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The precipitation of oxygen from silicon single crystals has been examined. It has been 
found that oxygen precipitates are formed preferentially at dislocations. This finding 
enabled the formation of zones with high particle density and with large particles, 
which aided identification. It was then shown that the precipitates consisted of crystalline 
~- and /3-SiO2 grown in a manner partially coherent with the Si lattice. Some of the 
precipitates are hexagonal prisms with the longitudinal axis in the <1 1 0> direction of the 
Si-matrix. 

1. Introduct ion 
The physical properties of oxygen-rich silicon 
are changed by heat-treatment [1-10]. This is 
explained, amongst other things, by the forma- 
tion of oxygen precipitates. In particular the 
formation of new donor centres in the tempera- 
ture range between 400 and 600 ~ C, observed by 
Fuller and Logan [11 ], has been explained by 
Kaiser and co-workers [12] in this way. From 
the disappearance of the absorption band at 
9 /zm in the infra-red spectrum above 1000 ~ C, 
Kaiser [2] has concluded that oxygen precipitates 
are present in the form of SiO-complexes. Their 
existence has in fact been proved both by X-ray 
radiography [10] and also by means of the scan- 
ning electron microscope [13 ], but their structure 
could not be clarified because the number and 
magnitude of the particles was too small, even in 
samples with an above equilibrium vacancy 
concentration. According to [14] vacancies can 
act as nuclei for oxygen precipitation. Using the 
same temperature processing as [14] which leads 
to noticeable changes in the 9 /z-band, we 
observed, with the electron microscope, only a 
few small particles which proved inadequate for 
identification. It was decided to attempt to 
induce the formation of larger precipitates by 
other means. For copper in silicon it is well 
known that precipitates form preferentially at 
dislocations [15-17]; hence it was considered 
reasonable to look for oxygen precipitation in 

samples of silicon which had both a very large 
dislocation density and a high oxygen content. 

2. Experimental 
In order to produce a high dislocation density, 
we have used the fact that elastic strains intro- 
duced into silicon at room temperature will be 
released at high temperatures with the formation 
of dislocation networks. Such elastic strains can 
arise for example, due to mechanial working of 
the sample [18], (in this case by sawing). The 
resulting dislocation density ranged from about 
107 to 108 cm -2, both near the surface and down 
to depths of some Fro, being thus comparable in 
magnitude to the dislocation density in german- 
ium, necessary to form lithium precipitates at 
similar dislocations [19]. 

The high oxygen content, required near the 
dislocations (i.e. near the surface of the sample), 
was produced by indiffusion of oxygen. The 
thermal treatment, necessary for forming the 
dislocations was performed in an oxygen 
atmosphere. 

The detection and identification of the precipi- 
tates was carried out using an electron micro- 
scope. For this purpose the samples were thinned 
chemically after the heat-treatment and observed 
in transmission with an electron microscope 
type JEM 150. 

The investigations were performed on zone 
refined n-type silicon single crystals having an 
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electrical resistivity of 40 S0cm. 200 /tm thick 
slices were cut with a diamond saw from larger, 
single crystals perpendicular to the (111) 

diameter of 3 mm were bored out with an ultra- 
sonic drill. The subsequent annealing was 
performed at 1000 ~ C in an oxygen atmosphere 
for times of 3 to 160 h. The superficial oxide film 
VVJJLI.~.~IlL VV~I,O X ~ I l l l ~ . . , U ,  ' r  t . , . t l O t 3 U l V ' ~ t , . t  Y V I L I I  l t  v ~ . l k u -  

fluoric acid and the samples were thinned 
chemically by means of the jet-etch process, 
described by Booker and Stickler-[20]. The 
rough surface of the sample, resulting from 
~ ( J .  vv  1 1 1 ~ ,  ] j / t  u v t,,.,u. r  V (J, l l  L I ~ / ~ t , ~ U  U O  u blLl~ L U  I.l.Lk~ 

numerous small holes which were formed 
enlarging the field of view obtained with the 
electron microscope. 

