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Formation of defect complexes by electron-irradiation of hydrogenated crystalline silicon
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We studied properties of complexes responsible for the optical-absorption peaks at about 1870 and 2072
cm21 which were formed by room-temperature electron-irradiation of hydrogenated Si. Specimens were
n-type, p-type, and high-purity Si crystals. They were doped with hydrogen~H! and/or deuterium~D! by
annealing at 1300 °C in H2 and/or D2 gas followed by quenching. They were then irradiated with 3-MV
electrons at room temperature. We measured their optical-absorption spectra by a Fourier transform IR spec-
trometer at about 7 K. The 1870-cm21 peak was weak in B-doped specimens and strong in high-purity and
P-doped specimens. On the other hand, the 2072-cm21 peak was weak in P-doped specimens and strong in
high-purity and B-doped specimens. These results support the hypothesis that the 1870- and 2072-cm21 peaks
are due to complexes which includeI ~self-interstitial! and H andV ~vacancy! and H, respectively. The
intensities of both the 1870- and 2072-cm21 peaks were proportional to the square of electron dose at low
doses, which indicates that they are due toI 2H2 andV2H2, respectively. In an isochronal annealing experiment,
the 1870- and 2072-cm21 peaks disappeared after annealing below 200 °C and 300 °C, respectively.

DOI: 10.1103/PhysRevB.63.035201 PACS number~s!: 61.72.Ji, 61.80.Fe, 61.72.Yx
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I. INTRODUCTION

One of the issues concerning point defects generated
electron-irradiation of Si crystals is the detection of se
interstitials. Since the commencement of the study
electron-irradiation damages in Si, vacancies (V) and
vacancy-related complexes have been detected by elec
spin resonance measurement.1 Self-interstitials~I!, however,
have not been detected. This is interpreted to be due to
very fast athermal diffusion rate ofI, the so-called Bourgoin-
Corbett mechanism.2 Hence, self-interstitials are interprete
to easily form complexes by themselves during irradiati
even at around 4 K.

We previously proposed a method to study point defe
generated by electron-irradiation of Si via complexes of
and point defects using measurements of optical-absorp
spectra due to H included in complexes.3 From the results of
experiments4 conducted according to the above proposal,
experimentally identified complexes that are responsible
optical-absorption peaks, namely,IH2 and VH2 complexes
for the 1987- and 1990-cm21 peaks and the 2122-cm21 peak5

~the wave numbers are rounded off at the first decimal poi!,
respectively. In these experiments, we used the effect
impurities on the concentration of intrisic point defects,I and
V, in electron-irradiated Si. Namely, theI concentration is
known to be low in B-doped Si, and the concentration
isolatedV is low in P-doped Si.

In our previous studies,4,5 we neglected the 1870-an
2072-cm21 peaks. These peaks were not reported in
proton-implanted specimen. Recently, we noticed that
intensity of the 1870-cm21 peak is fairly strong in high-
purity andn-type specimens and weak inp-type specimens
and, on the other hand, that the intensity of the 2072-cm21

peak is fairly strong in high-purity andp-type specimens and
weak in n-type specimens. These results strongly sugg
that the 1870- and 2072-cm21 peaks are related to complexe
which includeI and V, respectively. With the use of som
additional specimens to those used in Ref. 4, we obtai
results reported herein. In the following, we show so
0163-1829/2000/63~3!/035201~7!/$15.00 63 0352
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properties of the 1870- and 2072-cm21 peaks, such as thei
spectra, their intensities in various specimens, and their
chronal annealing behaviors.

II. EXPERIMENTAL

Details of the experimental methods employed have b
previously reported.4 Hence, we only briefly describe them
for the readers’ convenience. Specimens were high-purit~n
type; P concentration of about 431012cm23!, n type ~1.5
31016P and 2.431015P cm23, abbreviated hereafter as P
and PL, respectively! and p-type ~1.531016B and 2.6
31015B cm23, abbreviated as BH and BL, respectivel!
floating-zone grown Si crystals. Specimens were prepa
from the above crystals by mechanical and chemical tre
ments. To dope the specimens with H and/or D, they w
sealed in quartz capsules together with H2 and/or D2 gas.
They were heated at 1300 °C for 1 h followed by quenching
in water. Most hydrogen atoms are in a state of H2, HD, or
D2 ~Ref. 6! in quenched specimens since hydrogen ato
form pairs during quenching to reduce the solubility whi
depends on the specimen temperature. Specimens were
diated with 3-MV electrons at room temperature~RT!. To
determine the thermal stability of the H point-defect co
plexes, we conducted an isochronal annealing experimen
intervals of 25 °C with an annealing duration of 30 min. T
optical-absorption spectra of those specimens were meas
with an a Fourier transform~FT! IR spectrometer and a
continuous-flow-type liquid-helium cryostat. The resolutio
was 0.25 cm21.

