity distributions measured by the triple-crystal
diffractometer (TCD) from an imperfect crystal with
randomly distributed defects are consisted of the sum of
coherent (/g) and diffuse (Ip) components (see Ref. [15] and
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references therein). These components depend on the
angular deviations A9 and A¢ of the crystal under
investigation and analyzer crystal, respectively:

1(AG,A8) = I.on(AO, AG') + L4ier(AD, AG). (1)

The coherent component of the two-dimensional
intensity distribution measured by TCD can be represented
approximately in the case of quasi-dispersionless (m, —n, m)
geometry as

Leon (A6, A9) = Iy / Ru(by [bs' (x — A9) — AG])

X Roon (b5 ' (x — AB)) R (x — AG')dx,
(2)

where I, is the intensity of incident X-ray beam, Ry; and R
are reflection coefficients of monochromator and analyzer
crystal systems, by and bg are asymmetry parameters of
monochromator and sample crystals, respectively. The
expression for the coherent component of the reflection
coefficient R o,(A6) for imperfect crystal containing
randomly distributed microdefects has been derived else-
where earlier [13, 16] and takes into account all the
dynamical scattering effects including the extinction of
Bragg waves due to the diffuse scattering (DS) on defects.

The diffuse component of the diffraction intensity
measured by TCD can be represented by the following
expression [15]:

L (A0, A8") = Iy / Ry (x)dx
T 3)
X / raitr (kx, kz)Ra (X" — A0 )dx'.

The function rgife (ky, k;) in Eq. (3) represents the diffuse
component Rp(k) of the differential reflection coefficient
which is calculated as the square of the dynamical diffuse
scattering amplitude, which is averaged over random
distribution of defects and integrated over a vertical
divergence:

raire (ke, k) = K /RD(k)dkya 4

where K=2n//, A is X-ray wavelength. The complex
momentum transfer ¢ = k + ipu;n, which is contained in
the expression for Rp in Eq. (4), includes the interference
absorption coefficient ;. The vector k describes the
deviation from the reciprocal lattice point H, its components
k. and k, are lying in the coherent scattering plane (K, H),
and the component k, is directed along the normal n =e, to
the crystal surface.

When several types («) of microdefects with size
distributions (i) are present in the crystal simultaneously,
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Eq. (4) should be simply replaced by the sum of
corresponding expressions for each type of defects:

rae (ke ko) = > Y rii (e ko). ®)

Similarly, the exponent of static Debye—Waller factor at
the absence of correlations between defect positions can be
represented as the sum of contributions from each defect
population {«i}:

Lu=> Y L
o4 i

If the halfwidth of the function ry in Eq. (4) is
significantly larger as compared with halfwidths of the
reflection coefficients Ry and R 5, what normally takes place,
then these coefficients can be replaced by §-functions, and
Eq. (4) takes the form:

(6)

Liitt (A0,A0') ~ IoRimRiaraist (ky, k), @)

where R;y and R;, are the integrated reflectivities of
monochromator and analyzer crystal systems, respectively.
Additionally, it should be remarked that in the case of
several defect types with widely ranged defect sizes just the
DS intensity distributions from large defects, which give
rise to relatively narrow and high peaks, will be the most
reliably resolved ones in TCD maps (Figs. 1 and 2).
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Figure 1 Measured (left) and calculated (right) reciprocal space
maps of the as-grown (No. 1) and electron-irradiated (No. 1A and 1B)
Cz Si samples, 333 reflection, CuKa, radiation (k, and k, are
measured in rlu x 1074).
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Figure 2 Transversal (left) and longitudinal (right) cross-sections
of reciprocal space maps measured by TCD (see Fig. 1). Measured
and calculated profiles are shown by markers and thick solid line,
respectively, the latter ones consisted of coherent component and DS
contributions from large and small dislocation loops, and spherical
oxygenprecipitates (thinsolid, dash-dotted, dotted, and dashed lines,
respectively).

2.2 Diffraction profile at w-20 scanning mode
When TCD measurements are carried out in w—26 scanning
mode, which is used to eliminate the “pure” coherent
scattering intensity component, one should substitute
A9 = (14 bg')A0 in both Egs. (2) and (3). The measured
diffraction profile after being normalized to the incidence
intensity on the sample crystal can be described in symmetric
diffraction conditions (bs = by; = 1) for unpolarized radiation as

Rico(80) = Y [ [oR% (¢~ 200)RE (¢ - 80)
) ®)

0y (ke o) | R (4 — 280)a¢

where the summation is carried out over two polarization
states and the notation was used:

P = 1/ (Ri(;()',‘D + Rg&n)v

o0

Rircp = /RM(X)RA(x)dx.

