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Defect annealing of neutron-irradiated silicon crystals
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Doppler broadening positron annihilation spectroscopy has been used to investigate the
effects of neutron integrated flux and hydrogen on annealing behaviour of defects in silicon
crystals. The concentration of neutron radiation defects was estimated, activation energy of
some annealing stages was calculated and some specific annealing phenomena were

explained.

1. Introduction

It is well known that a lot of radiation-induced and
secondary defects such as interstitial silicon atoms,
vacancies, vacancy-impurity complexes and dis-
ordered regions are produced since neutrons collide
with silicon atoms and radiation defects combine with
impurity atoms in neutron-irradiated silicon. The
study of annealing behaviour of radiation defects has
been an important subject [1,2], but there are often
big differences between reported results because of
different radiation conditions, starting materials and
measurement methods. Therefore, a detailed study
of defects in neutron-irradiated silicon is still very
necessary for a better understanding of fundamental
defect nature in semiconductors and technological
application.

Hydrogen is one of the most important impurities
in silicon. It can react with defects and cause many
important solid state phenomena. Hydrogen passiva-
tion of defects and impurities is of major practical
importance. The study of effects of hydrogen in silicon
is also an interesting and notable area [3]. In general,
hydrogen is introduced by means of proton-implanta-
tion and hydrogen plasma methods.

Since positrons are very similar to hydrogen atoms,
positron annihilation technology (PAT) is advantage-
ous for studying the effect of hydrogen on defect an-
nealing of silicon.

The lineshape parameter obtained from Doppler
broadening measurements depends on the electron
momentum distribution at the defect site, which is
characteristic of the trapping defects. In a vacancy-
type defect the density of valence electrons is reduced,
leading to the narrowing of their momentum distribu-
tion which is seen as an increase in the S-parameter.
The change in the S-parameter is proportional to the
trapping fraction. Under some circumstances it is pos-
sible to track changes in defect type and/or defect
concentration by monitoring changes in the Doppler
lineshape parameter.

In the present work, hydrogen in silicon is introduc-
ed in the process of crystal growth. We present the
results of Doppler broadening measurements on
neutron-irradiated floating-zone silicon grown in
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argon atmosphere and in hydrogen atmosphere, and
subsequently annealed from room temperature (RT)
to 1200 °C, discuss the annealing behaviour of defects
as well as the effects of neutron integrated flux and
hydrogen on it.

2. Experimental procedure

The $12 x 1 (mm) samples were cut from an n-type
floating-zone Si single crystal ingot grown in argon
atmosphere-FZ (Ar) Si and in hydrogen atmosphere-
FZ(H,) Si with the resistivities of 1500 and 180 Q.cm,
and with the interstitial oxygen concentrations of
1.5x10*7 cm ™3 and 1.8 x 10'7 cm ™~ respectively, de-
termined by FTIR. The hydrogen concentration in
sample His 1.1 x 10’7 cm ™3 [4]. The neutron irradia-
tion was performed at RT in a light-water reactor of
Institute of Nuclear Energy Technology, Tsinghua
University with total neutron integrated flux of
6 x 106 (for sample A1), 3.6 x 107 (for samples A2
and H2) and 1.2x 10® neutronscm ™2 (for sample
A3). The 20 min isochronal annealing from RT to
1150°C was carried out in argon atmosphere.
Then the sample surfaces were polished for measure-
ments.

The Doppler broadening of the annihilation line
was measured using an intrinsic Ge detector with
energy resolution better than 1.18 keV at the 497 keV
line. About 2x 10° counts were recorded for each
spectrum, repeated at least 10 times. The lineshape of
spectra was characterized by the S-parameter, which is
defined as the ratio of the counts in the central region
of the annihilation line to the total number of the
counts in the spectrum.

3. Results and discussion

3.1. Influence of neutron dose on defect
annealing

Since the S-parameter is a measurement of annihila-
tion probability of positrons and valence electrons
and gives the average effect about the formation and
recovery of defects, its value is almost unaffected by
artificial computer analysis.
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The S-parameters of FZ(Ar) Si and- neutron-
irradiated FZ({Ar) Si with three neutron integrated
fluxes as a function of annealing temperature are
shown in Fig. 1. Here, the experimental error for the
S-parameter is within + 0.0004.