III. RESULTS

A. Spectra

1. The 1870-cmÀ1 peak

The observed absorption peaks were as follows: 21
2122, 2072, 2062, 1990, 1987, 1953, 1952, 1870, 18
1600, 817 and 719 cm21. Peak positions of most of thes
©2000 The American Physical Society01-1
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MASASHI SUEZAWA PHYSICAL REVIEW B 63 035201
absorption peaks agree well with those observed in pro
implanted Si.7 As mentioned in Sec. I, we herein main
discuss the 1870-~more accurately, 1870.0! and 2072-
~2072.5! cm21 peaks.

Figure 1 shows parts of the optical-absorption spectrum
around 1860 and 1990 cm21 of electron-irradiated Si dope
with H2. As mentioned, the 1870-cm21 peak has not been
reported in proton-implanted Si. The linewidth at half ma
mum @abbreviated as FWHM~full width at half maximum!
hereafter# of the 1870-cm21 peak is about 0.9 cm21. As a
measure of defect density responsible for these peaks
plot the peak intensity rather than the areal intensity in
following since the line shape of each peak does not dep
on the irradiation dose and hence peak intensity is suffic
to trace the concentration of the defect with respect to
irradiation dose. Moreover, in the following, we do not di
cuss relative concentrations of various complexes in a qu
titative manner since we do not have any data on oscilla
strengths of complexes. The other three peaks are show
convenience since they are referred to in the following. D
fects responsible for the 1838-cm21 peak and the 1987- an
1990-cm21 peaks have been proposed to be H2* ~Ref. 8! and
IH2 ~Ref. 9!, respectively. In a D-doped specimen, t
1870-cm21 peak was not observed. Instead, a peak was
served at about 1365~1364.9! cm21, as shown in Fig. 2. In a
specimen codoped with H and D, those peaks split into
peaks, i.e., 1870- and 1869-~1868.7! cm21 peaks and 1365
and 1364-~1363.8! cm21 peaks, respectively. There is
weak peak at about 1364 cm21 even in a D-doped specimen
This is due to contamination of H which comes from a qua

FIG. 1. The optical-absorption spectrum of electron-irradia
high-purity Si doped with H at around 1870 and 1990 cm21. The
irradiation dose was 1.231017 cm22.
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capsule. Hence, we conclude that the complexes respon
for the 1870-cm21 peak include two H atoms. This conclu
sion is consistent with the fact that hydrogen atoms do
with the method adopted in this study are not in an isola
atomic state, but rather in a molecular state,6 and hydrogen
molecules are regarded to be immobile during irradiat
since the migration energy of H2 is about 0.78 eV.10 Small
separations of peaks due to codoping suggest that the i
action between two H atoms included in the complex
weak.

2. The 2072-cmÀ1 peak

Figure 3 shows a part of the optical-absorption spectr

d

FIG. 2. Spectra around 1870 and 1365 due to doping of H2 and
D2 and codoping of H2 and D2.

FIG. 3. The optical-absorption spectrum of electron-irradia
high-purity Si doped with H at around 2100 cm21. The irradiation
dose was 1.231017 cm22.
1-2
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FORMATION OF DEFECT COMPLEXES BY ELECTRON- . . . PHYSICAL REVIEW B 63 035201
at around 2100 cm21 of electron-irradiated Si doped with H2.
As mentioned, the 2072-cm21 peak has not been reported
proton-implanted Si. The FWHM of the 2072-cm21 peak is
about 0.3 cm21. The other three peaks are shown for the sa
of convenience since they are referred to in the followin
Defects responsible for the 2122- and the 2145-cm21 peaks
have been proposed to beVH2 with different vibrational
modes.7 In a D-doped specimen, the 2072-cm21 peak was
not observed. Instead, as shown in Fig. 4, a peak was
served at about 1510~1510.4! cm21. In a specimen codope
with H and D, those peaks split into two peaks for each, i
2072- and 2071-~2071.6! and 1510- and 1509-~1509.5!
cm21 peaks, respectively. Hence, we conclude that the c
plex responsible for the 2072-cm21 peak includes two H at-
oms. Again this conclusion is consistent with the fact th
hydrogen atoms doped with the method adopted in this st
are not in an isolated atomic state, but rather in a molec
state.6 Small separations of peaks due to codoping sugg
that the interaction between two H atoms included in
complex is weak.

