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X-ray Study of Diffuse Streak Diffraction Pattern from Silicon Single Crystals 
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Diffuse X-ray scattering by silicon single crystals has been detected on the film by the use of a doubly 
bent crystal monochromator. The intensities of one diffuse streak were measured at 83 °K and 273 °K 
with a scintillation counter spectrometer. With rising temperature the intensity of the diffuse streaks was 
increased, confirming their thermal origin. In order to examine the scattering in detail, measurements of 
the absolute thermal scattering power were made through a large region of the (T01) reciprocal lattice 
plane at 293 °K. These measurements were compared with the theoretical values of the thermal scattering 
power, given by the theory developed by Laval, in which temperature vibrations are expressed in terms 
of elastic waves. The first-order term only was calculated and higher-order terms were neglected. The 
measurements are in semi-quantitative agreement with this theory. 

Introduction 

A characteristic streak X-ray diffraction pattern from 
silicon single crystals was first noticed by Kodera, 
Kitamura & Honjo (1963) in a photograph taken with 
filtered Mo radiation parallel to the [100] axis. This 
characteristic type of diffuse scattering has also been 
seen in electron diffraction diagrams, as well as in X- 
ray diagrams on some other substances. Honjo, Kodera 
& Kitamura (1964) inferred that the streak patterns by 
silicon single crystals indicate a predominant clustered 
motion of linear scatterers along (110) directions, the 
scatterers consisting of zigzag chains of the nearest 
neighbour silicon atoms. Komatsu (1964) gave a re- 
vised interpretation in terms of the dynamical theory 
of lattice vibrations. He considered transverse acoustic 
waves, polarized in the direction of the atomic chains, 
having predominantly low frequencies. This gives a 
particular intensity distribution restricted to the {110} 
reciprocal planes, but without diffuse scattering in the 
reciprocal planes passing through the origin. A quanti- 
tative analysis of the intensity distribution of diffuse 
streaks in silicon single crystals has not yet been given. 

Recent X-ray studies of diffuse thermal scattering on 
silicon single crystals were made by Corbeau (1964) and 
Banerjee (1967). Their measurements were confined to 
several special directions in the crystal lattice in order 
to obtain the dispersion relations of lattice vibrations 
(Corbeau) or to determine the Compton scattering of 
silicon crystal (Banerjee, 1967). Dispersion curves in 
special directions on crystals which have a diamond 
structure were measured also by Brockhouse & Iyengar 
(1958) and by Dolling (1962) by means of inelastic 
neutron scattering. In all these studies no special 
attention has been given to the streak diffusion pattern 
in silicon single crystals. The explanation of the origin 
of the streaks seems to require more systematic exper- 
imental and theoretical studies. Thus we decided to 
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make our measurements of scattered X-ray radiation 
throughout a large region of reciprocal space paying 
special attention to the ([01) plane. 

Experimental 

(a) Recording of diffuse streaks and measurements of  
their variation with temperature 

The silicon single crystal used for the experiment and 
prepared by careful grinding, polishing and etching 
was approximately 5 x 5 x 0.1 mm 3 and cut so that its 
face was parallel to the (111) planes. X-rays from a 
well stabilized, full wave rectified copper target tube 
run at 40 kV and 16 mA were monochromatized by a 
toroidally bent LiF crystal plate, set to reflect the Cu Ke 
radiation on the (200) planes. The beam was focused 
on the face of the crystal which was oriented with the 
axis [111] parallel to the beam. The transmission 
photographs were obtained both on a plane film and 
on a cylindical film [Fig. l(a), (b)]. Besides Laue spots 
conspicuous diffuse streaks can be seen in both photo- 
graphs. Fig. l(c) represents the projection, on the cyl- 
inder, of the intersections of the { 110} reciprocal planes 
with the Ewald sphere, which corresponds to the setting 
of the crystal. The diffuse streaks in Fig. l(b) corre- 
spond to the parts of curves indicated by thicker lines 
in Fig. l(c). Thus it is evident that the diffuse streaks 
correspond to the intersections of the {110} reciprocal 
planes with the Ewald sphere. 

In order to verify their thermal origin the intensities 
of one of these streaks, situated in Fig. l(b) between 
the 111 and 313 reflexions, were measured at 273°K 
and 83 °K by means of a recording scintillation counter 
spectrometer. The crystal, placed in an evacuated 
chamber, was mounted on a goniometer head which 
was in thermal contact with liquid nitrogen. The tem- 
perature of the crystal was measured with a thermo- 
couple fastened to the support of the crystal. 

