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Hydrogen-related complexes formed by electron-irradiation of hydrogenated silicon

Masashi Suezawa
Institute for Materials Research, Tohoku University, Sendai 980-8577, Japan

~Received 8 November 1999; published 29 December 2000!

We studied point defects, vacancies (V), and self-interstitials~I!, formed by room-temperature electron
irradiation of hydrogenated Si via the observation of the optical-absorption spectra due to complexes formed of
hydrogen and point defects. The formation of H2* , a metastable state of H2 in Si, was also studied. Specimens
weren-type,p-type, and high-purity Si crystals. They were doped with hydrogen~H! by annealing at 1300 °C
in H2 gas followed by quenching. Then they were irradiated with 3 MV electrons at room temperature. We
measured their optical-absorption spectra by a Fourier-transform infrared spectrometer at about 7 K. Many
optical-absorption peaks were observed. Among them, 1987 and 1990 cm21 peaks were weak in B-doped
specimens and the 2122 cm21 peak was weak in P-doped specimens. These results support the hypothesis that
the 1987 and 1990 cm21 peaks and the 2122 cm21 peak are due to complexes includingI andV, respectively.
The H2* concentration does not show good correlations with the concentrations ofV and I. We hypothesize
that H2* is formed from the interaction between an H2 and a Frenkel pair.

DOI: 10.1103/PhysRevB.63.035203 PACS number~s!: 61.72.Ji, 61.80.Fe, 61.72.Yx
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I. INTRODUCTION

Many studies1 have been performed on the optica
absorption spectra due to hydrogen~H!-point defect com-
plexes in proton implanted Si,2 Si grown in H2 gas,3,4 and
electron5 or neutron irradiated6 Si grown in H2 gas or hydro-
genated Si.7,8

One of the issues concerning H-point defect complexe
Si is the identification of point defects that are included
complexes responsible for optical-absorption peaks at 1
and 1990 cm21, and 2122 cm21 ~the wave numbers ar
rounded off at the first decimal point!. Many models have so
far been proposed.2,4–6,9,10Among them, the model of Bech
Nielsenet al.2 seems most reliable since they performedab
initio calculation of vibrational frequencies of H in variou
states to explain their experimental results of optic
absorption spectra of proton implanted Si crystals. Comb
ing their experimental and calculational results, they p
posed that the 2122 cm21 peak and the 2223 cm21 peak are
due toV•H2 and V•H4 ~V: a vacancy! complexes, respec
tively, and tentatively proposed that the 1987 and 1990 cm21

peaks are due toI •H2 ~I: a self-interstitial!.
The numbers of H atoms included in those comple

were almost conclusively determined from the splitting
those peaks due to coimplantation of H andD. On the other
hand, species of point defects were identified only by
above calculation. Suezawa11 sought to experimentally deter
mine them by experiment alone. He focused on the effect
impurities on the concentration of intrinsic point defectsI
andV, in electron-irradiated Si, and found that intensities
the 1987 and 1990 cm21 peaks were much weaker inp-type
Si and C-doped Si than those of intrinsic Si, both of whi
were irradiated with electrons at RT after hydrogenati
This result strongly supports the hypothesis that the 1987
1990 cm21 peaks are due toI •H2 since theI concentration is
known to be low inp-type Si and C-doped Si, which i
consistent with the findings of Bech Nielsenet al.2 The first
purpose of the present study was to systematically inve
gate the dependence of the generation ofI •H2 on various
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specimens to more quantitatively confirm the above iden
cation. In this context, further experimentation is needed
show the incorporation ofV in the 2122 cm21 defect. AV is
known to form a pair with groupV donors such as P. Hence
the concentration of isolatedV is expected to be low in
P-doped Si, probably resulting in a smaller concentration
V•H2 in P-doped Si. The second purpose was to study
dependence of the generation ofV•H2 on various specimens