The S-parameter of as-grown FZ(Ar) Si is 0.501.

Since trapping in open-volume defects decreases the
width of the Doppler-broadening energy spectrum,
the S-parameter of neutron-irradiated Si is generally
greater than that of as-grown silicon.

The S-parameter of as-irradiated samples Al, A2
and A3 increases to 0.5044, 0.5142 and 0.5177, respec-
tively. The increase in S-parameter indicates that an
increasing fraction of positrons is trapped and that the
concentration of vacancy-type defects increases with
increasing neutron integrated flux.

According to Ref. [5], the displaced atoms induced
by fast neutrons, thermal neutrons, B- and y-ray ir-
radiations in the reactor are estimated to be 1.5 x 1017,
9x10'" and 3 x 10'® cm ™2 in samples A1, A2 and A3,
respectively.

We can roughly estimate the change of concentra-
tion of defects (C,) in Si using measured S-parameters
[6], also

Ca=(h/W(S — 59)/(Sa — S) (1)

where i is the specific trapping rate for positrons into
the defect, taking 5x 10'#s™! due to monovacancy-
type defects for unirradiated Si and the average
u value 7.5 x 10'* s~ from those of neutral divacan-
cies and monovacancy-type defects [7] because they
coexist in neutron-irradiated Si; A; is the annihilation
rate in defect free silicon and is the inverse of the bulk
positron lifetime 219 ps, Sy and Sy are the contribu-
tions from the free and trapped positrons, respectively.
We take the § value 0.4999 of as-grown FZ Si as S,
and take a maximum S value 0.5192 of FZ(H,) Si
irradiated with a high integrated flux of 1.2x 108
neutronscm 2 and annealed at 250°C as S, since it
should be relatively near the saturation value obtained
for high defect concentrations where most of the posit-
rons should be trapped. Here S4/Sy = 1.039, which is
nearly the same as the previously reported value of
1.038 [8&].

The estimated defect concentration is 3 x 10%°,
9.5x 106, 8.86%x 107 and 3.63x 10 ecm™3 in as-
grown FZ(Ar) St and as-irradiated samples Al, A2
and A3 respectively, using Equation 1. Possibly the
value is slightly large for sample A3 since the Sy value
is taken from that of Si irradiated with a high neutron
integrated flux, and the defect concentration is not
high enough to be a saturation value. If we assume
that the increase of defect concentration is proposi-
tional to neutron integrated flux, the S value of sample
A3 should be 3 x 10'® ¢m ™3, in comparision with that
of sample A2. This value is just equal to the value
estimated above according to Ref. [5].

As shown in Fig. 1, during annealing the S-para-
meter of FZ(Ar) Si only changes slightly, indicating
that a small quantity of vacancy-type defects still exist
in as-grown Si, and rearrangement and/or interaction
with impurity atoms (e.g. oxygen atoms). As we know,
the oxygen-related donors or thermal donors are
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Figure 1 The S-parameter of FZ Si grown in argon atmosphere and
neutron-irradiated FZ Si with three neutron integrated fluxes as
a function of annealing temperature. & Sample A3; + Sample A2;
O Sample Al; * Fz (Ar) Si.

produced in Si oxygen-containing annealed at
400-500°C. A substitutional oxygen-vacancy model
for thermal donors (03" V) has been proposed [9].
The formation of thermal donors can impede posit-
rons annihilating in the ionized donors and cause the
decrease of the S-parameter since positrons are non-
sensitive to positively charged species. Therefore, the
S-parameter has a visible decrease at 450-500°C.
At annealing temperatures higher than 700°C the
S-parameter remains nearly constant.

The dependence of the annealing behaviour of
positron-sensitive defects on neutron integrated flux
appears clearly in Fig. 1.