—00

P = RiUT)CD / (Ri(gng + Ri(%%D)a

©))
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The integration of the DS intensity component over exit
angles in Eq. (8) should be retained to provide smoothing the
extinction effects observed on the diffraction profile within
the total reflection range. As can be seen from Eq. (8), the
diffraction profile measured in w26 scanning mode still
includes the diffuse component which, however, is strongly
suppressed due to small factor p; as compared with p. It is
important to emphasize here that, nevertheless, the DS
effects can appear in the coherent component because of the
absorption of coherently scattered waves due to a strong DS
(see Fig. 2).

2.3 Rocking curve Measurements by TCD in
w-scanning mode without analyzer crystal give the differ-
ential reflectivity of the sample under investigation, which is
integrated over Ewald sphere, i.e., the rocking curve (RC).
The diffuse component of this RC in the case of Bragg
diffraction geometry can by written in the approximation of
semi-infinite crystal as [16]:

Ritt (A0) ~ Fayn(A0) poun (A0)/ (2yoi)- (10)

Here, the factor Fyy, ~ 1 describes the angular modu-
lation of DS intensity, which is caused by the dynamical
interference of strong Bragg waves. The interference
absorption coefficient u; describes the extinction effect for
DS waves and can be estimated as ju; ~ 7w/ A within the total
reflection range and u; ~ (1 + b)uo/(2y) outside (y, is the
direction cosine of the incidence wave vector).

The dispersion correction due to DS pyg in Eq. (10) is
the sum of coefficients of the absorption due to DS for defects
of « type with ith size u&!:

i (80) = pas(ko) = D > uilko), (11)

where ko= KAOsin (20g), 0z is the Bragg angle. The
expressions (10) and (11) provide the description of DS
intensity contributions from several defect types to the

measured diffraction profiles and the absorption of coherent
scattering component due to DS, respectively (see Fig. 3).

3 Experimental The investigated silicon samples
with (111) surface orientation and almost equal thicknesses
(t~4.26 mm) were cut from an ingot grown by Czochralski
method with (111) growth axis. Two samples have been
irradiated with doses 1.8 and 3.6kGray of high-energy
electrons (18 MeV) (No. 1A and 1B, respectively). The
as-grown sample No. 1 was used as an etalon for the
comparison with the irradiated samples. The irradiation with
high-energy electrons was carried out in the Institute of
electronic physics (Uzhhorod, Ukraine).

Reciprocal space maps of the samples under investi-
gation were measured by PANalytical X ‘Pert Pro MRD XL
diffractometer for the symmetrical Si (333) reflection of
characteristic CuKa radiation. Additionally, the RCs were
measured for Si (333) reflection in w-scanning mode of TCD
without using analyzer crystal.
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Figure 3 Measured and calculated rocking curves (markers and
thick solid line, respectively) for the as-grown (No. 1) and electron-
irradiated (No. 1A and 1B) Cz Si samples, 333 reflection, CuKa

radiation. The lines are same as in Fig. 2. Inserts show central parts of
RCs.

4 Treatment of diffraction patterns and
discussion At the analysis of the measured diffraction
profiles and reciprocal space maps, the contribution of the
thermal DS was neglected as being small in the considered
reciprocal space region [16]. The influence of the instru-
mental function was taken into account only at the treatment
of RCs.

The approximate account for instrumental factors at the
treatment of maps and their cross-sections has caused the
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discrepancies between theory and experiment along a sample
streak as well as extinction gaps on the calculated maps along
the directions in a reciprocal space, where the Bragg
condition is satisfied for wave vectors of incident and
scattered DS waves (see Figs. 1 and 2). On the other hand,
due to this simplification a significant reduction of the
calculation time consumption has been achieved.

For the characterization of the fit quality of RCs, the
ordinary and weighted reliability factors were used:

meas
DR
7

/R, j=T,N.

_ calc meas
R _.jzz‘ig ~R
J

Ry=(N+p) 'Y

J

calc meas
R — R

Here R™* and Rfalc are the measured and calculated
reflectivities at angular positions Af; of the sample,
respectively, N and p are numbers of measurement points
and fit parameters, respectively. The R and Ry, factors are
used to give the estimate of the fit quality in the total
reflection range and the uniform estimate within the whole
measurement range, respectively.

To perform the detailed quantitative characterization of
microdefects in the investigated Cz Si crystals, one should
choose an appropriate model of defect structure. Generally,
it can be supposed that in both as-grown and electron-
irradiated Cz Si crystals two types of microdefects are
present simultaneously, namely, oxygen precipitates and
interstitial dislocation loops, both randomly distributed
without mutual correlation [17].

One of the main problems in the X-ray diffraction
characterization of such complicated defect structures
occurred in the samples under investigation is that it
is difficult to distinguish between the two types of micro-
defects which have similar (Coulomb-type) asymptotic static
displacement fields and cause similar diffraction patterns.