One issue concerning the interaction between point
fects and H2 is the formation mechanism of H2* , a meta-
stable state of H2, from H2 in electron-irradiated Si. Optical
absorption peaks due to H2* were observed in proton
implanted Si crystals12 at about 817, 1838, and 2168 cm21.
Subsequently, such peaks were also found by Newm
et al.7 in electron-irradiated Si doped with H2. They pro-
posed a formation mechanism of H2* from H2 in which an
H2 is transformed into H2* by capturing aV and then anI or
vice versa. A subsequent study by Estreicheret al.13 of the
model of Newmanet al. by ab initio calculation supported
the existence of this mechanism. It intuitively seems that
formation process of H2* in proton implanted Si may be
different from that of electron-irradiation of hydrogenated
since hydrogen atoms are in an atomic state in the for
case and are in a molecular state in the latter case.
previous paper,14 we experimentally studied the formation o
H2* due to electron-irradiation of hydrogenated Si and co
cluded that combinations of an H2 and aV or of an H2 and a
Frenkel pair were the formation mechanism of H2* from the
interaction between an H2 and electron-irradiation induce
point defects. This hypothesis is not consistent with that p
posed by Newmanet al. and Estreicheret al. According to
their model, an isolatedV and an isolatedI equally partici-
pate in the formation of H2* . According to our experimenta
results, however, the formation rates of H2* in B-doped and
C-doped Si crystals were similar to those in high-pur
specimens. Thus, an isolatedI seems to play a small role, i
any, since the intensity of theI •H2 peak was found to be
very weak in B-doped and C-doped Si crystals as mentio
©2000 The American Physical Society03-1
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above. The third purpose of this study was to clarify the r
of V in the formation of H2* in various specimens.

II. EXPERIMENT

Specimens were high-purity~n-type; P concentration o
about 431012 cm23!, n-type ~1.531016 P and 2.431015

P•cm23, abbreviated as PH and PL, respectively, hereaf!
and p-type ~1.531016B and 2.631015B•cm23, abbreviated
as BH and BL, respectively! floating-zone grown Si crystals
Specimens were cut from the above crystals with a diam
slicer. After being cut, they were shaped with carborund
and chemically etched with a mixed acid of HNO3:HF
53:1. The specimen size was about 636311 mm3. To
dope the specimens with H, they were sealed in quartz c
sules together with H2 gas. They were heated at 1300 °C f
1 h followed by quenching in water. Most hydrogen atom
are in a state of H2 in quenched specimens since hydrog
atoms form pairs during quenching to reduce the solubi
that depends on the specimen temperature. Specimens
irradiated with 3 MV electrons at RT. During irradiation, th
specimens were pressed onto a sample holder that
cooled with running water and blown air. To ensure th
damage was nearly uniform throughout the 6-mm-th
specimens in the case of electron irradiation, each sam
was irradiated equally on both sides. The total dose indica
in Sec. III was the sum of that irradiation. Optical-absorpti
spectra of those specimens were measured with a Fou
transform infrared~FTIR! spectrometer and a continuou
flow-type liquid-helium cryostat. The resolution was 0.
cm21.

III. RESULTS

A. General

Figure 1 shows a part of the optical-absorption spectr
of electron-irradiated Si doped with H2. Observed absorption
peaks were as follows: 2145, 2122, 2072, 2062, 1990, 19
1953, 1952, 1870, 1838, 1600, 817, and 719 cm21. Peak

FIG. 1. The optical-absorption spectrum of electron-irradia
Si doped with H around 2000 cm21. The irradiation dose was 2
31016 cm22.
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positions of most absorption peaks agree well with tho
observed in proton implanted Si.2 As mentioned in Sec. I, we
herein mainly discuss peaks at 1838, 1987, and 1990,
2122 cm21. The line widths at half maximum~abbreviated as
FWHM, hereafter! of the 1838, 1987, and 2122 cm21 peaks
are about 1.40, 0.63, and 0.27 cm21, respectively. As a mea
sure of defect density responsible for those peaks, we
the peak intensity rather than the areal intensity in the
lowing.

B. The 1987 and 1990 cmÀ1 peaks

Figure 2 shows the optical-absorption spectra of~a! a BH
specimen and~b! a high-purity specimen after electron
irradiation of 1.231017cm22. The spectra have been shifte
along the ordinate for the sake of simplicity. The intensit
of the 1987 and 1990 cm21 peaks in the BH specimen wer
much weaker than those in the high-purity specimen. T
result is interpreted to be due to the lower concentrationI
in B-doped Si than that in high-purity Si because of t
change of substitutional B to interstitial B byI in the former
crystal. Hence, this result clearly shows that these two pe
are due to anI •H2 complex, not toV•H2. The most remark-
able point of this result is that we can detectI by the fact that
it forms a complex with H2. This will be discussed in Sec
IV. Figure 3 shows the dependence of the 1987 cm21 peak
intensity on the electron dose in various specimens. Ge
ally, the peak intensity increases linearly at low doses a
then is saturated or decreases at high doses. Comparin
peak intensities of the BL specimens and those of the h
purity specimens, we can estimate the efficiency of capt
of I by B as compared with that of H2 as follows. The peak
intensity of the 1987 cm21 peak at a dose of about 0.
31017cm22 is about 431022 cm21 and that of the BL