For sample Al irradiated with 6x 10%° peu-
tronscm ™ * two annealing stages can be observed: one
from RT-250°C, and another from 250-550 °C.

For sample A2 irradiated with 3.6 x 10'7 neu-
tronscm ™ 2 three annealing temperature ranges can be
shown: RT-200°C, 200-300°C and 350-600°C; for
sample A3 irradiated with 1.2 x 10'® neutronscm ~2
RT-125°C, 125-400°C and 400-600 °C.

The vacancy—phosphorus (V-P) complexes can be
produced in B-decay process of *!Si atoms formed
owing to thermal neutron capture of °Si atoms;
its concentration is about 1x10'3, 6x10'> and
2% 10'* cm™? in as-irradiated samples A1, A2 and A3.
The V-P complexes anneal out at 120-180°C [10].
The negatively charged divacancy-oxygen (V,-O)~
complexes also begin to anneal from about 120°C
[11]. Some interstitial silicon atoms can annihilate in
the annealing temperature range between 100-150°C
[10] due to their recombination with vacancy-type
defects. The annealing stage of neutral divacancies
(V9) at 100-200°C in neutron-irradiated silicon has
been proposed to be due to approach of interstitial
defects to divacancies localized in the cores of neutron
radiation disordered regions [12]. Those can be the



reasons of the first annealing stage at RT-250°C for
sample Al, at RT-200°C for sample A2 and at
RT-125°C for sample A3. The activation energy of
annealing for sample Al from RT-250°C and sample
A2 from RT-200°C was calculated to be 0.18 ¢V and
0.26 eV respectively. The migration activation energy
of negatively charged V™~ was reported to be 0.18 ¢V
[13] and neutral V° 0.25¢eV [14]. Our results show
that migration of monovacancies dominates this an-
nealing stage. Here, we note that sample Al is n-type
due to small defect concentration but sample A2 is
p-type because its Fermi energy level locates nearly in
the middle of forbidden band gap.

It should be noticed that the obvious increases in
S-parameters upon annealing at 200-250°C for
sample A2 and at 125-300°C for sample A3 were
observed. This “reverse annealing” is generally con-
sidered to be typical of materials containing dis-
ordered regions [15]. The growth of the positron-
sensitive defects can be attributed to the formation of
V,—O complexes [7] and divacancies due to them in
disordered regions becoming “visible” for positrons
[16] and/or aggregation of monovacancy-type defects
released from disordered regions.

From clectron paramagnetic resonance (EPR) data
[2] divacancies are thought to start migrating at
about 177°C and to disappear at about 350 °C. The
V,—O complexes also disappear at about 350-400°C
[7,17]. This explains the decrease in S value from
250-300°C for sample A2 and from 300-400°C for
sample A3.

It is interesting to note that the onset of the reverse
annealing stage moves towards lower temperatures
with increasing neutron integrated flux. This is related
to the formation of secondary divacancies and V,-O
complexes. No obvious secondary defects form in
sample Al irradiated with low neutron integrated flux
because of residual monovacancies, and those released
from disordered regions are too small to aggregate
and form into divacancies and V,—O complexes. The
concentration of monovacancies and divacancies in Si
increases with increasing neutron integrated flux. The
mask of the concentration increase of secondary de-
fects on first annealing stage can explain the above
phenomenon.

For sample A1 the S-parameter decreases gradually
from 250-550°C mainly owing to annealing out of
V,—O complexes [17]. For samples A2 and A3, how-
ever, irradiated with larger neutron integrated flux the
annealing bechaviour becomes much more complic-
ated. After secondary divacancies reach the maximum
concentration, the S-parameter decreases due to an-
nealing out of V,-O and V, defects, but increases
again at 350 and 450°C for samples A2 and A3,
respectively, and a “shoulder” at 450 °C for sample A2
is visible. Those are due to the formation of high-order
multivacancy clusters such as quadrivacancies (V)
and pentavacancies (V) as well as more complicated
vacancy—oxygen (e.g. V;—O) complexes. The cal-
culated activation energy of annealing above 450 °C is
0.85 and 0.97 eV for samples A2 and A3, respectively.
This agrees with that of migration of interstitial silicon
atoms, 0.85eV, reported previously [10]. This also

shows that migration of interstitial atoms and their
recombination with vacancies play an important role
in the annealing process above 450 °C. For sample A3
the S-parameter still is very high at annealing temper-
atures lower than 500 °C. The S-parameter decreases
suddenly to 0.5016 at 600 °C which is nearly the same
as that for unirradiated Si. This shows that most of
radiation defects and secondary defects have been
removed.

