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Silicon crystals contained copper atoms included by diffusion way dur-
ing high temperature treatment have been investigated by means of X-ray
transmission topography (Lang method). The studies allow us to observe the
increcase or decrease in the dislocation images widths in dependence on the
time of diffusin annealing. In one case, during the more prolonged decoration
process a build-up of decorating particles on dislocation occurs with widen- ‘
ing of the topographic images of this dislocation. In another case (short time
of decorating process) some compensation of. defect deformation fields has
been noticed (shortening of the mentioned images takes part). The obtained
effects depend not only on the type of intrinsic impurities which take part
in forming the Cottrell atmospheres but also on the duration of diffusion
annealing. The observed results of interaction of dislocations with impurities
have been confirmed by the studies of the integral reflectivity of decorated
samples by means of the double-crystal spectrometer.

PACS numbers: 61.10.-1, 61.72.Cc, 61.72.F{, 81.40.Cd

1. Introduction

It is known that point defects interact with deformation fields of disloca-
tions, forming the so-called Cottrell atmospheres around them. This phenomenon
alters many strength, electrical, structural and other properties of the crystals. For
example, it is known from experiments that diffusion copper into a crystal widens
X-ray diffraction images of dislocations [1-3]. The interaction of dislocations with
intrinsic point defects as well as with atoms of dopant or with impurities diffusing
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during heat treatments can also influence the integral reflectivity, R;, of the crys-
tals apparently due to changes in values of the coherent and diffuse components
of the scattering caused by variations of deformation fields of dislocations. Thus,
the measurements of the integral X-ray reflectivity can give useful information
about the intensity of interaction between different defects which are important
for electronics.

The aim of this paper was to study the effects of interaction of crystal growth
dislocations with rapidly difTusing copper atoms by analyzing changes of the X-ray
diffraction image widths of dislocations, the integral X-ray reflectivities R; as well
as the values of the static Debye—Waller factor e~L.

2. X-ray topography studies

For these experiments the Si crystals obtained by the Czochralski method
with a low dislocation density (Dg & 5x10% cm~2) were selected. During a growing
process they were doped with various types of impurities, e.g. As, P, Ge. The active
impurity composition of the real Cottrell atmosphere in the studied crystals is not
known unfortunately but we may assume that their formation was determined to
a large extent by the impurity whose concentration was the highest. Oxygen can
probably be considered as such an impurity because its concentration could reach
1 x 107 cm~3. Influence of the As and P atoms, whose concentration was about
1 x 105 ¢cm~3, on formation of the Cottrell atmospheres was less significant. As
to Ge atoms (nge = 1 x 10'® ¢cm—3) this impurity could prevail in the Cottrell
atmospheres.

The samples of all series were decorated at the final stage of thermal treat-
ment at 900°C for 1 hour. The topogrammes have been taken by the Lang method
with MoK 41-radiation, reflex 220, after crystal growth, after homogenizing anneal-
ing at 1250°C for 2 hours and after sample decoration with Cu atoms.

Fig. 1. The topogrammes of silicon crystals doped with P impurity after anneal-
ing at 1250°C, 2 hours (a) and after decoration with copper at 900°C, 1 hour (b).
MoK q1-radiation, the 111 reflex, magnification 26. The same dislocation image places
are noted on both topogrammes by letters A, B, C.
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Figure la,b shows the topogrammes of samples doped with P atoms at the
initial state (2 hours of annealing at 1250°C) (a) and after decoration of defects
(b). One can note the previously unknown effect of narrowing of dislocation image
width (marked by letters A, B, C) after a build-up of copper atoms which probably
compensate the deformation fields. In order to obtain quantitative confirmation
of the results just mentioned an optical comparator was used to compare the
widths of dislocation images at fixed points defects structure before and after the
decoration process. The average width of images was 29.5 pm before decorating,
narrowing down to 24.5 um after the copper build-up, i.e. by 17%. Similar results
were obtained for crystals doped with arsenic.

Fig. 2. The topogrammes of silicon crystals annealed with P and Ge impurities (a) and
after decoration with Cu atoms (b). MoK a;-radiation, the 220 reflex, magnification 26.
The same dislocation image places are noted on both topogrammes by letters A, B, C, F.

Figure 2a,b shows the results of diffusion annealing on the dislocation crys-
tal structure of the samples doped with Ge and P. The equivalent details of the
dislocation structure images are marked by letters A, B, C,F, respectively. It is
apparent that the dislocation structure in general did not vary significantly except
that new T appeared images (Fig. 2b) which were not visible in the initial state
(Tig. 2a) because they did not meet the well-known contrast condition. Unlike the
previous experiments now however an opposite tendency is clearly present: the im-
ages of dislocations with the edge components of the Burgers vector widen sharply
after decoration of dislocation with Cu atoms. In these crystals an important role
in formation of the Cottrell atmospheres is apparently played by the isovalent Ge
atoms which interact with deformation fields of dislocations via elastic forces. The
screw dislocations presented in Fig. 2a and 2b (higher up the letter B) and also
a part of the bent loop (letter C) were not decorated with Cu precipitation. It is
known that the screw dislocations do not interact with Cu atoms in the case of
dendritic crystal structure formation [1].

By reviewing the experimental results on Ge-doped crystals (the influence
of P and O atoms present in the sample is apparently less significant due to
their lower concentration) one can note a substantial increase in the resultant
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structure distortion after Cu difTusion. This effect has been revealed due to increase
in dislocation image widths as well as due to appearance of the dislocation images
that were not present in the initial state (Fig. 2a).