d

FIG. 2. Optical-absorption spectra of~a! BH and~b! high-purity
specimens around 1990 cm21. The electron dose was 1.
31017 cm22.
3-2
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HYDROGEN-RELATED COMPLEXES FORMED BY . . . PHYSICAL REVIEW B63 035203
specimen is about 131022 cm21. Hence, the decrease o
peak intensity due to B doping is 331022 cm21. Since the
H2 concentration is estimated to be about 1.731016cm23

from the doping condition, the relative efficiency of the ca
ture of I is given as (331022/131022)3(1.731016/2.6
31015);20.

C. The 2122 cmÀ1 peak

Figure 4 shows the optical-absorption spectra of~a! a
high-purity specimen and~b! a PH specimen after electro
irradiation of 1.231017cm22. The intensities of the 2122
and 2145 cm21 peaks in the PH specimen were much wea
than those in the high-purity specimen. These results are
terpreted to be due to the lower concentration ofV in the PH
specimen than that in the high-purity specimen becaus
the formation of aV•P pair in the former specimen. Henc
these results clearly show that the 2122 and 2145 cm21 peaks
are due toV•H2, not to I •H2. According to Bech Nielsen
et al.,2 the 2122 and 2145 cm21 peaks are due toV•H2 with
different modes. Figure 4 shows the dependence of the 2
cm21 peak intensity on the electron dose in various spe
mens. Generally, again, the peak intensity increases line
at low doses and then is saturated or decreases at high d
Comparing the peak intensities of the PH specimen and
high-purity specimen at a dose of about 131017cm22, we
notice that the efficiency of the capture ofV by P is about 5
times higher than that of H2 in high-purity specimens.

Combining the results shown in Figs. 2–5, we can exp
mentally show that bothV andI in electron-irradiated Si are
detected via their interaction with H2. Figure 6 shows the
dependences of the peak intensities of the 1838, 1987, 2
and 2145 cm21 peaks at low doses. The peak intensities
the latter three are proportional to the electron dose. Incid
tally, the concentration of defects responsible for an abso
tion peak is given by multiplication of the areal intensit

FIG. 3. The dependence of the 1987 cm21 peak intensity on the
electron dose in various specimens.
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which is proportional to multiplication of peak intensity an
the FWHM, and the conversion factor that is inversely p
portional to the oscillator strength. If we assume that
multiplications of the FWHM and the conversion factors f
the 1987 and 2122 cm21 peaks are the same and that t
capture cross sections of H2 for I and V are the same in
high-purity Si, the generated concentrations ofV andI due to
electron-irradiation are almost the same at low doses. T
agrees well with our intuition, but such results have ne
been shown experimentally. Hence, our method to deteI
andV via their complexes with H2 is expected to open up
way of investigating radiation damage in semiconductors
well as in Si.

FIG. 4. Optical-absorption spectra of~a! high-purity and~b! PH
specimens around 2120 cm21. The electron dose was 1.
31017 cm22.

FIG. 5. The dependence of the 2122 cm21 peak intensity on the
electron dose in various specimens.
3-3
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D. The 1838 cmÀ1 peak

Next we show the results for H2* . In the previous paper,14

we proposed two possible mechanisms by which H2* is
formed from the interaction between H2 and electron-
irradiation-induced damages, namely, capture of aV or a
Frenkel pair by an H2. These proposed mechanisms we
based on the dependence of H2* concentration on the elec
tron dose in high-purity, B-doped~BH! and C-doped speci
mens. This time we irradiated various specimens. Figur
shows the results. The ordinate is the 1838 cm21 peak inten-
sity. Comparing Fig. 7 with Figs. 3 and 5, it can be notic
that the dependences in Fig. 7 are much different from th
of I •H2 andV•H2: the dependence of the intensity of H2* on

FIG. 6. The dependences of the 1838, 1987, 2122, and 2
cm21 peak intensity on the electron dose at low doses in high-pu
specimens.