The intensities obtained are represented in Fig.2. 
The full curve and the dashed curve represent the re- 
sults of the measurements at 83 °K and 293 °K respec- 
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tively. An eight-second counting interval only was used 
to avoid the formation of ice on the silicon surface 
during the measurements. Thus the deviations of the 
measured points from the smoothed curves are con- 
siderable. 

(b) Measurements of the absolute magnitude of the ther- 
mal scattering 

The measurements of the absolute magnitude of the 
thermal diffuse scattering were made at room temper- 
ature. X-ray data and the method of monochromatiza- 
tion were the same as in (a). The crystal used was a 
single crystal with dimensions 15 x 15 x 4 mm 3 cut so 
that its face was parallel to the (111) planes. After 
polishing and etching, the crystal was placed in an 
evacuated chamber. The reflected intensities were 
detected with a scintillation counter (NaI crystal acti- 
vated with T1). The measurements of the diffuse re- 
flexions were carried out by placing the crystal and 
the detector in such a position that the measurements 
could be done in the direction [111] of the reciprocal 
lattice from 2sin 0/2=0.358.108 to 0.917.108, as well as 
in 19 additional directions, in the (T01) reciprocal 
plane, which varied in steps of two degrees on both 
sides of the [111] direction, as visible from Table 1 and 
Fig. 3. The intensity of the direct beam was evaluated 
at the beginning and at the end of the measurements of 
the intensities of scattered radiation corresponding to 
a given direction. A three-minute counting interval was 
used in the measurements of the scattered radiation 
and ten three-minute measurements were made for 
each evaluation of the direct beam. This made it pos- 
sible to explore the part of the (T01) reciprocal plane 
lying between 111, 131,313 and 333 reciprocal lattice 
points (relps). The setting and the recording were 

made automatically. The readings obtained from the 
scaler were automatically recorded by means of a 
print-out unit which converted the readings of the 
scaler into numbers. The harmonics of the character- 
istic radiation could not be completely eliminated with 
the discriminator only. Therefore an aluminum filter 
was used to estimate the intensities of the half-wave- 
length reflected by the monochromator. The fluctua- 
tion of the scattered radiation flux printed out was less 
than 3%. This flux, i(X), is related to the diffuse 
scattering power -¢(X) in the relation given by Guinier 
(1964). J(X),  modified to express the scattering rela- 
ting to an electron of the crystal, may be written as 
follows: 

fiX)#. Q(1 + sin or/sin p)vl(1 + cos 2 2~') 
J (X) - -  ~ 10_26eE0(1 +cos 2 2a' cos 2 20)do9 (1) 

where the symbols have the following meanings: 
X vector of diffuse scattering. IX[ =2  sin 0/2; 
/2 mass absorption coefficient of the sample (60.6 

cm2g -1); 
Q density of the sample (2-4 g.cm-3); 
c( and fl angles of incidence and of diffuse reflexion of 

X-rays on the silicon crystal; 
c~' angle of reflexion on the monochromator; 
vl volume of the unit cell (160.19.10 -24 cm3); 

number of electrons in a unit cell; 
E0 total flux of the incident X-ray beam; 
do) solid angle of X-rays entering the counter (1.07 

X 10 -3 sterad); 
20 angle of diffuse scattering. 

The ratio i(X)/Eo, in (1), was obtained experimentally 
by dividing the measured flux of the diffusely reflected 
radiation by that of the incident radiation. It was ob- 
tained as the ratio between the number of counts, 
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Fig. 2. Measured relative intensities between (111) and (313) relps, at 83 °K (full curve) and 293 °K (dashed curve). The maximum 
marked with D belongs to the diffuse streak. 
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Fig. 1. (a) Stationary crystal X-ray transmission photograph on a plane film. The photograph is taken with Cu radiation mono- 
chromatized by a toroidally bent LiF crystal plate, set to reflect the Cu K~ radiation on the (200) planes. The silicon single 
crystal was oriented with the [111] axis parallel to the beam. Exposure time: 5 hours. (b) Same as (a) but photographed on a 
cylindrical film. [T011 axis parallel to the cylinder axis. (c) The curves represent the projection on the cylinder of the inter- 
sections of the {110) reciprocal planes with the Ewald sphere. (111) axis parallel to the beam, (110) parallel to the chamber 
axis. 
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recorded in unit time, when the diffuse radiation is 
entering the detector, and the number of counts in 
unit time when the whole of the direct beam is allowed 
to enter the detector. This ratio being small (about 
10-7), it was necessary to reduce the flux of the direct 
beam by carefully calibrated nickel foils. 

