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Abstract 

High-resolution diffuse X-ray scattering (DXS) 
measurements have been made on dislocation-free 
silicon single crystals of the following types: (1) as- 
grown specimen with no heat treatment (labelled as 
NHT); (2) specimen heated at 1273 K under oxygen 
for 10 h [labelled as HT(1)I and (3) specimen heated at 
1273 K under oxygen for 50 h [labelled as HT(2)]. 
Reciprocal space around the 111 reciprocal-lattice 
point in (1,-1,1) geometry has been explored using a 
Cu Kcq exploring beam. From the distribution of DXS 
intensity it was found that for sample NHT, the 
observed DXS is predominantly due to aggregates of 
vacancies. Heating the specimen under oxygen pro- 
duces defect aggregates of interstitial type. Infrared 
absorption measurements showed that the area under 
the 9 gm absorption band decreases, suggesting that 
oxygen ions aggregate into clusters of interstitial type. 
Transmission X-ray topographs also support these 
results. 

1. Introduction 

The presence of even a small number of defects in 
otherwise nearly perfect single crystals is known to 
have a strong influence on their properties. Therefore, 
the perfqrmance of electronic devices fabricated out of 
single crystals of semiconducting materials is sig- 
nificantly influenced by lattice imperfections. Line 
defects like dislocations can be observed and studied in 
a non-destructive fashion by X-ray diffraction topo- 
graphic techniques. Strain produced by point defects 
and their aggregates is too small to produce appreciable 
extinction contrast in X-ray topographs. Even when a 
weak contrast is produced it is not possible to 
characterize in detail the defect aggregates. On the 
other hand, it is expected that these defects will produce 
diffuse X-ray scattering (DXS) from regions of 
reciprocal space close to a reciprocal-lattice point (relp) 
(Krivoglaz, 1969; Dederichs, 1971). Therefore, a study 
of DXS intensity around a relp can give information 
about point defects and their aggregates (Dederichs, 
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1973; Peisl, 1975, 1976; Patel, 1975; Lal & Singh, 
1977; Lal, 1978; Lal, Singh & Verma, 1979). 

Recently, we have developed a technique for the 
high-resolution measurement of DXS (Lal & Singh, 
1977; Lal, 1978; Lal, Singh & Verma, 1978). In this 
technique a highly collimated Kcq X-ray beam is used 
as the exploring beam. DXS measurements are made 
by rotating the crystal by a few seconds of arc from the 
exact Bragg diffraction condition and by suitably 
positioning the detector. This technique has been 
successfully used in making detailed investigations on 
dislocation-free silicon single crystals (Lal, Singh & 
Verma, 1979). In this investigation it was found that 
the nature of the DXS distribution around a relp is very 
sensitive to the thermal history of the specimen. It is 
known that a small concentration of oxygen is present 
in silicon crystals, particularly in those grown from 
quartz crucibles (Kaiser, Keck & Lange, 1956; Kaiser 
& Keck, 1957). In silicon-device technology oxidation 
of silicon at elevated temperatures is an important 
processing step. Earlier work has shown that defect 
clusters containing oxygen are produced when silicon 
crystals containing a small concentration of oxygen are 
heated at about 1273 K (Patel & Batterman, 1963; 
Patel, 1973). In the present investigation we have used 
a high-resolution DXS technique to study the aggre- 
gates of oxygen in silicon crystals containing a small 
concentration of oxygen (Lal, Singh & Schwuttke, 
1978; Lal, Singh, Verma & Schwuttke, 1978). Oxygen 
has also been observed with the help of the infrared 
absorption around 9 grn. Transmission X-ray topo- 
graphs of wafers from the adjoining regions of the same 
boule on which DXS measurements were made were 
also recorded. In this paper we report the results of 
these investigations. 