The parameters discussed conform that the interaction of rapidly diffusing
impurities with the Cottrell atmospheres can result in both extension or significant
shrinkage of the effective deformation ficlds of dislocations.

3. Diffractometry studies

The purpose of these experiments consisted in determination of the quanti-
tative characteristics of structure perfection after Cu diffusion annealing of various
duration. The crystal integral reflectivity I2; in another silicon sample with density
of dislocation Dy = 5x 10% cm~2 homogenecously distributed within the crystal vol-
ume was measured by means of a double-crystal spectrometer (MoK ,1-radiation,
the 220 and 440 reflections) similar to [4]. Figure 3 shows the dependences of
the R; on the thickness ¢ for a number of crystals. Curve 1 refers to the disloca-
tion — free crystal (for comparison purposes); the curves 2-4 are [or the samples
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Fig. 3. The dependence of the integral crystal reflectivity R; on the sample (series 2)
thickness with fixed dislocation density (samples 2~4). 1 — the perfect crystal for com-
parison (calculated and measured). 2 — the initial stage of studied crystal, 3 — crystal
decorated with Cu for 3 hours at 900°C (2, 3,4 measured dots only).
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with the dislocation density indicated. It is possible to note that all three samples
(2 — initial state; 3,4 — decorated at 900°C for 1 and 3 hours, respectively) are
characterized by the R; values much higher than the ones of the reference crystal 1.

The total crystal reflectivity for the crystals with defects, as it is known,
consists of the diffuse Rp and the coherent Ry terms: R; = Rp + Rg. One should
notice that the character of the integral reflectivity increments AR; is different
in samples 3 and 4 in relation to sample 1. It is 1.3 times lower after diffusion
annealing for 1 hour than in the undecorated sample 2, while after longer annealing
for 3 hours it is 1.2 times higher than that in the sample 2. With reference to results
of topographic study mentioned earlier such phenomena in scattering of X-rays can
be explained, on the one hand, by certain compensation of deformation fields of
dislocation by copper solution in silicon in the first case (1 hour), and, on the other
hand, by increase of the resultant lattice distortion during the built-up particles of
the B-CuSi at defects [3] alter 3 hour annealing when the total quantity of copper
injected into the sample 4 is larger than that in the sample 3.

The following quantitative interpretation can be given to the observed diflrac-
tion phenomena. As it was shown earlier [4,5] the value of increment AR; due to
diffuse scattering on dislocations can be described by the following expression:

AR = R — Ry, = Qty~ ! exp(—pt)[1 — exp(=2L)], (1)

where R; — the experimental value of integral reflectivity for a real crystal, while
Rip is the same parameter for a crystal with a perfect structure (Fig. 3, curve 1);
Q is a parameter characterizing the kinematical scattering ability of unite volume
for the given reflection. v, ¢ and pu stand for cosine of the Bragg angle, thickness
of a sample and linear cocfficient of photoelectric absorption, respectively.

The factor L for crystals with uniform distribution of dislocations is pro-
portional to the dislocation density [4,5], L = r®Dq, where r is a radius of the
region of strong distortions around dislocations, » = (Hb)A?Dy /4w and H, b, A
are respectively a diffraction vector, the Burgers vector and an extinction length.
By measuring the value of AR; arising due to diffuse scattering on dislocations it
is possible to determine the L magnitude and accordingly estimate the value of
Dy. Considering the demonstrated influence of interaction of impurity atoms with
deformation fields of dislocations on X-ray scattering we should refer its values
of the L and Dq. The calculations of these parameters based on the AR; for the
400 reflection (Mol 4-radiation) in the samples 2,3 and 4 provided the following
results: Lo = 0.043, Lz = 0.035, L4 = 0.058 and for the Dq: Dg2 = 2 X 105 em™2,
Dgs = 1.6 x 10% em=2, Dyy = 2.7 x 10% cm~2. The obtained Dy values are close to
5 x 105 em™? derived from the density of etch pits and reflect the result of various
interactions between dislocations and impurities.

Thus, the X-ray diffraction studies of the reflectivity variation and the widths
of topographical images of dislocations in crystals when the Dq value is constant
enable us to perform a quantitative estimation of the degree of interaction of
impurities with growth dislocations. The compensating action of rapidly diffusing.
impurities on the effective size of the Cottrell atmosphere was found to be similar
for such electrically active impurities as As and P despite a significant difference
in the size of their atoms. Upon diffusion of copper into a sample doped with
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isovalent germanium a continuous series of solid solutions with silicon can form.
In consequence the favourable conditions for separation of decorating particles
are -formed. These particles enlarge the volume of distorted lattice. In samples
taken from the same ingot the compensation effect is observed after the short
(1 hour) diffusion annealing, when the integral reflectivity and the magnitude
of the static Debye—Waller factor is significantly reduced in comparison with a
non-decorated crystal. We believe that the methodical approach suggested can
be a useful supplement to the method which evaluates the gettering efficiency of
impurities by the analysis of the ratio of intensities of the soft and hard components
of y-radiation of the radioactive Co®7 impurity [6].

4. Conclusions

The non-destructive methods applied to the studies, presented in this paper,
allow us to investigate the dislocation structure changes by the Cu difTusion into
silicon crystals during high temperature annealing. Influence of the different types
of impurities doped into a crystal lattice during a growing process on the disloca-
tion was shown. This influence was different in the case of isovalent Ge and in As
and P electrical active impurities.
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