B. Specimen dependencies

1. The 1870-cmÀ1 peak

Figure 5 shows the optical-absorption spectra of a hi
purity specimen and a BH specimen after electron-irradia
of 1.231017cm22. The spectra were shifted along the ord
nate for the sake of simplicity. The 1870-cm21 peak intensity
in the BH specimen was much weaker than that in the hi
purity specimen. This result is interpreted to be due to
lower concentration ofI in B-doped Si than that in high
purity Si because of the replacement of substitutional
which becomes interstitial B, byI in the former crystal.11

Hence, this result clearly shows that this peak is due t
complex ofI and H, notV and H. The most remarkable poin

FIG. 4. Spectra around 2070 and 1510 due to doping of H2 and
D2 and codoping of H2 and D2.
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of this result is that we can detectI-related defects which
have not been detected so far by other experimental meth
by its formation of a complex with H2.

Figure 6 shows electron dose dependencies of
1870-cm21 peak intensity in various specimens. The dash
lines without data points are those of the 1987-cm21 peak
~IH2 complex! and are shown for comparison’s sake. T

FIG. 5. Optical-absorption spectra of a high-purity specim
and a BH specimen at around 1870 cm21. The electron dose was
1.231017 cm22.

FIG. 6. The dependence of the peak intensity of the 1870-cm21

peak on the electron dose in various specimens. Dashed line
those of the 1987-cm21 peak (IH2).
1-3
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most remarkable feature is a much weaker intensity of
peak in BL and BH specimens than those in other specim
This indicates, again, that the 1870-cm21 defect ~termed a
wave-number defect since it is responsible for the opt
absorption at the wave number! includes self-interstitials.
Another feature is that the intensity of the 1987-cm21 peak is
stronger than that of the 1870-cm21 peak except in the BH
specimen. This suggests that the 1987-cm21 defect is more
easily formed than the 1870-cm21 defect under the assump
tion that oscillator strengths of those peaks are similar. Th
are differences in the peak intensity in PL, PH, and hig
purity specimens. We attempt to explain these based on
interaction between dopants and point defects. In the PL
PH specimens, aV forms a pair with a P atom, resulting in a
decrease of isolatedV and thereby in a decrease of the m
tual annihilation ofI andV and finally in an increase in th
concentration ofI which reacts with H. Such a mechanism
however, cannot explain why the intensity in the PH spe
men is lower than that in the PL specimen. We have not
succeeded in explaining these differences.

2. The 2072-cmÀ1 peak

Figure 7 shows the optical-absorption spectra of a hi
purity specimen and a PH specimen after electron-irradia
of 1.231017cm22. The spectra were shifted along the ord
nate for the sake of simplicity. The 2072-cm21 peak intensity
in the PH specimen was much weaker than that in the h
purity specimen. This result is interpreted to be due to
lower concentration ofV in P-doped Si than that in high
purity Si because of the formation of aVP pair in the former
specimen. Hence, this result clearly shows that this pea
due to a complex ofV and H, notI and H. The most remark
able point of this result is that we can detectV-related de-
fects by its formation of a complex with H2.

FIG. 7. Optical-absorption spectra of a high-purity specim
and a PH specimen at around 2070 cm21. The electron dose wa
1.231017 cm22.
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Figure 8 shows electron dose dependencies of
2072-cm21 peak intensity in various specimens. The dash
lines without data points are those of the 2122-cm21 peak
(VH2 complex! and are shown for comparison’s sake. T
most remarkable feature is the much weaker intensity of
peak in PH specimens than those in other specimens.
indicates that the 2072-cm21 defect includes vacancies. An
other feature is that the intensity of the 2122-cm21 peak is
stronger than that of the 2072-cm21 peak. This suggests tha
the 2122-cm21 defect is more easily formed than th
2072-cm21 defect, assuming similar oscillator strengths
those peaks. Again, we have not yet succeeded in explai
the difference of the intensities in high-purity, BL, BH, an
PL specimens.

