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1. INTRODUCTION 

During the pulling of Silicon monocrystals by the CzochralsKy method, 
oxygen is incorporated into the lattice at a concentration corresponding to 
the solubility limit at the growth temperature which is close to 10^cm . 
Most of these oxygen impurities will remain in the crystal dispersed on iso
lated interstitial sites. However, it is Known from early works that low tem-
perature annealings (400 - 1000°C) make this oxygen to precipitate and a 
number of different defects to be generated. Many experimental data have 
been attributed to the reaction of defects involving oxygen atoms : intrinsic 
gettering of impurities, thermal donors, EPR signals, new luminesccence lines 
etc ... The main effects occur around 450°C. At this temperature the formation 

2 of thermal donors is attributed to the clustering of a few oxygen atoms . The 
kinetics of such a process is directly related to oxygen diffusion whose 

3 coefficient has been precisely established in recent works . This coefficient 
seems too low to explain the formation of the defects and several explanations 

2 
ha< 3 been suggested : among them the fast diffusivity of an oxygen silicon 
interstitial complex has been taken in consideration. In order to check this 
point it was interesting to examinate the possible role of radiation damage 
on the formation of oxygen related defects. 

2. EXPERIMENTS 

One difficulty of such experiments comes from the fact that radiation 
damage introduces defects which cannot always be eeoarated easily of the 
oxygen related defects. Namely the overall electrical activity as measured 
by the 4-ooint probe method cannot be used for the thermal donor detection. 
In the course of the present work we used mainly photoluminescence (PL) 
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spectroscopy to detect the presen of the oxygen related defects : 
the so-called H-line (at 0.9259 eV) and P-line (at 0.7667 eV). It has 

4 been shown in a recent work that both lines appear in CZ material after 
a 100 >h, 450°C anneal. The P-line oorrelates essentially with the oxygen 
content while the H-line is also dependent on the carbon content. It 
could also be shown that two radiation damage induced defects giving 
rise to the lines C (0.79 eV) and G (0.97 eV) behav» similarly with the 
impurity content : C depends on oxygen mainly and G depends strongly on 
carbon concentration. 

Three Kinds of CZ silicon materials # M, #S and # W were used t a 
FZ crystal was also treated in the same way. Their impurity content as 
deduced from IR absorption measurements for 0^ and Cg^ and from electrical 
conductivity for doping impurities are listed in table I. 

The samples are irradiated at room temperature with BOO KeV 
electrons at fluences of 10 , 10 and 10 cm"2. After irradiation they are 
stored in liquid nitrogeaThey are allowed to warm up to room temperature 
before annealing for 30 minutes at temperatures ranging between 50 and 
550°C. The samples are chemically etched before cooling down to ^ 20 K 
in the PL set up. The luminescence is excited by an Ar ion laser and détectée 
by a 77 K cooled Ge photodetector after dispersion by a 3/4 m grating 
monochromator. The excitation power was fixed at ̂  30 mW. 

EFFECT OF AN IRRADIATION FOLLOWED BY AN ANNEALING AT 450°C 
4 The previous work has shown that a spectrum like spectrum c of 

fig. 1 was produced after 100 h annealing at 450°C. These temperature and 
time are close to the optimum for the height of lines H and P. After 

17 -2 irradiation at 10 cm followed by annealing at room temperature, lines 
C and G appear (spectrum eJ consistently with previous works 
Annealing at 450°C for only about 1 hour anneals out these defects but makes 
the H and P lines to appear (spectrum d) even 10 times stronger than in 
spectrum c. 

For comparison a FZ sample has been treated in the same way (spectrum 
b). Although some unidentified broad band appear in this case there is 
no indication of the lines H and P. The two main lines at high energy 
are cftonon rsolica '. L2 and TG3 of the frse exciton. 



/... 

In order to find optimum irradiation conditions, different fluences 
15 16 —2 where used between 10 and 10 cm . The normalized height of the various 

lines is shown on fig. 2 and 3 versus the fluence. Normalization was 
done in the following way. The spectrum is analysed as the sum of 
several lines characterized by height Ai and width *±. The normalized 
height of line i is taken as w^Ai/fcwjAj (The main lines H, P. C and G were 
only taKen into account in this calculation). 

15 -2 The lowest fluence of 10 cm is enough to saturate all the 
17 -3 lines on sample #F1 characterized by a high Cgj content (4.10 cm ) 

16 —2 while on sample #S, carbon poor,fluences of 10 cm (line P) or 
17 -2 

10 cm (line H) are needed (lines C and G were not studied in this 
sample). 

The fall at high fluence obtained on sample # S can well be attributed 
to the precision and reproducibility of luminescence experiments. 