3, Results 
The electron microscope picture of a sample, 
diffusion-annealed for 24 h at 1000 ~ C in an 
oxygen atmosphere, is shown in fig. 1. A disloca- 
tion network is formed, reaching down 5 to 7 Fm 

Figure I Dislocation network in silicon, decorated with 
.~i(3 nrr~rinifnfo~ 

fig. 2b. In conjunction with fig. 2a it is clear that 
hexagonal prisms have been formed. They are 
crystalline and this has been confirmed by dark- 
field observation and changing the orientation 
~ + r m o f  l~xz f ; l f ; n c r  tho e a m n l o  f ' ~ r ~ n f r a e f  o t a a n ~ r o e  

dislocations lie preferentially parallel to the 
(110) direction of the silicon lattice and it can 
be seen that precipitates have in fact formed at 
these dislocations. In plan view their geometric 

magnified display in fig. 2a. The boundary lines 
coincide with the (110) directions. Further, in 
order to inspect the form of the precipitates 
shown in fig. 2a, perpendicular to the {111 } 
] . J I C L I I ~ ,  W ~ : ;  I l I V ~ L I ~ C L L ~ L I  ~ r  U l l k z l - t t ~ t O t  [ 3 r  

in the immediate vicinity of the particles, which 
would have suggested a distortion of the silicon 
matrix by the precipitates, have not been found 
for the large precipitates, shown in figs. 2a 
a n r l  ")1",, q"h,o.'*r ,'~.e,,~o.,~*. o . n l n r  ,a'l" "the. el-av'l" ,",r~r~roo;~;_ 

tation with very small particles. 
Besides the precipitations in the immediate 

neighbourhood of a dislocation, precipitates 
arranged in rows and without immediate con- 

Figure 2 Si02 precipitates. (a) Image plane parallel to the {11 t} plane in Si (b) image plane perpendicular to the {111 } 
- i - - -  L I I ~  p~anu of " "^  5i. 
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observed (fig. 3a). Usually in these cases, a 
geometrical assignment to a dislocation, located 
nearby, from which these precipitates had 
obviously been severed, was possible. The 
configuration, marked with an A in fig. 3a, shows --  
that the force, acting on the dislocation, drives 3.38 • 0.05 

2.54 
these away from the precipitations. Furthermore, 2.45 

it seems to be possible that vacancies left from 2.31 
non-conservative movement of jogs in screw dis- 2.27 
locations can also act as nuclei for precipitates. 2.245 
The configuration, marked with a B in fig. 3a, 2.22 
leads to this assumption. Rieger [17] has also 2.12 
explained the precipitation of copper in silicon in 2.04 
this way. Further, in agreement with Rieger [17] 1.99 
we also observed regions with high particle 1.845 
density bounded by dislocations (fig. 3b). In [17] 1.82 

1.81 
this was explained by repulsive stresses set up in 

1.73 
the silicon matrix by the precipitations, which 
drive the dislocations away from the precipita- 1.665 
tions. This could not hold for oxygen in silicon. 1.63 
On the contrary, the larger particles would, 1.56 
rather, be obstacles for the motion of the 1.545 
dislocations as demonstrated in fig. 3a (A). It 1.47 

1.425 seems to be more likely that these arrays are 
formed stepwise during expansion of the 1.41 
dislocation loop. 1.35 

The large particles in the vicinity of the 1.30 
dislocations facilitated the electron diffraction 1.25 
analysis. The measured interlattice plane 
distances of the precipitates are compiled in the 
table given below. A comparison with the known 
d-values for o~-, and ~-SiO 2 leads to the conclusion 
that in the precipitates, c~- as well as fi-SiQ 
must be included, because only then can all the 
measured d-values be correlated. Because of the 

T A B L E  I Identification of measured interlattice plane 
distance. 

&xp A d~-s~o~ A de-s~o, A 

4.260 4.43 
3.343 3.42 
- -  2.55 
2.458 

2.30 
2.282 
2.237 
--  2.22 
2.128 
- -  2.05 
t .980 
- -  1.85 
1.817 
1.801 
- -  1.71 

f 1.672 
\1.659 

1.608 
- -  1.57 
1.541 
1.453 
1.418 1.42 

fl.382 1.39 
Z1.375 

1.372 
1.288 1.29 

fl.277 
1.256 ) 1.225 

higher intensity observed for the diffraction 
patterns of the /?-SiQ one may conclude, that 
the fi-phase prevails. According to the silicon 
oxygen phase-diagram the fi-phase is stable only 

Figure 3 Are~.s of precipitations limited (a) on one side or (b) on all sides by dislocations, 
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above 577 ~ C and it follows that in this case the 
/3-phase is in the metastable form. 

