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Deviations from Friedel’s law in the case of anomalous transmission of X-rays have been esti-

mated in as-grown silicon crystals.

The results of measurements on a double crystal spectrometer agree with the dynamical theory
of elastically deformed crystals. Using this theory, we have obtained information about growth de-
formation in crystals containing a small number of dislocations or in dislocation-free ones. Radii of
curvature of crystal lattice planes of the order of km, orientation differences of the order of 0.1”
and relative changes of lattice constants of the order of 10—3% have been estimated.

Dislocation loops were observed at the boundary between the dislocation-free and the distorted

part of the crystal.

Introduction

It is well known that anomalous transmission of
X-rays, observed first by Borrmann 1, is sensitive to
deformations of lattice planes due to mechanical
stresses 2 or due to temperature gradients®. It has
been reported that Friedel’s law loses its validity in
the case of anomalous transmission both at low
angle boundaries  and in the presence of small local
defects in crystals ®.

On the other hand the results of the dynamical
theory of X-ray diffraction, extended to elastically
deformed crystals &7, experimentally proved in 8,
make it possible to determine deformations of crys-
tal lattices from deviations from Friedel’s law.

This led us to try to measure the deviations from
Friedel’s law in the case of anomalous transmission
of X-rays in as-grown nearly perfect Si crystals in
order to determine small long-range growth defor-
mations of their crystal lattice. The aim of this ex-
perimental work was to detect the curvature of lat-
tice planes parallel to the growth axis and eventually
to find variations of this curvature with changing
distance from this axis. Another point of interest
was to examine the differences in this variation at
the origin and at the end of the investigated crystals.
For this purpose nearly perfect silicon crystals were
chosen grown in the (112) direction. Our experi-
ments have shown so far that dislocations in these
crystals are oriented preferably parallel to the growth

axis.

All measurements were carried out on a double-
crystal spectrometer.

Crystals used in Experiments

The silicon crystals were prepared by a special
technique . Its technology will be published later.

The investigated crystal specimens were cut from
four crystals, the growth axis of which was [112]
and selected with respect to etch figures and growth
conditions:

I. The first crystal contained 15 dislocations.
Eight of them were near to the crystal origin ar-
ranged in a low angle boundary, perpendicular to
(111) lattice planes.

II. The second crystal was grown initially as pure
and dislocation-free. In a later stage carbon was
added to the atmsophere in which the crystal was
growing. The first approximately 2 cm long part
of this crystal was grown without any apparent
change. Suddenly a great number of dislocations
appeared and the last part of the crystal was very
imperfect.

III. Initially the third crystal was dislocation-free
but it might have contained small concentrations of
oxygen and carbon. However the optical absorption
in the region of 9 x in the infrared was not observ-
ed. Although the conditions during the growth were
not changed, a large number of dislocations appear-
ed suddenly in a later stage of growth.

IV. The fourth crystal contained 22 dislocations.
Twenty of them were arranged parallel to the (111)
plane as can be seen in the cross-section of the speci-
men in Figure 1.

All these crystals were cylinder like with a dia-
meter of 10.5—12 mm. A narrow strip of natural
(111) face appeared on the cylindrical part of ali
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Fig. 1. Etch figures on a (11T) cross section of the silicon
crystal IV. The average spacing between the dislocations is
0.24 mm.

four crystals. The planes as observed from the sur-
face of the mentioned strip were indexed (111), the
opposite side of the same planes is referred to as
(11T).

Crystal specimens I and IT were plates with (1T0)
surfaces parallel to the growth axis as can be seen
from Figure 2 a. Specimens of the form of parallel-
epipeds from crystal Il and IV were cut with faces
parallel to (111) and (115) planes, as shown on
Figure 2 b.

The faces of the specimens were ground and
polished to within 1° from the given orientation
and then etched in a mixture of 1 HF +5HNO; to
remove the remaining surface damage. The thick-
nesses D of the specimens are indicated in Table 1.

Measurements

An X-ray double-crystal spectrometer in (n, —n)
position was employed. Characteristic MoKa radia-
tion (focus 11 mm?) impinging on the first crys-
tal had to pass a cylindrical collimator of diameter
2 mm.

For the sake of better reproducibility of the align-
ment of diffracting planes ! symmetric Bragg-case
reflexions was preferred for the first silicon crystal,
which was pure and dislocation-free. The second
crystal (the investigated specimen) was in the sym-

metric Laue position. A slit 2 mm wide and 3 mm
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Fig. 2

Orientation of specimens cut from silicon crystals
grown in [112] direction.

high was located between both crystals, limiting the
vertical divergence of the beam and allowing only
the MoKa, , radiation to pass. The diffracted beam
was detected by a scintillation counter with a pulse
height discriminator so that there was no trouble
with higher harmonics from the first crystal.