17 -2 In view of these results a fluence of 10 cm was used to study 
the effect of the duration of the annealing. The lines were again normalized 
as indicated above (Figure 4). From these data it is clear that 15 minutes 
anneal is always enough for the creation of the lines H and P. This value, 
compared to the 100 h needed without irradiation clearly shows the accele
rating effect, on the investigated lines of the radiation damage. Furthermore 
the higher doses needed in case of carbon poor sample, prove that carbon 
is involved in some way in the building up of both defects, although 
the final height of line P does not seem to be influenced by the carbon 
content. 

The 0. and Cg^ content was checked during these measurements and no 
significant change could be detected. This is consistent with previous 

1 fl —2 
works showing that fluences of at least 10 cm were needed to get signi
ficant variations. 

ISOCHRONAL ANNEALING 

The samples were stored in liquid nitrogen and warmed up just before 
the annealing step described here C3D minutes in an evacuated quartz tube). 
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The various samples are etched and their PL spectra are recorded at 20 K. 

Figure 5 displays the results obtained for the various lines 
17 -2 

after a fluence of 10 cm . The results of lines C and G can be compared 
with similar results already published by Jones et al . 

The G-line is maximum between 100 and 150°C and rapidly anneals out at 
250°C. The C-line is maximum at about the same temperature 150°C j then 
it decays partially at 250°C just as G does, but it grows again at 350-400°C 
The final decay occurs between 400 and 450°C. 

The lines H and P begin to grow at a somewhat lower temperature 
(350-400°C) they reach their maximum at 450°C and then decay rapidly at 
500°C. 

It is interesting to note that the maximum of these last lines is 
17 -2 the same after 30 min. anneal at 450°C if irradiated by 10 e .cm 

as it was in the pure 100 h thermal case. As a first conclusion we can 
say that the defect responsible for the growth and decay of lines H and 
P has a 200 times higher mobility after irradiation. It is also inte
resting to point out that the lines H and P can already be detected 
between 100 and 250°C ; they have apparently a double range of existence 
just as for the C line with some similarities between H and G on one hand 
and P and C on the other. 

DISCUSSION OF THE EXPERIMENTAL RESULTS. 

On the figure 5 we have also sketched the established annealing 
9 10 

data of two well identified defects : C, and C^O-V- on an arbitrary 
scale. It is interesting to note that the range of existence of the 
C.OjV- defects extends down to room temperature as previously noted by 
John et al even if a marked reverse annealing is observed near 
200-250°C. 

With these data it is possible to get a continuous description 
of what happsrsto carbon impurities. 
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a/ T < 65°C 
Si. the highly mobile primary defect produced by the irradiation 

is trapped by C S i impurities thus producing the Cj-Si-. split inters
titial9. 

b/ 65°C < T < 200°C 
The Cj is no more trapped at a given lattice site» but it is able 

to move. It may be trapped by several defects, among them Cc... The 
center responsible of the G line is formed at this time by site inter
change of the interstitial carbon with a substitionnal Si. 

The defect obtained is C g Si. C S i 

At the same time lines H and P appear weakly. This could mean 
that C. is also able to meet other defects to produce the defects 
P. The defect, giving line C might also be formed at this time. 

c/ 200°C < T < 400°C 
The G line decays indicating that the 2 carbon pair is not stable 

enough. This is the time where the defect C.Q.V7 grows markedly. This 
10 can be understood if VO. centers are allowed to capture migrating C. , 

an event which could have already occured at 65"C, the migration tempe
rature of C i # depending on the relative amount of C„. with respect to 

10 VO . As suggested by Lee et al. , on the capture of C^ by VO.̂  a Si. is 
liberated. 
d/ 400°C < T < 500°C 

At the temperature of 400°C, the defect C.Q.V- anneals out and it is 
tempting to take it is a precursor of defects H and P. He can release 
one of the following defects : V, VQ^, C^, C ^ V 

It must be kept in mind that the lines H and P do not need 
absolutely radiation damage to appear j they are just less easily 
created by the pure annealing process. In such annealings the ger-. ~ation 

2 13 
of silicon interstitials is expected ' not that of vacancies or vacancy 
related defects. So if we restrict ourselves to interstitial containing 
species we are left with the following possibilities : 

0^ -ilone is not mobile enough to explain the data. 



1° 
Q^Si^ is known to be already mobile around room temperature *" ; 

it would leave behind him a defect like C.V_ ; this need the generation 
of* a new vacancy and seems energetically improbable. 

O^C. must be at least as mobile as the previous defect since 
the carbon atom has the sane electronic structure and is even smaller 
than silicon atom. Furthermore if siliron intertitials are produced 
they must lead to carbon interstitials, as described above* which in 
turn,will meet other impurities. Among them,oxygen is the most probable. 

10 As recalled by Lee et al the C-0 bond strength 111.13 eV) is by far 
much greater than that of Si-0 (8.15 eV) and of C-Si (4.51 eV). If the 
S ii°i D a i r i s formed first it is also able to migrate but exchange 
between C and Si can certainly easily occur on capture by a C g. atom. 

As a first conclusion of this discussion we expect the C.O. defect 
to be highly mobile at 450°C. 