C. Dose dependencies at low doses

To determine the number ofI andV included in the 1870-
and 2072-cm21 defects, respectively, we studied dose dep
dencies of the intensities of 1870- and 2072-cm21 peaks in
high-purity specimens. If the number ofI or V included in
the complexes isn, the optical-absorption intensity shoul
have nth power dependence on the electron dose at sm
doses since the concentrations ofI andV are expected to be
proportional to the electron dose at low doses. Figure
shows the dependencies of the intensities of the 1870-
2072-cm21 peaks on the electron dose. The intensities se
to be proportional to the square of the dose at low doses
then show weaker dependencies at higher doses, proba
tendency to become saturated. To ascertain these depen
cies at small doses, we plot those intensities as function
the square of the electron dose since a logarithmic plot so
times does not give the correct dependence at small qu
ties. As shown in Fig. 10, the intensities are proportional
the square of the electron dose since the lines pass thro
the origin. Hence, we conclude that the number ofI and V
included in the 1870- and 2072-cm21 defects, respectively
are two. Accordingly, combining these results with those
Sec. III B, we conclude that anI 2H2 and aV2H2 are respon-
sible for the 1870- and 2072-cm21 peaks, respectively.

n

FIG. 8. The dependence of the peak intensity of the 2072-cm21

peak on the electron dose in various specimens. Dashed line
those of the 2122-cm21 peak (VH2).
1-4
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FORMATION OF DEFECT COMPLEXES BY ELECTRON- . . . PHYSICAL REVIEW B 63 035201
D. Isochronal annealing

Figure 11~a! shows the isochronal annealing behaviors
the 1870- 1987-, and 1838-cm21 peaks, the latter two o
which are due toIH2 ~Ref. 9! and H2* ~Ref. 8!, H2* being a
metastable state of H2.

12–14The 1870- and 1838-cm21 peaks
have similar thermal stability. It is interesting that the the
mal stability of the 1870-cm21 peak is much lower than tha
of anotherI-related complex,IH2.

Figure 11~b! shows the isochronal annealing behaviors
the 2072-, 2122-, 2166-, and 2223-cm21 peaks. As shown in
a separate paper,5 the 2223-cm21 defect (VH4) is formed by
the reaction between the 2122-cm21 defect (VH2) and H2.
The 2072-cm21 defect is thermally more stable than th
2122-cm21 defect. What is interesting is that the 2166-cm21

peak seems to increase in parallel with the decrease o
2072-cm21 peak.

FIG. 9. The dependences of the 1870- and 2072-cm21 peak
intensities on the electron dose in high-purity specimens.

FIG. 10. The dependences of the 1870- and 2072-cm21 peak
intensities on the electron dose at low doses in high-purity sp
mens.
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IV. DISCUSSION

As stated above, we propose that the 1870- a
2072-cm21 peaks are due to the vibration of the H ato
included in theI 2H2 andV2H2 complexes, respectively. Th
I 2H2 and I 2D2 complexes have optical-absorption peaks
1870 and 1365 cm21, respectively. On the other hand, th
optical-absorption peaks ofV2H2 andV2D2 are at 2072 and
1510 cm21, respectively. The frequency ratios of the form
and the latter are about 1.370 and 1.372, respectively. Th
values are smaller than that~1.41! expected from the mas
i-

FIG. 11. Isochronal annealing curves of~a! the 1870-, 1838-,
and 1987-cm21 peaks and of~b! the 2072-, 2122-, 2223-, and
2166-cm21 peaks in an electron-irradiated high-purity specime
Annealing duration was 30 min at each temperature.
1-5
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MASASHI SUEZAWA PHYSICAL REVIEW B 63 035201
ratio of D and H. The latter value is deduced under the
sumption that only an H atom vibrates.15 This discrepancy is
explained by introducing the reduced mass for a H vibra-
tional mode, i.e., both H and Si atoms vibrate.15 The above
values are slightly smaller than that~1.39! deduced from
such assumption, but such a discrepancy is often observe
the case of H included in complexes with point defects s
asV and I.7