FIG. 7. The dependence of the 1838 cm21 peak intensity on the
electron dose in various specimens.
03520
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specimens is not so strong as those ofI •H2 andV•H2. This
means that only anI or only aV cannot form H2* by inter-
acting with H2 in Si. Hence, in the sense that bothI andV are
necessary to form H2* , the model of Newmanet al.7 and
Estreicher, Hastings, and Fedders13 is supported. The above
results, however, as already suggested in the prev
paper,14 deny the possibility that isolatedV and I form H2*
by separately combining with H2 since the formation rate o
H2* does not strongly depend on the specimens, and
because the formation rate linearly depends on the elec
dose at low doses as shown in Fig. 6.~The intercept at dose
0 in Fig. 6 corresponds to the quenched in intensity.15! The
concentrations of isolatedI and V are proportional to the
electron dose and the formation rate of H2* should be pro-
portional to the square of electron dose if H2* is formed by
an H2 combining separately with an isolatedI andV. Hence,
we hypothesize that the formation of H2* by electron irra-
diation of a hydrogenated Si crystal is due to the interact
between an H2 and a Frenkel pair, which is a much mo
restricted situation than that postulated by the model of Ne
manet al. and Estreicher, Hastings, and Fedders. The tra
formation process of H2 to H2* after the capture of a Frenke
pair is probably the same as that proposed by Estreic
Hastings, and Fedders. According to Fig. 6, the format
rate of H2* is about1

3 those ofI •H2 andV•H2 under assump-
tions similar to those made in Sec. III C. This may be int
preted to mean that the concentration of the Frenkel pa
about 1

3 those ofI andV. If this interpretation is correct, the
above result is very interesting since we can estimate
concentration of the Frenkel pair. A Frenkel pair probab
dissociates intoV and I or is annihilated by recombination
itself or with V and I if it is not captured by H2. These
probabilities are expected to strongly depend on the irra
tion temperature. Experiments using a low-temperature i
diation method should thus be conducted.

IV. DISCUSSION

First, we discuss the reactions of electron-irradiatio
induced defects~V, I, and Frenkel pair! among themselves a
well as with impurities. The following reactions are possib

V1I→Si, ~1!

V1V→V2 , ~2!

V1P→V•P, ~3!

V1H2→V•H2, ~4!

I 1I→I 2 , ~5!

I 1B→Si1Bi ~6!

I 1H2→I •H2 ~7!

H21F→H2* , ~8!

where Si, Bi, and F mean a Si atom at a normal lattice site
at an interstitial site, and a Frenkel pair, respectively. Dur
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y
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HYDROGEN-RELATED COMPLEXES FORMED BY . . . PHYSICAL REVIEW B63 035203
electron-irradiation at RT,V, I, and F can move very fast in
the specimen. Here, we neglect other possible reactions
as I 1F, V1F, and so on. Moreover, we do not take in
consideration higher-order reactions, for example,V•H2

1V→V2•H2, which probably become dominant at hig
doses and lead to the saturation or decrease of peak int
ties shown in Figs. 3 and 5. We first assume that the con
trations ofI, V, and F do not depend on the specimens j
after irradiation. In other words, the primary knockon eve
do not depend on the specimens. Reactions~1!, ~2!, ~4!, ~5!,
~7!, and ~8! commonly occur in high-purity, B-doped an
P-doped specimens. Even for the same reaction, for exam
reaction~1!, there may be a difference of reaction efficien
depending on the specimens, since some defects may
appropriate charge states depending on the dopant conce
tion. Reactions~3! and ~6! occur in P-doped and B-dope
specimens, respectively. In the following, we will not discu
reactions~2! and~5! since we detected optical absorption d
to V2 only in an n-type specimen because aV2 is optically
active only in a neutral charge state and we did not detec
optical-absorption peak due toI 2 . Incidentally, comparing
Figs. 3 and 5, it can be noticed that theI •H2 intensities at
high doses are roughly 1.5 times larger than those
V•H2. This may be interpreted as being due to the grea
ease ofV2 formation as compared withI 2 formation.