The SiO2 precipitates, identified by means of 
electron diffraction, form moir6 patterns, as may 
be seen in fig. 4. A means therefore exists by 

Figure 4 SiO 2 precipitates with moir6 structure. 

which the correctness of the identification can be 
checked and from which conclusions on the 
coherence of the particles can be drawn. Moir6 
patterns are formed by interference effects in two 
crystals lying one upon the other, either if the 
lattice plane systems lie parallel to one another 
with slightly different lattice spacings dl and d~ 
(parallel moir6 patterns), or if, with equal values 
of d, the lattice planes are at an angle (7) to one 
another (rotational moir6 patterns) [21]. In 
general form the pattern spacing D is given by: 

d14 
D = (d12 + d2 ~ _ 2d id2  cos 7) 1/~" (1) 

From fig. 4 it follows that the patterns lie pre- 
dominantly perpendicular to the diffraction 
vector g = (220) .  From the deviation, 4, of the 
direction of the moir6 patterns from 90 ~ to the 
g-vector, the angle of deviation of the reflection 
lattice planes of the precipitates with respect to 
the { 2 2 0 } planes of the silicon may be computed 
according to 

D 
sin q~ = ~ sin 7"  (2) 

It was found that the angle 7 was smaller than 
1 ~ in 95 ~ of all precipitates investigated. 

Hence it follows that parallel moir6 patterns are 
present (7 z 0 in (1)). The distance D of the 
patterns is measured in fig. 4. The spacing of the 
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{220}planes of silicon is di = 1.920/~, so that 
the required spacing d2 of the reflecting lattice 
planes of the precipitates can be computed. It is 
found that d2 = 1.843 • and this is in good 
agreement with the spacing of the { 1 12 } planes 
of/3-SIO2, which is d = 1.850 A. For  c~-SiO2 the 
value found could be assigned to the {212} 
lattice plane spacing (d = 1.870 ,~). Hence the 
results prove the validity of the hypothesis that 
the precipitates are mainly/3-SiO~. 

The orientation relations found by analysis of 
the moir6 structures also enable one to draw 
conclusions about the coherence of the /3-SIO2 
particles. If  their { 1 12 } planes are parallel to the 
{ 1 10}planes of the silicon, then the planes of the 
silicon, perpendicular to them, are the { 1 1 1 } 
planes with d =  3.138 A and in fi-SiO2 the 
{21 1 } planes with d = 1.570 ~,  the deviation 
from 90 ~ being about 4 ~ . Neglecting this small 
discrepancy, one obtains a good matching with 
the silicon lattice by doubling the value for d of 
the {21 1 } planes of the S iQ .F rom this it follows 
that the precipitates are partially coherent. 

4. Conclus ions 
It has been suspected earlier that oxygen 
precipitates in silicon in the form of SIO2. In our 
investigations the validity of this assumption has 
been verified for the case of large precipitates at 
dislocations. However, this was done with 
precipitates which had been obtained from 
indiffused oxygen, whilst previous investigations 
related to the precipitation of bulk oxygen, which 
had been dissolved in the lattice during crystal 
growth. The results, described here, are however 
also valid for the precipitation of bulk oxygen. 
This has been verified in silicon single crystals 
grown from the melt, whose content of dissolved 
oxygen had been determined by means of infra- 
red absorption at 5 • 1017 cm -3. The dislocation 
density amounted in this case to about 108 cm -2. 
Samples with dimensions 3.3 • 3.3 • 12 mm z 
were first sawn from larger single crystals. 
Some of these samples were deformed under 
dynamic pressures up to the lower yield point in 
order to achieve a higher dislocation density, the 
pressure axis being oriented in the (123)  direc- 
tion. The electron microscopically determined 
dislocationdensityamountedin this case to about 
10 s cm-L The deformed and non-deformed 
samples were then annealed for 24 h at 1000 ~ C 
in an inert gas atmosphere (argon + 3 ~  
hydrogen). The following electron microscope 
examination Showed that in crystals with high 
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dislocation density, precipitates of the type 
described above were present. Their n u m b e r  was 
of course some orders of magni tude  smaller than  
that which arose under  the action of external 
oxygen. This was probably  caused by the 
comparat ively smaller oxygen content  in the first 
named  samples. On the other hand  no precipi-  
tates could be detected in the non-deformed 
samples. This proves that  the precipi tat ion of 
bu lk  oxygen is favoured by the presence of 
dislocations. 

In  semiconductor  devices one wishes to avoid 
these precipitates since they can prove deleterious 
to voltage breakdown properties. This is because 
they favour  the formations of microplasmas 
init iated probably  as a result of the different 
permittivities of silicon and SiO2 [22]. The results 
of this work demonstra te  the necessity of using 
silicon with a low dislocation density thus 
inhibi t ing the format ion of SiO2 precipitates. 
However, in silicon device manufacture  in 
particular,  precipi tat ion will unavoidably  take 
place in the dislocation network produced by e.g. 
the phosphorus  and bo ron  diffusions, due to the 
misfit of these atoms in the silicon lattice [23]. 
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