The deviation from Friedel’s law was found by
comparing the maxima of the (Akl) and (hkl)
rocking-curves, obtained by measuring the diffracted
intensity when the second crystal was rotated. The
curvature of the diffracting planes (111) in the
specimens I and II and of the planes (111) and
(220) in the specimens III and IV was investigated
in this way. To relate the deviations from Friedel’s
law to the distance from the growth axis, the investi-
gation was repeated whilst shifting the specimen
horizontally stepwise from one edge to the other.
In all cases both the intensities of the anomalously
transmitted direct and reflected beams were measur-
ed.

Results

The results of the measurements obtained with the
specimens I and 11l are indicated in Figure 3. The
maxima of the rocking-curves are plotted as a func-
tion of the horizontal shift of the specimen from one
border to the other. Each point represents the mean
value of the maxima (in pulses per 1 min of time)
of 10 rocking-curves obtained in the same position
of the specimen. As can be seen from Fig. 3, the in-
tensities of both direct beams in the pairs R, (111) ;
R,(TTT) and R,(220); R,(220), respectively, were
nearly the same in each position of the specimen.
Moreover the variation of the intensities of these
pairs of beams was relatively small, when the speci-
men was shifted horizontally.
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Fig. 3. The validity of Friedel’s law for different horizontal

shifts of specimens I and III. R(hkl) — reflected beam,

Ry(hkl) — -direct beam. Maximum values of intensity (in
pulses per 1 min) (1Y hkl, O hkl diffraction.

The reflected beams behaved in quite a different
way. The maxima of the rocking curves R(111) and
R(TIT) or R(220) and R(220), respectively, were
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Fig. 4. Friedel’s law validity for different horizon-
tal shifts of specimen I and II. R/R, — ratio of
intensity maximum of reflected and direct beam.
On the right hand side the schematic X-ray beam
orientation and deformation of lattice planes is

indicated.

Fig. 5. Analogy to Fig. 4 for specimens III and IV.

180
%1
160

R
RD

140

120

100

80

60

40

120

100

60

40

1201

reproducibly dependent on the specimen’s position
as can be seen from Figure 3. The greatest devia-
tions from Friedel’s law are to be found in the cen-
tral part of specimen I (i. e. near the growth axis).
On the other hand these deviations are high at the
borders of the specimen III (i. e. near te surface of
the crystal I1I).

For all specimens we found Ry(hkl) =Ry(h kl)
within £4% (probable error). To eliminate an
eventual long time instability of the apparatus each
value of R(hkl) was related to the corresponding
Ry(hkl). As functions of the specimens positions
we have plotted in the upper parts of Figs. 4 and 5b
the results for R/Ry(h k1) taken from Fig. 3, and
in Fig. 5 a the results for R/R, obtained by diffrac-
tion on (111) and (TIT) in crystal ITI. The direc-
tions of the X-ray beams in the specimens are shown
on the right hand sides of Figures 4 and 5.

The results presented in Figs. 4 and 5 are obtain-
ed on all four specimens. In I and 1V, there was
practically no difference in R/R, between positions
of the crystal near the origin and in a distance 2 cm
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below the origin (measured after shifting the speci-
men vertically). Figure 4/l and Fig. 5/IV indicate
the behaviour of specimens I and IV for these two
positions of the crystal. On the other hand the re-
sults of Il and III, shown in Figs. 4/II and 5/III,
are only related to those parts of the specimen,
where the dislocations were suddenly generated. The
upper edge of the beam was about 5 mm far from
dislocation loops. Near the origin of the crystal no
deviations from Friedel’s law were found both in II
and in III. The results obtained in this part of speci-
men II are shown in Figure 4/11".

These results were reproducible even when repeat-
ed after one year.

The generated dislocation — loops on the bound-
ary between the dislocation — free and the dis-
torted part of crystal 111 can be seen on Figure 6.

Fig. 6. Dislocation loops on the boundary between dis-

location-free and distorted part of silicon specimen III.

Borrmann’s case topography on a double crystal spec-

trometer [R(220) diffraction, the area shown on the
figure is 1.23 mm ><1.88 mm].

Discussion

The experimental result Ry(hkl) =R, (hkl)
agrees with that of the dynamical theory for thick
elastically deformed crystals 6 7.

From this theory the following relation results

. 1
S+TF 2 (1)
in which (2)

e

s, Ron ) (hkl) and &_2= (H[f;; ) (hkl).

