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The X-ray acoustic method for determination the structure perfection
integral characteristics is suggested for slightly imperfect dislocation-free
crystals. The method is suitable for investigation of a crystal disturbed both
by localized (microdefects) and by distributed (macrostrains) structure de-
fects. It is based on the analysis of dependence of the distance Az between
two minima, arising in the spatial intensity profile I(z) of the X-ray beam
diffracted by acoustically excited crystal, upon ultrasound frequency vs. Us-
ing the data Ax(vs) for two selected reflections, we calculated the values of
the extinction lengths A which enabled us to identify the predominate type of
structure disturbances as well as to cstimate the static Debye-Waller factors
e~L and the period of the main macrodeformation Ay for a sample contain-
ing simultaneously microdefects and periodic long range deformations. Such
approach was used for studying the structure perlection of Czochralski-grown
(Cz) and float-zone (FZ) silicon crystals.

PACS numbers: 81.40.—z, 61.72.Dd

1. Introduction

Nearly perfect dislocation-[ree silicon crystals in initial state contain usually
both microdefects and macrostrains of the crystal lattice [1-3]. The latter ones are
caused by inhomogeneous (often stratified) distribution of point defects.

To obtain the reliable information about real defect structures one needs to
separate the eflects of long range clastic strains and localized deformation fields
caused by microdefects on diffraction parameters. It should be noted that the long
range deformations are assumed to have characteristic size I* which well exceeds
the extinction length A for a used reflection [4]. But the mentioned value A exceeds
considerably that size {* in the case of microdefects.

The radical change of the diffraction beam intensity behaviour occurs when
the microdefects are present in elastically strained crystal [5-7]. Therefore the
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interpretation of experimental data is a rather difficult task in the case when there
are combined distortions of structure. :

Since a strict theory of X-ray dynamical diffraction by a crystal with com-
bined structure distortions has not been developed yet, the search of phenomeno-
logical ways for solving the mentioned problem is of interest.

The new X-ray acoustic niethod of structure diagnostics of slightly imperfect
crystals has been developed recently [8-10]. This method is based on the selective
suppression of coherent part of total reflectivity by weak ultrasound vibrations. It
enables to measure A of slightly imperfect crystals with high accuracy as well as
to reveal the presence of weak macrodeformations in a sample and to determine
their level €. According to [8-10]

A= f/— [1-(Az/2sin@)?] "%, 1)
e= 2% [(Av;/e)? =11 )

Here ¢s and v are the ultrasound velocity and frequency respectively; ¢, @ and d
stand for a crystal thickness, a Bragg angle, and an interplanar space, respectively;
v; is the specific frequency at which the fine structure of an intensity profile I(z)
disappears due to movement of the corresponding tie points along branches of
Ewald dispersion surfaces of dynamical diffraction [6]. It should be noted that a
wave number of ultrasound ks (ks = 27/As, As is the wavelength) exceeds slightly
in this case the gap of the dynamical dispersion surface Ak, for a perfect crystal
(Akp =27/ Ay, where A, is the extinction length for an ideal crystal medium).

The extinction length is known [2, 6] to increase due to microdefects forma-
tion in a crystal as

A= AyeE. ()
On the other hand, the extinction length A decreases if there are long range
deformations in a crystal [4]. This can entail some errors when one calculates L’
from experimental A value by means of (3). In present paper we have suggested
some improvement of the known procedure [8-10] by taking into account the efTect
of weak macrodeformations on A.

2. Methods

The suggested approach is based on the analysis of the frequency dependen-
cies for distance between mentioned minima Az(v;) for two selected reflections.
The values of extinction lengths A may be calculated from Az () rather exactly
[9]. It should be noted that original measurements of dependencies Az(vs) for
perfect crystals were performed in [11]. The comparison of the A and A, values
enables to identify the predominate type of structure disturbances for a crystal
under investigation (4 > A, and 4 < A, in the cases of localized or distributed
deformations, respectively [4, 12]).