2. Experimental 

As mentioned above, the DXS measurements have 
been made by using a recent high-resolution technique. 
In this technique a triple-crystal X-ray diffractometer 
(Lal & Singh, 1977; Lal, 1978; Lal, Singh & Verma, 
1978; Lal & Singh, 1979) is used. A Hilger Y31 micro- 
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focus X-ray generator with a spot size of 40 lam 
diameter on the anode is used as a source of X-rays. 
The X-ray beam from this source is collimated and 
monochromated by diffraction from a set of two 
crystals cut in the (1 , -1)  setting with their diffracting 
surfaces parallel to (111). The small size of the X-ray 
source and the use of a special collimator reduces the 
divergence of the X-ray beam incident on the mono- 
chromators to less than 1' of arc in the horizontal 
plane. Because of this it is possible to resolve the Kax 
X-ray beam which is used as the exploring beam for the 
specimen. Its divergence in the horizontal plane is much 
less than 5" of arc. The specimen and the detector are 
mounted on a special turntable by which rotations of 
the order of 1" of arc can be given to the specimen and 
the detector. 

In the present investigation a Cu Kcq exploring beam 
was used. Its intensity I o can be measured accurately. 
A scintillation counter having a crystal of NaI 'T I  as a 
scintillator is used for intensity measurement. A 
counting system manufactured by M/s Electronic 
Corporation of India Ltd, Hyderabad, was used. 

The specimen crystals were cut from boules grown 
along [ 111]. Their surfaces were parallel to (111) and 
were ground and lapped to such an extent that no 
surface damage was left. Wafers for X-ray topo- 
graphic work were ,,-1 mm thick whereas crystals for 
DXS measurements were ~ 10 mm thick. All these 
crystals were about 65 mm in diameter. Standard 
techniques were used for measuring infrared absorption 
and recording transmission X-ray topographs. 

3. Results 

Typical results in respect of the following three types of 
crystals will be discussed: (1) as-grown crystals with no 
heat treatment, (2) crystals heated for 10 h under 
oxygen at 1273 K and (3) crystals heated for 50 h 
under oxygen at 1273 K. For convenience of descrip- 
tion we have labelled the crystals under these three 
categories as NHT, HT(1) and HT(2), respectively. 

The infrared absorption band at 9 ~trn was recorded 
for all the specimens and the concentration of oxygen 
attached to the Si ions was determined from the shape 
of this band (Kaiser, Keck & Lange, 1956; Kaiser & 
Keck, 1957). It was observed that the concentration of 
oxygen responsible for this band decreased as a result 
of the heat treatment. The concentration of oxygen was 
1.7 x 10 xS, 1.6 x 1015 and 1.5 x 1015 atoms mm -a for 
samples NHT, HT(1) and HT(2), respectively. This 
suggested that the oxygen responsible for the 9 lam 
band reduces in concentration as a result of heat treat- 
ment. 

Transmission X-ray topographs of the NHT samples 
showed the absence of contrast due to line defects as 
well as point-defect aggregates. Fig. l(a) is a typical 

topograph of a NHT crystal. The presence of point- 
defect aggregates can be detected in X-ray diffraction 
topographs (Schwuttke, 1962, 1970). In the topo- 
graphs of samples HT(I)  and HT(2) a weak contrast 
was observed which may be due to strains produced by 
point-defect aggregates. Fig. 1 (b) shows a typical topo- 
graph of the specimen HT(2). In Fig. l(b) appreciable 
contrast is observed near the middle of the topograph. 
The strain produced by the defects is radial, as can be 
inferred from the usual topographic contrast condition 
(Lal & Mader, 1976). The topographs of sample HT(1) 
also showed similar contrast but it was not as strong as 
in Fig. l(b). 

Fig. 2 shows typical diffraction curves of the samples 
NHT, HT(1) and HT(2) recorded for the 111 reflection 
on the triple-crystal X-ray diffractometer. It can be 
seen that fairly narrow diffraction curves are obtained 
for all the samples. However, the narrowest curve (half- 
width 14" of arc) is for the sample NHT having no heat 
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Fig. 1. Typical X-ray projection topographs of samples of types (a) 
NHT, and (b) HT(2). Contrast  due to point-defect aggregates 
can be seen in (b). 