Now turning back to the defects C^iVj disappearing at 400°C, 
we can wonder if it is possible for them to leave behind divacancies. 

14 An answer to that is brought by the recent work of Oehrlein et al 
who demonstrated that an enhanced production of divacancies was most 
possibly due to the capture of silicon interstitials by oxygen impurities. 
A role similar can certainly be played by carbon due to the greater 
stability of the CO bond. 

In our experiments the. role of carbon on the rate of building 
up of the defects H and P is apparent on the data of figure 2 since 
both defects are slowered in carbon poor material. The growth of line H 
is the most severely hindered. This is consistent with the idea previously 

4 
suggested that the defect H could be an analogous of defect G liKe 
CSi°i CSi' T h e S r e a t e r stability of this defect as compared to G could 
come again of the CO bond, stronger than the CSi one. The formation of 
this defect must liberate a Si interstitial which may allow the process 

13 to proceed. This is again consistent with Newman's et al. results demons 
trating how one interstitial is generated every two oxygen atoms are 
precipitated. 

The description of the defects associated with line P cannot be 
tried so well because the analogous defect C is not clearly identified 
up tc now even if, from recent data, it can be proved that it contains one 
carbon atom and at least one oxygen 1 5» Since the defect P is formed 
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7. 

at the same time as H we could say it is produced by the trapping 
of C^O^ at an 0^ impurity or at some more complex nucleus. 

The thermal donors are produced at the same temperature aa defects 
H and P. It has been shown by Benton et al. that irradiation followed 
by a 100°C 30 min. anneal was unable to produce more thermal donors ; 
this treatment seems to low in comparison with the treatments used here. 
However the thermal donors are certainly build up by only a few oxygen 

2 
atoms and they might well behave differently after irradiation of the 
defects described here. 

CONCLUSION 

The experiments described in this paper have shown that 
irradiation damage was well able to enhance considerably the formation 
of the photoluminescence lines ascribed to 0, C complexes. The analysis 
of the isochronal annealings suggests that CiOi could be responsible 
for the enhanced migration of oxygen as well as S i j ^ , which has been 
already put forward. The experiments give some support to the model 
previously proposed for the H center tCg.O.C-.) since it can be 
formed already simultaneously with the G center fCg.Si^Cg.). 

The center P could be analogous of C center whose detailed 
structure is not Known although it has been proved recently that it 

15 contains one carbon atom and some oxygen 

The idea that CjO. could be a highly mobile defect contributing 
to the building of small clusters has not been put forward previously, to 
our knowledge. Some proof of the existence of this molecule and of its 
mobility should be looked for. Experiments are in progress to bring 
direct proofs. 
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FIGURE CAPTIONS 

F igure 1 . 

Typical photoluminescence spectra of the various samples. 

a - as grown (crystal # M) 

b - crystal # FZ after 10 1 7cm~ 2 irradiation (BOO KeV electrons) and 

3h anneal at 450°C. 

c - crystal # M after 100 h anneal at 450°C 
17 -7 

d - crystal # PI irradiated with 10 cm * anc 
e - crystal # M irradiated with 10 cm"2 and annealed at room température 

d - crystal # PI irradiated with 10 1 7cm" 2 and annealed 3 h at 450°C. 

Figure 2. 

Effect of the fluence on the creation of the lines H (0.9259 eV) and 

P (0.7667 eV). They are measured after 45Q°C 1 h annealing and norma

lized with respect to the other detected lines (see text). Two diffe

rent samples have been used. 

The oxygen content is the same but sample # S is carbon poor. 

Figure 3. 

Effect of the fluence on the radiation damage induced lines C 

(0.79 eV) and G (0.97 eV) (sample#W ).PL has been measured after 

room temperature annealing. 

Figure 4. 

Effect of the duration of the annealing at 450°C on the normalized 

height of the lines H and P. Before annealing these samples were 
17 -2 

irradiated with 600 KeV electrons at a fluence of 10 cm (samples 

# W and f¥ II). 

Figure 5. 

17 -2 
Isochronal annealings (30 min.) on sample # M after a 10 cm 

irradiation with 800 keV electrons. The annealing charactsristics of two 

identified defects have also been sk 

from ref. 9 and C,O.V2 from ref. 10. 

identified defects have also been sketched on the figure : C. 



S A M P L E 

Dopant 
I m p u r i t y 
and concen
t r a t i o n 
a t / c m 3 

Oxygen 
concentra
t i o n a t / c m ' 

Carbon 
concentra
t i o n a t /cm' 

M Baron 

M O 1 5 6.75 1 0 1 7 4,50 1 0 1 6 

W Boron 

^ 4 1 0 1 5 4,97 1 0 1 7 Undetected 

S Boron 

-\. 2 1 0 1 5 6,47 1 0 1 7 Undetected 

F Z Undoped 

(15000 îî cm) Undetected Undetected 

TABLE 1 

Impurity content of the various samples. 
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