This problem is more strongly exhibited when the DS
intensity distribution is integrated over Ewald sphere and
thus fine distinct features of the distributions from clusters
and dislocation loops are smoothed. Just such a case takes
place when RCs are measured by TCD without using
analyzer crystal. Particularly, in our consideration it was
possible to fit measured RCs with a nearly equal good quality
by using only oxygen precipitates of two sufficiently
different radii or only dislocation loops of two radii as well.

For this reason, the crucial role of the measured
reciprocal space maps consists in the unambiguous ascer-
tainment of the dominant type of microdefects giving a main
contribution to the measured differential DS intensity
distributions and the determination of approximate esti-
mations of defect characteristics.

Indeed, as can be seen from Fig. 1, for both as-grown
(No. 1) and electron-irradiated (No. 1A and 1B) Cz Si
samples the form of equal intensity contours on the maps is
that characteristic for circular dislocation loops with Burgers
vector orientations (111) (cf. [15]). Their radii Ry have been

© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 1 Characteristics of dislocation loops (radius Ry and number density n; ) and oxygen precipitates (Rp, np) in as-grown (No. 1) and

electron-irradiated (No. 1A and 1B) Cz Si samples.

sample dislocation loops oxygen precipitates R Ry
(%) (%)

RL ny, Rp np
(wm) (cm™) (pm) (em™?)

No. 1 0.002 1x 10 1 5% 10° 17 21
0.12 7 x 101

No. 1A 0.003 5% 10" 1 5% 107 13 14
0.07 6 x 102

No. 1B 0.003 5x 10" 1 2% 107 20 16
0.07 4% 10'2

estimated by using the measured reciprocal space maps and
their cross-sections (Figs. 1 and 2) as being equal to nearly
0.1 pm for all the samples. The number densities n; of
dislocation loops in electron-irradiated samples, however,
have appeared significantly (nearly by one order of
magnitude) larger in comparison with that in as-grown
sample (see Table 1).

Simultaneously, the similar increase has been deter-
mined for the number density np of spherical oxygen
precipitates with radii Rp~ 1 pum, which have been added
into the consideration to approach the measured diffraction
intensities within the total reflection range for both maps and
RCs (see Figs. 1-3). It is important here to remark that such
improvement of the fit quality was impossible with using
any additional dislocation loops of appropriate larger radii
because the necessary concentration increase caused the
decrease of their Debye—Waller factors which suppressed the
corresponding DS intensity contributions.

It should be emphasized that the fitting of the measured
reciprocal space maps and their cross-sections was carried
out in the mutual consistency with the fit of RCs, i.e., the
combined treatment of maps and RCs was performed. The
RCs, due to the integration of DS intensity over Ewald
sphere, provide a higher sensitivity to small defects as
compared with the maps where they are quite invisible.

Particularly, in our consideration the small dislocation
loops with radii of few nanometers give the significant
contributions at far tails of RCs for all the investigated
samples, whereas in TCD diffraction profiles their contri-
butions are negligible (cf. Figs. 2 and 3). Thus, it should be
emphasized the exclusively important role of the joint
treatment of reciprocal space maps and RCs in the reliable
determination of detailed quantitative characteristics of
microdefects with a wide spread of sizes.

At the high-energy electron irradiation, two factors
influence the transformation of the defect structure in crystal
bulk. The first is the creation of radiation defects, in the first
place, silicon interstitials and vacancies. The second is an
increase of crystal temperature. As can be seen from the
obtained characterization results (Table 1), these factors
have caused the significant changes of defect characteristics
in both irradiated silicon samples as compared with as-grown
sample.

© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Due to the enhanced mobility of dissolved oxygen
atoms, the further decomposition of supersaturated solid
solution of oxygen in silicon occurs. As consequence, the
concentrations of oxygen precipitates in both irradiated
silicon samples have raised nearly by an order of magnitude.
At the same time, the significant redistribution of sizes and
concentrations of small and large dislocation loops takes
place because of their interaction with radiation defects
and interstitial silicon atoms emitted by growing oxygen
precipitates.

Thus, the performed research demonstrates the possib-
ility of using the high-resolution X-ray diffraction methods,
additionally to the conventional spectroscopic methods, for
studying the defect structure transformations in silicon single
crystals under high-energy electron irradiation.

5 Conclusions The obtained characterization results
demonstrate the possibility of quantitative diagnostics of
the defect structure in high-energy electron irradiated
silicon single crystals by combined treatment of high-
resolution X-ray diffraction measurements with using the
analytical formulas of statistical dynamical theory of X-ray
diffraction in imperfect crystals.

The quantitative information on interactions of
point defects with microdefects can provide the more
correct analysis of the influence of high-energy electron
irradiation on the imperfections of silicon single crystals
and other semiconductor structures. Particularly, the role
of growth microdefects in the transformation of primary
and secondary irradiation defects can be elucidated in such
investigations.
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