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A new approach to structure perfection diagnostics of dislocation-free
silicon crystals has been developed using the Bragg case of diffraction. The
approach is being based on successive measurements of integral reflectivity
and the spatial intensity distribution of reflected beam on the same diffrac-
tion planes of a real crystal by means of a single crystal diffractometer.
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1. Introduction

_ The Bragg case of the X-ray diffraction has been traditionally considered to
be weakly sensitive to structure defects in the volume of a crystal. It was connected
with the known fact that the diffraction maximum was formed near the crystal
surface that means at a depth close to the value of the extinction length A.

However, the experimental investigations [1-5] carried out for the recent
years have shown that the above-mentioned Bragg case of diffraction, under cer-
tain conditions, revealed rather weak structure distortions for which the level of
the Debye—~Waller static factor L was ca. 0.999. For this purpose, first of all, the
absorption length ¢4(ta = 1/pt0, where pg is a leaner photoelectric absorption co-
efficient) must considerably exceed the extinction length A what can be achieved
by utilizing of hard X-ray radiation.

The aim of this paper is development of the method [3-5] for creation of the
more simple and informative “single crystal” approach in structural diagnostics of
weakly distorted (L, 10~2—10~2) Si crystals.
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2. Theoretical background

The integral reflectivity R; of slightly distorted crystals (L <« 1 and
pa < po, where pq is the coefficient of additional absorption due to diffuse scat-
tering) consisting of the coherent Rp and diffuse Rp components can be written
for the Bragg case of diffraction in the following way [6]:

16 CQ4 + LQ ’ (1)
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where @ is the kinematical reflectivity of the unity length of an ideal mosaic crystal.
C and 1, stand for the polarization factor and the cosine of the Bragg angle 0p,
respectively. The first term in Eq. (1) is reflectivity R for a perfect crystal. The
diffuse component Rp can be particularly determined by the analysis of a spatial
distribution (over coordinate = counting from the point of radiation incidence on
a crystal) of an intensity Ips(z) registered by a detector with a narrow entrance
slit S for the relatively large z(z > 3A4):

| _ IS (#o + pa)z
Ips(z) = 2LQsin 565 P [ ool |’ (2)

Iy is an intensity of the incident beam of X-rays which is connected in the case
of the single crystal spectrometer with the measured integral intensity Ir of the
Bragg diffraction maximum:

Iy = In/R;, (3)
where R; is described by the formula (1). The value of pgq parameter may be

“determined from the slope of the graph InIpg(z). Ience, one can calculate the
value of the Debye—Waller factor L using the following relation:

P

In/Ios(z) = M(1+ Rn/Rp) ~ M [(“_Jfgﬂ‘)_R_i (% - 1) + 1] , @)
where M = sin20g/2S(po + p) exp[—(po + p)z/ cosfg)], which was obtained by
means of (1), (2) and (3) formulae.

Thus, the essence of the proposed approach for determination both the L
and pq parameters consists in successive measurements of the R; value and the
spatial distribution Ing(z) for the same reflection. Contrary to Ref. [7] our method
does not need any standard sample with a perfect structure.

Ri=Rp+ EREp=

3. Preparation of samples and peculiarities of experiments

Four silicon crystals were prepared from ingots grown by the Czochralski
method. All of them have a high concentration of oxyggn (up to 10'® cm~3). First
three of them (1, 2, 3) had the 111 orientation. The fourth sample was prepared
for obtaining of reflections from the 100 plane. The sample 3 has a low density Ny
of dislocation (Ng =5 x 103 cm~2). The others were dislocation-free according to
X-rav topography. The samples 2 and 4 were annealed at 850°C during 2 and 4
hours, respectively, to create microdefects in a bulk (SiO5 clusters or dislocation
loops).

The measurements of the I of the 111, 333, 444, 555, 777 and 400 Bragg
reflections were carried out by means of the single crystal spectrometer using
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Fig. 1. The intensity spatial distribution profiles for the samples 1 — 0, 2 — A and
3 — 0. The 444 Bragg reflection. (a) is a sketch of the experimental setup. 1, 2 —
collimating slits (the divergence of the beam is about 3’), 3 — the sample under investi-
gations, 4 — the detector slit, z — the coordinate measured from the point of incidence
(0) along the crystal surface; (b) is the region near the diffraction maximum; (c) — the
tails of the diffuse scattering function Ips(z).