As already estimated, the efficiency of reactions~3! and
~6! are about 5 and 20 times larger than those of reactions~4!
and~7!, respectively. The efficiency is determined by captu
cross sections of B, P, and H2 for moving I and V. To de-
termine the magnitude of a capture cross section, we nee
know the nature of the interaction between defects and
purities, namely, if it is long range or short range. The Co
lombic interaction and the interaction via the strain field a
representative of long-range interactions, the former bein
longer range. Without electron irradiation, B and P are ne
tively (B2) and positively (P1) charged, respectively, at RT
Intuitively, the charge states of B and P are greatly distr
uted during electron irradiation. The above results, howe
suggest that B and P are ionized to B2 and P1 during
electron-irradiation and strongly interact withI and V, re-
spectively. An I and aV probably act as a donor and a
acceptor resulting inI 1 and V2, respectively. Hence, the
interactions betweenI and B and also betweenV and P are
long-range Coulomb interactions resulting in a large capt
radius. On the other hand, H2 is probably in a neutral charg
state. Hence, the interactions betweenI or V and H2 are
probably not Coulombic. BothI andV form complexes with
H2, i.e., I •H2 andV•H2, respectively, with similar formation
rates in high-purity specimens as shown in Fig. 6. T
means that the interactions betweenI or V and H2 are not
long-range, strain-field-type interactions, but rather sh
range ones that act only within a limited atomic distan
This hypothesis is based on the opposite strain field arouI
and V, namely, dilatational and compressive, respective
Hence, the capture radius around H2 is small.

Here, it should be remembered that the magnitude of
capture cross section does not correspond to the magn
of binding energy. For example, the capture cross sectio
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V by H2 is probably smaller than that ofV by P, but the
binding energy ofV•H2 is larger than that of aV•P pair
since the former is thermally more stable than the latte16

The origin of the difference of reaction efficiency betweenI
and B and that ofV and P is not clear, but it is probably du
to the difference of the stability of Bi and theV•P pair that
are the products of reactions~3! and ~6!, respectively. The
former forms a pair with B at a substitutional site that
much more stable than theV•P pair.17 We suppose that som
of the V•P pairs formed during electron-irradiation dissoc
ate because of low thermal stability, resulting in a low
efficiency of reaction~3!. To confirm this hypothesis, we
need to perform low-temperature irradiation where aV•P
pair is not dissociated.

Shi et al.5 observed 1987 and 1990 cm21 peaks in
electron-irradiated Si grown in H2 gas. They proposed tha
they were due toV•H2 or V2•H2. Although their identifica-
tions are incorrect as shown above, they succeeded in de
ing an I in electron-irradiated Si. According to Fig. 5, th
formation rates ofI •H2 andV•H2 are similar at low doses
Their formation rates are proportional to the concentratio
of constituent defects,I andV, and also to the diffusion rate
of I andV, respectively. The above results suggest that
diffusion rates ofI andV are similar at RT since the concen
trations ofI andV generated by electron irradiation are sim
lar. In this context, it should be remembered that the dif
sion rate ofV during electron irradiation seems much low
than that ofI at low temperature, say 20 K, since onlyV
exists after electron irradiation at such a low temperatu
The reason for the fast movement ofI during irradiation at
low temperature is explained by the Bourgoin-Corb
mechanism,18 which may not work during irradiation at RT
It would be of interest to perform experiments of electr
irradiation of hydrogenated Si at low temperature.

For the sake of easy comparison, we plot dependence
peak intensities of the 1838 (H2* ), 1987 (I •H2), and 2122
(V•H2)cm21 peaks on the electron dose in high-purity spe

FIG. 8. The dependence of the 1838, 1987, and 2122 cm21 peak
intensity on the electron dose in high-purity specimens.
3-5
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MASASHI SUEZAWA PHYSICAL REVIEW B 63 035203
mens in Fig. 8. For the sake of simplicity, we have not pl
ted the data points of the 1987 and 2122 cm21 peaks. The
1838 cm21 peak intensity shows a much different depe
dence on electron dose than those of the 1987 and 2
cm21 peaks at high doses. This suggests that an H2* has
much smaller capture cross sections forI, V, and the Frenkel
pair. This is probably due to the geometrical configuration
H2* . As already mentioned, the decreases of peak intens
of the 1987 and 2122 cm21 peaks are probably due to ca
tures ofI andV, respectively, at high doses. The formatio
of larger complexes such asI 2•H2 andV2•H2 will be shown
in a separate paper.

V. CONCLUSION

We studied optical-absorption spectra of electro
irradiated Si doped with hydrogen and noticed that hydro
is very useful for detecting vacancies, self-interstitials, a
also Frenkel pairs. Experiments on the irradiation of hyd
genated Si at various temperatures should be carried
.
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Moreover, extension of our method of optical-absorpti
measurement after electron irradiation of hydrogenated S
methods of evaluation employing various techniques of hi
energy particle irradiated semiconductors doped with hyd
gen should yield fruitful information about irradiation in
duced defects not yet clearly detected.
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