Here R and Ry indicate the maximum reflexion
coefficient and the related transmission coefficient
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respectively. We estimated in our experiments R and
the maximum transmision coefficient R;,. Both in
ideal ! and in elastically deformed crystals? R and
R, do not appear simultaneously in the same angular
position of the crystal. Due to this fact is Rop# Ry .
Introducing Ryp =K Ry in relation (1) and (2) we
obtain
] 2l > TR
( lle” ) (h k1) ( ]‘RI‘“ ) (hkl). (3)
To find the relation for K. we calculated the ex-
tremum values R and R, of the reflexion and trans-
mission coefficients. In this calculation we neglected
the contribution of the heavily damped mode. We
found the approximate relations

An=2yo/ (1 Dy e +2 ;)

for the angular distance between the positions of R
and R and also

Ke—Adn+14+ 3497 (4

were =3 (&§—1/&), 7, is the direction cosine of
the incident wave in the symmetrical Laue case.
¢ = 7n/7io» where 7y and 0 are the 2 k[ and 000
Fourier coefficients of the imaginary part of the
electric susceptibility respectively.

For silicon crystals and MoKa radiation

7111 = 0.9935 Vasg = 0.9837 .

Using 12 and e;;77=0.989 and esn=0.970, we
found ¢ij; = 0.698 and es50=0.967. Relation (4)
gives Ky;;~0.77 for 1 D,(111) =8.25 for speci-
men 1l and K,,;~0.88 for 1 D;(220) =13.8 for
specimen III.

The value of K, determined from experimental
results using relations (3) for specimen II, 111
and TIT diffractions, is K=K;=0.65%0.03 and
for specimen III, 220 and 220 diffractions, is
K=K;=0.947%0.04. K, indicates the value related
to that part of the specimen in which no deviation
from Friedel’s law was observed and K that part in

and

which the highest deviation from Friedel’s law was
found.

Both experimental values of K are in qualitative
agreement with the corresponding approximate theo-
retical values. Relation (3) is valid for all experi-
mental results 13.

In order to check the deformation of the investi-
gated crystals, we calculated the smallest radius r of
curvature, the greatest angular deviation a of dif-
fracting planes and the relative change of the lattice
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Table 1. D, is the thickness of the specimens, , the linear absorption coefficient, (hkl) the indices of diffracting planes,
(R/Ry) (hKkl), (R/Ry) (hkl) the ratios of intensity maximum of reflected and transmitted beams (exp. values), r the smallest
radius of curvature, a the greatest angular deviation of diffracting lattice planes, Ad/d their relative change of lattice constant.

Specimen B, 1o Dy (hEL) R ) R : r a Ad .
. g, () D . 10

I 0.53 7.95 111 96 15 1.9 0.29 1.2

II 0.55 8.25 111 49.5 82 3 0.19 0.8

111 0.95 14.25 111 82 41.5 3.8 0.26 1.1
0.92 13.8 220 190 16.5 2.5 0.37 0.95

v 0.75 11.25 111 37 119 1.7 0.45 1.8
0.78 11.7 220 83 91 32 0.025 0.06

constant Ad/d using experimental values of R/R,,
relations (2), (3) and the relation:

2 I)U tan (-)I‘) &
Zh 5:2 =]

r

=

where @y is the Bragg angle and 7, a component
of a Fourier series representing the density of scat-
tering matter. The resulting values are shown in
Table 1. The r values of II and III could be near
to the critical radius for the generation of disloca-
tions in a dislocation-free crystal lattice in this
growth orientation.

Knowing the orientation of the incident beam it
was possible to determine the sign of r in the speci-
men. The variation of r, corresponding to the varia-
tion in the values of R/R; is schematically shown
in the cross-sections of the specimen in Figures 4
and 5.

Noteworthy is the deformation of the dislocation-
free specimen III, found in the part of the crystal
where dislocations originated. The systems of lattice
planes. perpendicular to each other in the perfect
crystal also remain perpendicular in the deformed
state.

The results on Fig. 5/1V show a strong deforma-
tion of (111) planes near the axis of the specimen
(radius of curvature 1.7 km). On the other hand
the deformation of the (1T0) planes was nearly
negligible. It is possible in the arrangement of dis-
locations shown in Fig. 1, that the (111) lattice
planes have a fan-like deformation. Though these
planes are not parallel, the beam behaves as if no
strains were present 7.
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For the specimen Il we have tried to estimate the
concentration of carbon atoms located in the silicon
lattice near that part of the crystal where disloca-
tions were generated. The highest relative change of
(111) lattice constant gives the atomic concentra-
tion 24 % 1076 (i. e. 1.2 2 10'8/cm? of carbon atoms).
This could be near to the critical value where the
growth of dislocation-free crystals is still possible
for a given stability of the growth conditions. The
estimated value seems not to be in contradiction to
the solubility value of 1.5 1018/em3 at 1402 °C
found by diffusion of radioactive C in the Silicon
lattice 3.