52x10 

. _  

~ 24 

"E 16 
§ 

~ 8 

o 
o 

_O_NHT 

- -o-  HT (I) 

8 16 24 32 40 48 56 64 72 80 88 96 
0 (seconds of art) 

Fig. 2. Typical diffraction curves for the 111 relp of dislocation-flee 
Si single crystals of types NHT,  HT(1) and HT(2). Cu K¢ h was 
used as the exploring beam. 
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treatment. The half-width increased slightly with 
increase in the time of heating under oxygen. Also, a 
slight increase in the height of the diffraction curve is 
observed with the time of oxygen treatment. In this 
experiment the intensity of the exploring X-ray beam 
was kept constant (5,9 x 103 counts s -1) for all the 
samples. In Fig. 2 the three curves nearly coincide on 
the left-hand side but do not coincide on the right-hand 
side. As will be shown later ( D i s c u s s i o n )  this is a result 
of the creation of oxygen aggregates during heat treat- 
ment. 

Fig. 3 shows a typical intensity of DXS I vs 1/K .2 
plot for a sample of type NHT. K* is a vector which 
joins the centre of the elemental volume of the recipro- 
cal space under investigation to the nearest relp (111 in 
the present case). The value of the intensity of the 
exploring beam I o is 5.9 x 103 counts s-L It is the same 
for this and the other DXS measurements (Figs. 4 and 
5) as well as for the recording of the diffraction curves 
(Fig. 2). The results in Fig. 3 correspond to measure- 
ments made along four different directions of K*, 
namely [ 111], [i i i ] ,  [Oi 1] and [01 i]. These plots show 
that for any value of I K*l, I is very high for K* parallel 
to the reciprocal-lattice vector (rel vector) R* as com- 
pared to that for K* perpendicular to R*. As discussed 
recently (Lal & Singh, 1977; Lal, 1978; Lal, Singh & 
Verma, 1979) this behaviour is because at room tem- 
perature in silicon there is no significant contribution 
from the thermal DXS to the observed value of I. The 
observed DXS in Fig. 3 is considered to be pre- 
dominantly due to point defects and their aggregates. 
Moreover, even for the same direction of K* relative to 
R* there is an anisotropy in the distribution of I which 
depends upon the sense of K* relative to R*. It can be 
seen that when K* is parallel to R*, for a given va lueof  
I K*I, I has a higher value when K* is parallel to [ 111 ] 
as compared to its value when K* is along [111 ]. This 
behaviour also strongly suggests that the observed 
results are predominantly due to defect aggregates. 

The above results can be more conveniently 
described in direct space in terms of the grazing angle 0 
and the Bragg angle 0 n rather than in reciprocal space 
in terms of the sense of K* relative to R*. When 0 > 0n, 
in reciprocal space it means that K* is parallel to R*. 
Conversely, when 0 < 0n, K* is antiparallel to R*. 
Similarly, 0 is greater than 0 n when K* is along [011] 
and 0is less than 0B when K* is along 101 il. In terms of 
relative values of 0 and 0n it can be seen that the DXS 
intensity I is much higher for 0 < 0 n than for 0 > 0 n 
(Fig. 3). Such behaviour is expected if defect aggregates 
of vacancy type are present in the sample (Dederichs, 
1971, 1973; Peisl, 1976). Fig. 3 also shows that I vs  
1 / K  .2 plots are not single straight lines for any 
direction of K*. The slope changes at specific values of 
I K*I. This behaviour will be discussed after describing 
the results obtained for samples HT(1) and HT(2) 
(D i scuss ion ) .  

Fig. 4 shows a typical I vs  1 / K  .2 plot for sample 
HT(1). The general features of these plots are similar to 
those shown in Fig. 3. However, it can be seen that 
heating under oxygen has a remarkable influence on the 
distribution of I around the relp for small values of 
I K*I. In this case it can be seen that, for a given value of 
I K*I, the DXS intensity is h!g_her when K* is along 
[ 111 ] than when K* is along [ 111 ]. This means that the 
DXS intensity is higher when 0 > 0 n than when 0 < 0n. 
This result is the reverse of the results reported in Fig. 3 
for the sample NHT. 