Ag K,, radiation. The registration of the spatial distribution of intensities Ing(z)
of the reflected beams was performed by varying the position of the detector with a
narrow entrance slit (S = 0.05 mm) near the 20 angle (Fig. 1a). The dependence
of the coordinate z on the surface of a sample on the penetration depth ¢ [4, 7]
was determined by the formula ¢ = 0.5 x tanfp.

4. Results and discussion

The measured values of the R; as well as meaning of the R calculated by the
dynamical theory of scattering for a perfect crystal are presented in Table together
with the integral characteristics of crystal perfection L and pq. The character of
the spatial distribution of the intensity Ins(z) of the 444-Bragg diffracted beam
of the Ag K,, radiation in the samples 1-3 and the functions InIps(z) for the
sample 4 in its initial state and after annealing are shown in Fig. 1b, ¢ and Fig. 2,
respectively.

One can see from Fig. 1 the diffraction maximum and tails of diffuse scatter-
ing in the non-annealed sample 1 have the lowest level while comparing with these
values for the annealed sample 2 and for the sample 3 containing dislocations. The
same weak structure distortions as in the sample 1 took place probably in the
initial state of the sample 4 (see the lower line in Fig. 2).

The deformation fields of microdefects situated at the depth of ﬂo gave
noticeable diffuse scattering even in these relatively perfect (L = 10~2) crystals .
(see the Fig. 1b, ¢ and Fig. 2). The experimental dependences InIps(z) for the

.sample 4 can be relatively well approximated by the straight lines (Fig. 2). It
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TABLE

The meanings of the integral characteristics of structure perfection and the
diffraction parameters R;, Rp/Rs.

Reflection | Sample | pg [em™Y] | L x 103 | R; x 107 | RP x 107 | Rp/Rs
number

2 1.5 11 39.5 0.5
333 27.3

3 0.5 12 43.4 0.6

2 0.5 13 32.6 v 0.6
444 20.1

3 1.5 20 36.0 0.8

2 1.0 31 24 0.4
777 ‘ : -~ 1.8

3 0.5 74 3.5 1.0
400 4 0.5 13 13.4 6.2

AL/L =2 10%, Apa/pa = 15%.

(400)

n I {73

24

XN, mm

Fig. 2. Dependences Inlps(z) for the 400 Bragg reflection in the initial state of the
sample 4 — A and that after annealing (850°C, 4h) — o.

testifies to the homogeneous distribution of microdefects in the volume of the
crystal.

The pqy values obtained from the graphs InIps(z) are relatively small com-
paring with the po. It testifies to weak influence of the parameter pgq on the ex-
perimentally measured values of the Bragg diffracted beam intensities. One can
- see from Table that the level of the Debye~Waller factor grows by transition to
reflections of a higher order what is in agreement with the theory [8]. The level
of diffuse scattering (see the ratio Rp/Rg) grows in more distorted samples. The
“velocity” of the L increasing with growing of the order N of reflection is higher for
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the sample with dislocations [8, 9]. This fact is connected with a different character
of the L(N) dependences for dislocations and that for microdefects (8, 9].

All of R; values in the studied samples turned out to be higher than the
corresponding ones for a perfect crystal. This proves a sufficient sensitivity of our
measurements for weak structure distortions in near perfect crystals.

Mean values of the radii » and the concentration n of microdefects calcu-
lated according to [8, 9] from the integral characteristics L and pq4 for the annealed
crystal 4, i.e. 7 = 0.2 pm, n = 8 x 107 em~3 (Ar/r, An/n = 15%) are close to
corresponding parameters obtained by means of the independent diffractometri-
cal measurements carried out by means of the two wavelength methods (see our
publication in this issue). :

The proposed approach to structure perfection diagnostics of slightly dis-
torted crystals basing on the successive measurements of both the reflectivity and
the intensity spatial distribution of the Bragg diffracted beams on the same sam-
ple containing structural defects permits to expand essentially the possibilities of
the single crystal diffractometer [10] especially applying synchrotron radiation.
This approach may be a useful supplement for more complex in practical realiza-
tion methods of structure diagnostics such as high energy synchrotron diffraction,
small angle scattering, neutron backscattering and so on.
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