Conclusion

Examining the validity of Friedel’s law by means
of anomalous transmission of X-rays on chosen
specimens, we have tried to detect the long-range
growth deformation in nearly perfect silicon crys-
tals.

The accuracy of this method seems to be suffi-
cient for the measurement of lattice curvatures in
crystals which are not quite pure but free of disloca-
tions. Therefore the method should be important for
the study of nearly perfect crystals. For example it
could be used for the determination of the concen-
tration of electrically inactive impurities, inhomo-
geneously distributed in a “pure crystal”. Another
field of interest could be the investigation of con-
ditions for the generation of dislocations in dis-
location-free crystals.
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Determination of the X-ray Debye Temperature in Germanium by Means of the Borrmann Effect

The anomal transmission of CuK radiation through “thick™ perfect crystal slices of Germanium
is strongly temperature dependent. This temperature dependence was measured between 293 and
6 K in the (220) symmetric Laue case and used to evaluate the Debye temperature @y . The well-
known uncorrected value &'\ =290 K was obtained near room temperature. Taking into account
TDS and Compton scattering in addition to the photoelectric absorption the corrected value Gy =
294 or 296 K was found, depending on the source of data. With decreasing temperature the cor-
rected Gy increases slightly up to a maximum at very low temperatures, as predicted by Batterman

and Chipman and by Salter.

1. Einfithrung

Der Borrmann-Effekt (die reduzierte Absorption
interferierender Rontgen-Strahlung in nahezu per-
fekten Kristallen) erlaubt bekanntlich die Messung
des minimalen Absorptionskoeffizienten ., , fir
den in einfachen Fillen, z. B. im Diamantgitter,

/”ixiiin = Uy (1 —| Zi_}f/Zi() ‘) /COS (.')n (1)

gilt (1, normaler, linearer Schwiichungskoeffizient:
Op Bragg-Winkel). t,;, hingt danach, aufler von
o, im wesentlichen von der GroBe | ym /x| ab.
Diese besteht aus dem Imaginirteil verschiedener
Fourier-Koeffizienten der dielektrischen Suszeptibili-
tit und berticksichtigt verschiedene Arten der Wech-
selwirkung zwischen Strahlung und Kristallgitter.
Beschrinken wir uns auf Reflexe mit geradzahligen
Laue-Indizes h = {hy , hs , hy} des Diamantgitters, so
gilt in erster Niherung

| 2int/xio | = Dy el (2)
Sonderdruckanforderungen an Dr. J. Ludewig, Fritz-Haber-

Institut der Max-Planck-Gesellschaft, D-1000 Berlin 33,
Faradayweg 4—6.

Der Debye-Waller Faktor D), trigt dem Einflul} der
Gitterschwingungen auf die Absorption der Wellen-
felder Rechnung, &1 der Photo-Absorption mit ihrer
von D, abweichenden Winkelabhingigkeit. Obwohl
7in und y;9 auch von der thermisch-diffusen Streu-
ung (TDS), der Compton-Streuung (CS) und der
Plasmon-Streuung (PS) beeinflulit werden, blieben
sie frither unberticksichtigt. Aus diesem Grund ha-
ben wir in Gl. (2) D) geschrieben; beriicksichtigt
man die Zusatzeffekte, so ist D), in D, abzuindern.
Als Beispiele, bei denen die genannten Streueffekte
nicht beachtet wurden, nennen wir die zumeist vor
1968 publizierten Arbeiten von Okkerse!; Bat-
terman % ?; Ling et al.4; 5:6;  Ghezzi
et al.”. Sie befaliten der Tem-
keit der anomalen Absorption von

Ludewig
sich  mit
peraturabhéngig
Rontgen-Strahlung in Germanium und hatten die Be-
rechnung des Debye-Faktors und damit die Bestim-
mung der Debye-Temperatur zum Ziel. Die Grifie
¢oL wurde theoretischen Rechnungen beziiglich des
Photo-Effektes entnommen 8 9. Die genannten Auto-
ren verglichen nach der Formel von Kato!® be-
rechnete Reflexintensititen mit gemessenen Inten-