Fig. 5 shows typical I vs 1 / K  .2 plots for sample 
HT(2). The general features of these plots are similar to 
those reported for samples NHT and HT(1). In finer 
details these results are similar to those reported in Fig. 
4 for sample HT(1). In this case also it can be observed 
that the DXS intensity is much higher for 0 > 0n than 
for 0 < 0 8 at small values of I K*I. 

For a given value of I K*I the difference between the 
DXS intensity for measurements with 0 > O n and 0 < 
0 8 can be termed as anisotropy in the DXS intensity 
distribution. It should be noted that only the sense of 
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Fig. 3. Typical I vs 1 / K  .2 plot for the 111 relp of a sample of type 
NHT. DXS measurements were made for K* along [ 111 ], [ i i i], 
[011] and [011]. Cu K( h was used as the exploring beam. 
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Fig. 4. Typical I vs 1 /K .2 plot for the 111 relp of a sample of 
HT(_I). DXS measurements were made for K* along [111], 
[111], [0111 and [01 |]. Cu K( h was used as the exploring beam. 
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K* is changed from the 8 < 0 n to the 0 > On settings. In 
other words, for a given I K* I, we can define 

anisotropy = DXS Io>o ~ -  DXS Io<o~ (1) 

for a given direction of K*. 
Fig. 6 shows a plot of the anisotropy as a function of 

K* for all measurements on all specimens. It can be 
seen that the anisotropy is much higher when K* is 
along R* than when K* is perpendicular to R*. 
However, even when K* is perpendicular to R* the sign 
of the anisotropy changes in the same fashion with heat 
treatment as the change of sign of anisotropy for K* 
along R*. 

4. Discussion 

The results reported for samples NHT show that 
in the as-grown crystals there are no line defects 
(Fig. la). However, an appreciable concentration of 
oxygen, as revealed by the infrared absorption band at 
9 /am, is observed. The distribution of the DXS 
intensity around the 111 relp is similar to that expected 
from defect clusters of vacancy type. The anisotropy is 
negative for all values of I K*I (Fig. 6). It can be seen 

4[, 
Ii'1 

o o 

o 

>, 

z x 

0 _ 
0 

-o- K* ALONG [01/1 
K" ALONG I0]11 

--MK" ALONG [.iiil 
-A- K* ALONG [111] 

HT (2) 

40 80 120 160 200 24.0 
1 / K  .2 (cm 2) 

280,109 

Fig. 5. Typical I v s  1/K .2 plot for the 111 relp of a sample of type 
HT(2). DXS measurements were made for K* along [Ill], 
[l I 1], [0i l] and [011]. Cu Kn I was used as the exploring beam. 
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Fig. 6. A plot of the anisotropy in the DXS intensity as a function 

of I K*I around the III relp for the samples of types NHT, 
HT(1) and HT(2). Here anisotropy is defined as [DXS IO>OB- 
DXS Is< o,] for a given value of I K*I and for a given direction of 
K*. 

that the anisotropy is very sensitive to the heat treat- 
ment given to the specimen. Such behaviour has been 
observed even for the as-grown samples having slightly 
different thermal histories (Lal, Singh & Verma, 1979). 

Heating under oxygen shows appreciable effects in 
the infrared absorption at 9/am, the transmission X-ray 
topographs and the DXS intensity distribution. The 
area under the infrared absorption band decreases with 
the time of heat treatment. This behaviour is consistent 
with the earlier results (Patel & Batterman, 1963; Patel, 
1973, 1975) and is expected to be due to clustering of 
part of the dissolved oxygen. The present investigation 
aims at understanding the nature of defect clusters 
produced by heat treatment. 