We suppose that bothV and I bind with one H atom,
namely, for example, aV2H2 is not V•VH2 but HV•VH,
where ‘‘•’’ means a binding of units of the left-hand side an
the right-hand side and is herein used only when we nee
emphasize the bonding state. This means that the prope
of V2H2 and I 2H2 complexes are expected to be rather sim
lar to those ofVH and IH pairs, respectively. Two suppor
ing evidences for the above proposal are as follows. Firs
a V2H2 is V•VH2 one would expect a spectrum similar
that of VH2, i.e., two stretch modes separated by about
cm21,7 which is not consistent with the present results. S
ond, if it has the HV•VH structure proposed above, the fr
quency of H vibration is expected to be similar to that~2068
cm21! of V2H,16 which is consistent with our results. Base
on the above models, a study of detailed vibrational mo
of V2H2 andI 2H2 appears to be necessary to fully understa
the effect of codoping of H and D on the splittings of tho
peaks.

As already mentioned, the interaction between two H
oms seems to be small since the separations due to codo
are small. Theoretical studies of theIH pair have been
conducted.9,17 Van de Walle and Neugebauer17 studied such
properties as vibrational frequency and binding energy of
IH pair and theIH2 complex based on the density-function
theory. According to them, the vibrational frequency of t
IH pair is 1870 cm21. This agrees remarkably well with ou
experimental result. Of course, this agreement should no
over emphasized because their estimated frequency ofIH2
was 1915 cm21, while experimentally the frequencies a
1987 and 1990 cm21.9

As stated above, we propose that the 1870- a
2072-cm21 peaks are due to anI 2H2 complex and aV2H2
complex, respectively. What are the formation mechanis
of these complexes? Prior to discussion of this question,
should remember that most hydrogen atoms doped with
procedure are in the state of H2.

6 Two mechanisms are pos
sible for the formation of these complexes under this con
tion. One is the initial formation ofVH2 (IH2) followed by
the capture of another diffusingV ~I! by VH2 (IH2). The
other is the initial formation ofV2 (I 2) followed by the dif-
fusion of V2 (I 2) to an H2. The former seems to be the ca
since the diffusion rate ofV ~I! is sufficiently fast to realize
such formation and those ofV2 (I 2) and H2 are too small to
realize the latter case at around room temperature.10 In real-
ity, V2 is known to be stable below about 250 °C,18 which
means that there is no diffusion motion ofV2 below this
temperature. After the formation ofV•VH2 (I •IH2), one H
atom probably changes sites and forms an HV•VH
(HI •IH) since the latter seems to be in a lower-energy s
because of the interaction between two H atoms. Figure
and 8 semiquantitatively support these formation mec
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nisms: The formation rates ofI 2H2 and V2H2 are smaller
than those ofIH2 and VH2 and the saturations ofI 2H2 and
V2H2 seem to appear at higher doses than those ofIH2 and
VH2.