The S-parameters of neutron-irradiated Si annealed
above 600 °C change very little and are near the values
of, but a little bigger than, those of unirradiated Si.

3.2. Effect of hydrogen

Fig. 2 is the S-parameter of samples A2 and H2 irra-
diated with 3.6 x 10’7 neutrons cm ~ 2 versus annealing
temperature curve.

The effect of hydrogen on annealing behaviour of
defects is very obvious. In the first annealing stage the
S-parameter of hydrogen-containing Si drops to
a minimum value at 150 °C, lower by 50 °C than that
of sample A2; the minimum value is much smaller
than that of sample A2. The S-parameter decreases by
29% for sample A2 but by 44% for sample H2 from
RT to the valley. This can be attributed to hydrogen
passivation of acceptor centres such as V-P, V,-O
and V, defects. The neutralization of the acceptor
centres decreases the specific trapping rates at defects
and thus the apparent concentration of positron-
sensitive defects and S-parameter.

During the reverse annealing the S-parameter of
hydrogen-containing sample H2 increases to the max-
imum value at a lower temperature, 200 °C, and this
S value is much smaller than that of sample A2,
indicating that hydrogen minimizes the formation of
secondary defects.
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Figure 2 The S-parameter of FZ Si grown in argon atmosphere
and hydrogen atmosphere and irradiated with 3.6 x 10?7 neutrons
cm~? as a function of annealing temperature. - Sample A2;
< Sample H2.
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At annealing temperatures higher than 300 °C, the
S-parameter of sample H2 also decreases gradually
with increasing annealing temperature and to nearly
the same value as that of unirradiated Si at 600 °C. But
the S-parameter is smaller by 13, 12, 26, 47 and 15%
than that of sample A2 at 350, 400, 450, 500 and
550°C, respectively. The calculated activation energy
of annealing from 300-550°C from S-parameters is
0.486 eV. This value is in good agreement with that for
hydrogen diffusion [18]. This result shows that hydro-
gen facilitates annealing out of vacancy-type defects.
Hydrogen atoms possibly take part in the intermedi-
ate stage of the recombination of vacancy-interstitial
atoms. In addition, the hydrogen—defect shallow
donor forms just in this temperature range [19].
The vacancy-type defects participating in the forma-
tion of hydrogen shallow donors would be seen for
positrons.

4. Conclusion

The Doppler broadening positron annihilation
measurements show that the defect concentration of
as-grown FZ Si and neutron-irradiated FZ Si with
6x10'%, 3.6x10'7 and 1.2x 10'® neutronscm ™2 is
estimated to be 3 x 10*¢, 9.5x 10!, 8.86 x 10'7 and
3% 10*® cm ™3 respectively. The activation energy of
the first annealing stage from RT-200°C is
0.18-0.26 eV. The onset of the reverse annealing stage
moves towards lower temperatures with increasing
neutron integrated flux due to different concentrations
of secondary V,~O and V, defects. The activation
energy of annealing above 450°C is 0.85-0.97 eV, in-
dicating that migration of interstitial atoms and their
recombination with vacancies play an important role
in this annealing stage.

Hydrogen significantly affects the first annealing
stage owing to its passivation on acceptor centres; it
minimizes the formation of secondary defects such as
V, and V,—O complexes; the fact that the secondary
defects in hydrogen-containing Si are easy to remove
and the activation energy of annealing above 300 °C is
0.486 eV suggests that hydrogen motion probably
controls the annealing process.
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