The measurements being made far enough from the 
relps, divergence corrections could be neglected. From 
the diffuse scattering power calculated by (1), the 
Compton modified component, given by Freeman 
(1959), was subtracted and the remainder treated as 
the thermal diffuse scattering I(X). The results are 
given in Table 1 and shown in Fig. 4(a) in the form of a 
contour plot of equidiffusion lines. 

C a l c u l a t i o n  o f  the  f i r s t -order  t h e r m a l  d i f fuse  
s c a t t e r i n g  p o w e r  

Following Laval (1954) the first-order thermal scat- 
tering power P, relating to the scattering of an electron 
of the crystal, is given by 
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Fig.3. The (T01) plane of a Ieciprocal lattice of silicon, each 
lattice surrounded by its own zone. Small circles indicate 
the points of measurements of scattered intensities, and 
crosses the points in which the first-order thermal scattering 
power was calculated. 
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Planck's constant; 
Boltzmann's constant; 
temperature; 
frequency of the oscillation St, S being the 
wave vector; 

~bsr= ,Sf~zis~, exp [i27~(Mj + ~0sJr)]; 
] 

atomic structure factor J), multiplied by the 
Debye-Waller factor Hi; 
vector of the lattice translation; 
average position of thejth atom in the unit cell; 

X/st-- -T~- 1 (m~-)1/21 ~' X='~/= ~=sr exp (i27~°~sr)l; (~ = 1,2, 3) 

mj mass of the j th atom; 
O~sr, represents modulus and 2zc~0~sr phase of ~sy defined 
by 

i - -  i ~=sr-O=sr exp [ -  i2n(Sj-  ~0~sr) ] . 

O~s~, are the components of the proper vectors of the 
dynamical matrix (Fourier matrix). For the diamond 
lattice type, to which the silicon lattice belongs, the 
form of the matrix was determined by Smith (1948). 
Generally, the form of this matrix is as follows: 

I 
F jr K A B C 1 J G L B A E 
K L H C E A 
A* B* C* F J K 
B *  A *  E *  J G L 
C* E* A* K L H 

(3) 

The approximation to the frequency distribution is 
obtained by considering the second-neighbour force as 
central. Then" 

F=4[a +/z{2-  cos (7~S~) cos~(nSu) 
- c o s  (~s~) cos (7~s~)}] 

J=4/~ sin (zcSx) sin (rcSu) 
K= 4/z sin (z~Sz) sin (zcSx) 
L=4/z sin (rcSu) sin (7~Sz) 
G=4[c~+/t{2-cos (:gSu) cos (rcSz) 

- c o s  (~s~)  cos (~sy)}]  
A =  -a[1 +exp {-:rci(S:~+Su)} 

+exp { -  Tr, i(Sz+ Sx)} +exp { -M(Su+ Sz)}] 
B= -fl[1 +exp {-zci(Sz+Su)} 

- e x p  { -  zci(Sz+ Sx)}-exp  { -  rci(Su+ Sz)}] 
C = - f l [ 1 - e x p  { -  zci(Sx+ Su)} 

+ exp { - rci(Sz + Sx) } - exp  { - rci(Su + Sz)}] 
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E =  -fl[1 - e x p  { -  zci(S. + Su)} 
- e x p  {-z~i(S~+S,)}+exp { - r a ( S u + & ) } l  

H = 4 [ a  + / 2 { 2 -  cos (z~Sz) cos (rcS.) 
- c o s  cos 

In these equations Sz,, Sy and Sz are the components 
of the wave vector S. In order to simplify the calcula- 
tion, we divided the range of 0 to 1 of Sz, Su and Sa in 
the first Brillouin zone into eighths, introducing the vec- 
tor components 

&=ed8 

where i=x,y,z  and Pz, Py, Pz are integers from 0 to 8. 
The constants ~, fl and/2 are derived from the elastic 
constants cn, c~z and c44 measured by McSkimin (1953) 
at 293 °K, 

cn = 1 .674.10  *z dyne.cm-2 
c,2 = 0 .652 .10  *z dyne.cm -z 
c44 = 0 .796 .10  .2 dyne.cm -~- 

and from the value of the fundamental frequency of 
silicon found by Corbeau (1963) (v0 = 15 .7 .10  'z s-~). 
Thus we obtain: 

= 5.35.104 dyne.cm -~, 
f l=3-83 .104  dyne.cm -~, 
/2=0-171.104 dyne.cm-L 

In spite of the approximation, the matrix (3) has no 
general solution and must be solved numerically. In 
order to determine the frequency distribution, the roots 
of the characteristic equation 

[toni - F ] = 0  (4) 

were calculated. In this equation 09 = 2z~v, I is the unit 
matrix of order 3g x 3g, g being the number of atoms 
in a unit cell and F represents the dynamical matrix in 
reciprocal space. The frequency distribution is calcu- 
lated for a set of integers (Pz, Py and Pz) which corre- 
spond to the following directions of the wave vector in 
the first Brillouin zone: [010], [171], [151], [272], [131], 
[121], [533], [111], [212], [313], [515] and [101]. 