From the results of the isochronal annealing experim
shown in Fig. 11~a!, we know that the thermal stability o
I 2H2 is similar to that of H2* . Hence, the activation energ
necessary for the decrease ofI 2H2 may be similar to that
@about 1.5 eV~Ref. 5!# of H2* , which well agrees with that
~1.34 eV! estimated by Van de Walle and Neugebauer.17 We
should, however, be careful since we previously found t
much different activation energies were obtained for t
kinds of defects which showed similar isochronal anneal
behaviors.5 Generally, two annealing processes are possi
The first is the dissociation of complexes and the secon
the growth of complexes by capture of other defects. Appl
to this case, the former corresponds to a dissociation reac
of, for example,I 2H2→I 2H1H, and the latter correspond
to a growth reaction ofI 2H21H2→I 2H4. If these processes
occur in similar temperature ranges, we can discrimin
them by their activation energies and the frequency fac
which dominate the time constants of the anneal
processes.5 In the former case, both the activation energy a
the frequency factor, the so-called attempt frequency,
large since only one successful jump of a constituent def
for example H, of the complex is sufficient to dissociate
complex. On the other hand, they are small in the latter c
since diffusion of the other defect, for example H2, is in-
volved in the annealing process~i.e., growth process!. In this
case, the observed frequency factor is the concentratio
the complex (I 2H2) multiplied by the attempt frequency o
the other defect (H2). According to Fig. 11~a!, the annealing
temperature range of the 1838-cm21 peak is much smaller
than that of the 1870-cm21 peak. As shown in a separat
paper, the annealing of the 1838 cm21 peak is due to the
dissociation of H2* .5 This strongly suggests that the anne
ing process of the 1870-cm21 peak is not dissociation bu
rather growth due to a reaction with a diffusing H2 molecule.
In the latter case, there is a tendency for the annealing t
perature range to widen since there is a distribution of
complex ~I 2H2 in this case!, and hence distribution of the
time constant of the annealing. Another possible support
the growth process comes from the behaviors of the he
gons in Fig. 11~a!, which are the sum of the 1987-cm21 peak
intensity and 1/3 of the 1870-cm21 peak intensity. They are
almost constant at temperatures below the annealing t
perature of the 1987-cm21 peak. One interpretation of this i
as follows. As already shown in a separate paper,10 H2 mol-
ecules in Si diffuse over a long distance at around 100
with an activation energy of about 0.78 eV. A H2 molecule is
captured by anI 2H2, resulting in the formation of anI 2H4
which is thought to result from the bonding of H2I •IH2. The
frequency of H in theI 2H4 may be the same as that ofIH2
since the separation between H atoms in the complexesI
and H is expected to be large because of a split configura
of I as schematically shown by Van de Walle a
Neugebauer.17 If this interpretation is correct, the oscillato
strength ofI 2H2 is 1.5 times greater than that ofIH2 because
1-6
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FORMATION OF DEFECT COMPLEXES BY ELECTRON- . . . PHYSICAL REVIEW B 63 035201
the contribution of oneI 2H4 to the optical absorption is ef
fectively that of twoI 2H2.

In Fig. 11~b!, the intensities of the 2122- and 2072-cm21

peaks increase slightly at low temperatures. We cannot o
any explanation of this phenomenon. As shown in a sepa
paper,5 the 2223-cm21 defect is generated by a reaction b
tween a 2122-cm21 defect and H2. The 2166-cm21 peak in-
tensity seems to increase in parallel with the decrease o
2072-cm21 peak intensity. We have already determined
activation energy@1.2 eV ~Ref. 5!# and frequency factor
(4.43109 s21) for the generation of this defect. This energ
is larger than that of H2 diffusion. Hence, this annealin
process does not seem to correspond to the reactio
V2H21H2→V2H4. However, there is a possibility that th
activation energy~1.2 eV! corresponds to that of the disso
ciation of the H2 supplier. The number of H atoms include
in the 2166-cm21 defect should be determined by an expe
ment of codoping of H and D and the activation energy
the decrease of the 2072-cm21 defect. Recently, Budde
et al.19 proposed that the 2166-cm21 defect observed in
proton-implanted Si is due toV2H6. They observed anothe
peak at 2191 cm21, which is interpreted to be due to anoth
vibrational mode of the 2166-cm21 defect. Our 2166-cm21

defect seems to be different fromV2H6 because of the fol-
lowing two reasons. First, we did not observe a 2191-cm21

peak associated with the increase of the 2166-cm21 peak.
Second, the probability of the formation ofV2H6 seems to be
small since two H2 should come to aV2H2.

Finally, we should refer to the 2073.2-cm21 peak ob-
served in proton-implanted Si~Ref. 16! since this peak posi
tion is very near our 2072-cm21 peak. The complexes re
rch

-
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sponsible for these two peaks, however, seem to be m
different. According to Stallingaet al.,16 the 2073.2-cm21

peak is due to aVnH0, n53 and 4. In our specimen, th
probability of the formation of such a large cluster ofV
seems to be low since the electron dose is not high. Mo
over, complexes in our specimen include two hydrogen
oms. Hence, we again conclude that the above two peaks
due to different complexes.

V. CONCLUSION

From the dependence of the intensity of the 1870- a
2072-cm21 peaks on dopants and from the peak positio
and peak splitting due to codoping of H and D, we conclu
that the 1870- and 2072-cm21 peaks are due to anI 2H2 com-
plex and aV2H2 complex, respectively. The determination
the activation energies necessary for the decrease of t
complexes by isothermal annealing experiments is of in
est.
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