If microdefects are dominant type of crystal imperfections (A > A) one may
estimate the static Debye—Waller factor e~ value by formula (3). Besides, the
additional analysis of integral reflectivity R; values allows us also to calculate the

. characteristic size and concentration of microdefects.
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As it will be shown further, a similar approach makes it possible also to esti-
mate L and the period of main long range deformation \,, for a sample containing
both microdefects and macrodeformations. The corresponding calculations in the
framework of perturbation theory of X-ray scattering give the following value of
the extinction length for a medium with combined distortions:

A = ApeFa(e), ' 1)
where a(e) is the parameter describing decrease in A due to long range deforma-

tions. Following Ref. [4] one may write the expression for thls parameter in the
case of static periodical deformation

- {1 el
e={1- SR A . ®)
Here H is the reciprocal lattice vector and W = eA/w/2 is the static displacement
amplitude.
It is evident that L and A, values may be estimated by means of formulas
(4) and (5) using experimental values of ¢ as well as A obtained for two selected
reflections. This way of numerical calculations was applied in the present study.

Fig.1. The scheme of measuring of the interminimum distances Az(vs) under the X-ray.
acoustic resonance conditions. 1 — slits, 2 — transducer, 3 — sample, 4 — detector slit,

5 — detector.

The Az(vs) values were measured similarly to (8, 9] from the intensity profiles
of diffracted beams I(z) (Fig. 1) for 220 and 440 reflections of the characteristic
Mo K,, radiation (Fig. 2 and Fig. 3 respectively). To estimate the dependencies
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Fig. 2. The Axz(vs) dependencies for 220 reflection, Mo K4, radiation. Solid squares
correspond to experimental data (specimen 2) and solid line stands for theoretical de-
pendence for a perfect crystal.
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Fig. 3. The Az(vs) dependencies for 440 reflection, Mo Ko, radiation. Solid circles and
squares correspond to experimental data (specimen 1 and 2 respectively) and solid line
relates to the theoretical curve for a perfect crystal.

Az(vs) for a perfect crystal we used the structure factor values given in [13]. The
A values were calculated in each case by least-squares fitting of the function (1)
to experimental series Az(v5). The level of € was derived from v* according to the
expression (2).
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The samples under investigation (¢ = 6mm) were cut out of a dislocation-free
FZ Si ingot (specimen 1) and of Cz Si one (specimen 2). The oxygen concen-
tration in Cz Si was 1.15 x 10% atom-m=3, which was measured by means of
infrared spectroscopy. The oxygen content in FZ Si was about two orders lower
(10?2 atoms-m~3). The sample surfaces {111} were normal to the growth axis.
Both lateral and longitudinal stratified patterns were revealed in Cz Si by means
of X-ray topography. The stripe period ranges about 150 to 200 zm. Defects such
as clusters were observed in FZ Si by means of the etch pits counting procedure.
The concentration of rather big (mean size of etch pits was about 10 um) clusters
reached 101! m~3 according to that method. ‘ v

The structure perfection of the crystals under investigation was additionally
examined by means of R; measurements both in the Bragg and the Laue geome-
tries.

Transverse ultrasonic vibrations with wave vector being perpendicular to
both the sample surfaces and the diffraction vector were generated by the LiNbO3
piezoelectric transducer. The ultrasound polarization vector was directed normally
to the reflecting planes (Fig. 1).

3. Results and discussion

The experimental dependencies Az(v5) observed in specimen 1 proved to be
typical of crystals with dominant short range deformations (Az > Azp, Az, refers
to a perfect sample). In this case the values of A noticeably exceed Ap, especially
for 440 reflection (see Table). The measurements of v} values for this sample show
that the magnitude of ¢ is rather low and does not exceed the 10~7 level. ’

TABLE
The values of the integral characteristics of structure per-
fection of the samples under investigation (Ap(220) =
36.50 pm, A,(440) = 53.99 pm).