The dispersion curves of elastic waves as well as the 
first-order thermal diffuse scattering power were calcu- 
lated on a UNIVAC 1107 machine. The first-order 
thermal diffuse scattering power was calculated at 
points shown in Fig. 3. The results obtained are given 
in Table 2. On the basis of these values a contour plot 
of equidiffusion lines in the reciprocal space is made as 
shown in Fig. 4(b). 

Results and discussion 

From the appearance of the curves in Fig. 2 it may be 
concluded that the intensity of the diffuse streak 

Table 1. Measured values of the thermal diffuse scattering power I(IXl) • 103 
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(marked with D) diminishes as the temperature falls 
from 293 °K to 83 °K. Thus the temperature dependence 
of the intensity of the diffuse streak proves the thermal 
origin of the streak. At the same time spot 111 becomes 
stronger and spot 313 weaker. It is possible that the 
thermal expansion of the crystal moved relp 111 nearer 
to the Ewald sphere and 313 further from it, thus 
causing the observed changes in intensity. 

Fig.4(a) represents a contour plot of the measured 
power of thermal diffuse scattering at 293°K, which 
was obtained by subtracting the Compton modified 
scattering, calculated by Freeman (1959), from the 
measured diffuse scattering. The occurrence of a com- 
paratively strong 'forbidden' maximum in relp 222 is 
explained by Renninger (1937) and Heidenreich (1950) 
on the basis of the dynamical theory and is to be 
expected in diamond structures. This maximum in- 
fluences the aspect of the equidiffusion contours ob- 
tained by measurements, but does not exist in the calcu- 
lated contour plot represented in Fig.4(b). Exper- 
imentally a quantitatively stronger diffusion streak was 
found than by calculation. A better fit would probably 

be attained with a more rigorous calculation of the 
vibration frequencies, without the approximation of 
the frequency distribution. Uncertainties exist also in 
the determination of the Compton modified scattering. 
In some recent articles on the Compton effect, Banerjee 
(1964, 1967) describes anomalies in the values of the 
intensities of scattered radiation. However, in both 
Fig.4(a) and Fig.4(b) the diffuse streak between 313 
and 333 relps is evident. Moreover, the calculated 
streaks are about equally widespread as those exper- 
imentally observed. Thus we may conclude that ther- 
mal diffuse scattering is concentrated in the { 110} recip- 
rocal lattice planes, the greatest intensity appearing 
between relps, and that the diffuse streak diffraction 
patterns from silicon single crystals may be explained 
in terms of thermal scattering. 

It is interesting to make a comparison between the 
diffuse scattering pattern of silicon and those observed 
in diamonds and barium titanate. In the case of dia- 
monds the extra X-ray reflexions are two of kinds. One, 
dependent upon temperature and identified with ther- 
mal diffuse scattering, and another largely independent 

Table 2. Calculated values of the first-order thermal diffuse scattering power P 
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Fig. 1. Transmission Kikuchi pattern from natural spinel, MgAI204, showing split lines (encircled), enhanced and diminished line 
segments. Nominal voltage in all Figures: 100 kV. 
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Fig.2. Transmission Kikuchi pattern showing split lines, enhanced and diminished line segments, displaced lines, e.g. +642'. 
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Fig. 4. Equi-intensity contour in the (T01) plane: (a) from measured intensities. Around relp (222) each succeeding contour line 
represents diffuse intensity higher by 0.1 than the preceding line. (b) from calculated first-order thermal scattering power. 

of temperature, for which Hoerni & Wooster (1955) 
established the form of spikes in reciprocal space. The 
X-ray diffraction spikes of diamond have been attrib- 
uted to defects and are entirely absent in some dia- 
monds. Diffuse scattering of X-rays and electrons from 
BaTiO3 single crystals was attributed by Harada, 
Watanabe, Kodera & Honjo (1965) to thermal diffuse 
scattering due to low-frequency transverse optic lattice 
waves, but Comes, Lambert & Guinier (1968) attrib- 
uted it to a partially disordered structure. 

In our measurements on silicon single crystals we 
did not find any scattering corresponding to spikes in 
diamonds. Compared with streaks given by BaTiO3, 
diffuse streaks in silicon are wider, and wide streaks are 
characteristic for diffuse scattering of a really thermal 
origin. 
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