As is apparent in the preceding section, DXS is well 
suited for the study of the effect of heat treatment on Si 
single crystals. The clustering of oxygen is supported 
by the IR absorption measurement around 9 /am, the 
X-ray topographic observations and the DXS measure- 
ments. The change in the nature of the anisotropy in 
DXS measurements promises to be a direct method for 
observing the change in the nature of defect aggregates. 
This behaviour is also implicit in the diffraction curves 
of the three samples (Fig. 2). In Fig. 2 it was seen that 
on the left-hand side the three curves coincide, whereas 
on the right-hand side the curves are separate. The 
right-hand side in Fig. 2 corresponds to O > 0B and, 
therefore, the increase in intensity for a given value of O 
with heat treatment may be a result of the formation of 
defects of interstitial type. Further, there is a slight 
increase in the area under the diffraction curves as a 
result of heat treatment. This may be due to X-ray 
scattering by interstitial defects. 

Having established the nature of the defect clusters 
on heat treatment under oxygen one is tempted to 
deduce the size and shape parameters of the defect 
aggregates. At present no rigorous theoretical for- 
mulation is available for analysing this type of data. 
Some phenomenological models (Dederichs, 1971, 
1973; Trinkaus, 1971, 1972) have been developed 
recently, extending and elaborating the work of 
Krivoglaz (1969). According to these models the DXS 
intensity is dependent on different powers of I K* I, i.e. 

DXS I = I K*I-", (2) 

in different ranges of I K I values. We have analysed our 
data by plotting DXS I as a function of K* on a log- 
log plot. Such a plot is very useful in revealing regions 
of different values of n in equation (2). It was found 
that the value of n is not an integer most of the time. Its 
value ranges from about 1 to about 6. 

Another important parameter is the value of IK*I at 
which the value of n changes in log DXS I vs log I K*I 
plots. Following the convention adopted in our pre- 
vious work (Lal, Singh & Verma, 1979) we have 
designated these points as the knee points. Table 1 
gives the values of I K*I corresponding to different knee 
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points observed in the entire DXS data. It can be seen 
that in all there are 48 knee points distributed around 
seven values of I K*I. The knee points given in Table 1 
are also observed in linear plots (Figs 3, 4 and 5). It can 
be seen that except for the knee point around 9.5 x 103 
cm -~ (~104 cm -~) all the other knee points are 
observed in all the samples. The knee point at ~ 104 
cm -1 is absent in sample HT(1). It is observed in 
sample N H T  for K* along [ 111 ] and [ [ i i l .  However, 
in sample HT(2) it is observed for all the directions of 
K*. The presence of this knee point in sample NHT 
may be due to clusters of vacancy type having 
approximately the same size. It may be mentioned that 
it is around the same value of I K*I (~ 1 × 104 cm -~) 
that the anisotropy shows a peak in Fig. 6 for sample 
HT(2). This value of IK*I corresponds to a size factor 
of -~ 104 ~ in real space. The value may be treated as 
the average cluster radius. Since for a given value of 
I K*I the DXS I is much higher for K* parallel to than 
for K* perpendicular to the rel vector, it can be con- 
cluded that these clusters are platelets located on { 111 } 
and that they produce considerable strain in these 
planes. 

It is interesting to note that some of the knee points 
reported here were also observed in samples used in the 
preceding investigations (Lal, Singh & Verma, 1979) 
even though the specimens used here were from entirely 
different boules. For example, in the earlier specimen 

Table 1. Values of  lK*l for  different knee points 

Position of the 
Serial knee points Direction of Number of 

number (cm- ~) Sample K* knee points 
1 1.8 × 103 NHT [0i0], [01i] 6 

HT(1) 
HT(2) 

2 3.5 x 103 NHT [0il],[01i] 6 
HT(I) 
HT(2) 

3 4.5 x 103 NHT [0il],[01i] 6 
HT(1) 
HT(2) 

4 7 x 10 3 NHT 
HT(I) [l l l l , [ i i i l  
HT(2) [0il],]01i] 12 

5 9.5 x 103 HT(2) [ l l l l ,  [ i i i ]  
NHT [Oill, t01i{ 6 

6 1.5-1.7 x 104 NHT [ l l l l , [ i i i ]  6 
HT(1) 
HT(2) 

7 3 x 104 NHT 
HT(I) [ l l l ] , [ i i i ]  6 
HT(2) 

knee points were observed at 2 x 103, 3 x 103, 2 x 104 
and 3 x 104 cm-  1. 
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