Sample number 1 2
Refllection 220 440 220 440
A [pm] 36.54 54.27 36.50 | 53.62
L 103,
proposed method 1.1 4.3 1.9 7.6
L 103,
" Bragg diffraction 1.1 35 - -
R [pm] 1.1 1.1 - -
N [m~3 24x 101 [34x10tt]. - | -
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Therefore, the static Debye—~Waller. factor can be correctly estimated for
specimen 1 by means of formula (3). It is important to underline that the obtained
Laao value (Table) is four times higher than Laag (increased proportionally to H?).
Such kind of the L(H) dependence corresponds to the cluster-like defects [14].

The L values were also derived from R; magnitudes measured in the Bragg
case of diffraction by numerical solving of the equation [15]:

Ry = RPe L + Rf(1 —e2F), (6)
where Rf, RF stand respectively for the integral reflectivities of a perfect and
1deally-mosa1c crystals. One can see from Table that the results obtained by two
independent procedures are in satisfactory agreement which confirms the reability
of the information about the degree of the structure perfection of specimen 1.

If the value of L is known one may determine the magnitude of the second
integral structure parameter pq, which describes additional X-ray energy losses
due to diffuse scattering by delects, [rom the R; value measured in Laue case of
diffraction [16]. The characteristic size R and the concentration N of microdefects
were estimated from the values of L and pg4, using the following expressions [17]:

p =81 (cos @)’ LR/A?, L =8NRY*(BH)?, (7
where B & 0.01. As it follows from Table, a good correspondence was found be-
tween two groups of these data obtained for 220 and 440 reflections. Moreover, the
satisfactory correlation of these data with the results obtained by the mentioned
above metallographic method takes place.

Thus, the suggested approach makes it possible to obtain rather full informa-
tion about the structure perfection integral characteristics of FZ Si, which contains
mainly the short range deformations.

The character of the experimental dependence Axz(vy) for specimen 2 ap-
peared to be diflerent from that for specimen 1. In this case the measured and
calculated dependencies Axz(vs) for 220 reflection almost coincide. As for 440 re-
flection, the experimental frequency dependence of the Az corresponded to the
case of the distributed structure imperfections domination (4 < A4,). The R;
values obtained for this specimen in the Laue case of diffraction were about 20%
smaller than those for a perfect crystal both for 220 and 440 reflections. Therefore,
one may conclude that macrodeformations determine mainly diflraction processes
for 440 reflection while the effects of macrodeformations and microstrains on the
A values are aproximately equal for 220 reflection.

The macrodeformation value ¢ was calculated in specimen 2 according to
expression (2) by means of the v measuring. The magnitude of £ (3 x 10~7) was
found to be close to known literature data [3, 10]. Tt should be noted that the al-
ternative elastic macrodeformation of crystallographic planes {110} was measured
in this case.

The system of equations like (4) and (5) was solved numerically for both
reflections using dependencies L(IT) known for microdefects [14] (L ~ H3/2 for
dislocation loops and L ~ I{? for clusters). In the first casc the system had no roots.
But in the latter one we have obtained the following results: Lasg = 1.9 x 10-3,
L =7.6x1073; XA =196 pum. These results happened to be in satisfactory agree—
ment with ]\nown literature data [1-3, 6-10].
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It should be noted that the used approach does not have the potential for
unequivocal direct determination of the type of structure defects. Moreover, it can
be applied only for investigation of nearly perfect single crystals (L < 1072, ¢ € w,
w is an angular width of dynamical diffraction maximum).

4. Conclusions

The comparison of experimental data for the extinction lengths of real (A)
and perfect (Ap) crystals as well as additional measurements of integral reflec-
tivities allows to get useful information about the structure of slightly imperfect
crystals. The method makes it possible to identifly the dominant type of structure
disturbances and to determine the integral characteristics of microdefects (L, R, N)
as well as of macrodeformations (€, Am)-
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