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Weakly bound carbon-hydrogen complex in silicon
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Local vibrational modes of a weakly bound carbon-hydrogen complex in silicon have been identified with
infrared-absorption spectroscopy. After implantation of protons at;20 K and subsequent annealing at 180 K,
two carbon modes at 596 and 661 cm21, and one hydrogen mode at 1885 cm21 are observed. The three modes
originate from the same complex, which is identified as bond-centered hydrogen in the vicinity of a nearby
substitutional carbon atom.Ab initio theory has been applied to calculate the structure and local modes of
carbon-hydrogen complexes with hydrogen located at the first, second, and third nearest bond-center site to
substitutional carbon. The results support our assignment.
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I. INTRODUCTION

Carbon and hydrogen impurities take part in a numbe
point defects in crystalline silicon, among which the mo
prominent are substitutional carbon,1 Cs , and bond-centered
hydrogen,2,3 HBC both of which have been characterized p
viously. Recently, also carbon-hydrogen complexes in s
con have been addressed.4–13 The formation of such com
plexes may significantly reduce the migration of hydrog
and, thus, be of technological importance. So far only a f
carbon-hydrogen complexes have been observed by d
level transient spectroscopy ~DLTS!,4–6 photo-
luminescence,7,8 and infrared-absorption spectroscopy.9,10

In the present study, carbon-hydrogen complexes of
thermal stability have been studied by infrared-absorpt
spectroscopy. Previously, an electrically active carb
hydrogen complex of low thermal stability was observed
n-type silicon by DLTS.4,5 The complex,E3, was assigned to
a hydrogen atom bound to a Cs and located between th
carbon atom and one of its four silicon neighbors@denoted
(CsHBC)Si#.5 In p-type silicon a thermally more stable com
plex, namedH1, was observed,6 which was assigned to
hydrogen atom occupying one of the antibonding sites ofs
@denoted (HABCs)Si#. These complexes have been inves
gated byab initio calculations,11–13 and it was found that
(CsHBC)Si is the most stable structure for the neutral a
positive charge states, whereas (HABCs)Si is energetically
favored for the negative charge state. In this work, carb
hydrogen complexes are produced by low-temperature
ton implantation into carbon-rich silicon. Infrared-absorpti
spectroscopy is applied to investigate the local vibratio
modes of these complexes. Three correlated hydrogen-
carbon-related modes are observed. From the experime
findings andab initio calculations, we identify the complexe
PRB 610163-1829/2000/61~24!/16659~8!/$15.00
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as a HBC
1 in the vicinity of a nearby Cs atom but not directly

bound to Cs . The infrared lines are then assigned to a def
that has not been considered previously.

II. EXPERIMENTAL

Samples with typical dimensions of 83831.7 mm2 were
cut from high-resistivity float-zone silicon crystals, whic
were either undoped~Fz-Si! or doped with12C ~Si:12C!. In
addition, a few samples were cut from a silicon crystal dop
with 13C ~Si:13C!. This crystal wasn-type with a resistivity
of 10 V cm, corresponding to a phosphorus concentration
431014cm23. The concentration of carbon and oxygen a
oms were estimated from the intensities, measured at 9 K
the local modes of12Cs at 607 cm21 ~or 13Cs at 589 cm21!
and of interstitial oxygen (16Oi) at 1136 cm21 ~see Ref. 14!.
The Fz-Si samples contained less than 531015cm23 oxygen
and carbon atoms. The Si:12C samples contained 4.
31017cm23 of 12C and 131016cm23 of 16O atoms. The
Si:13C samples contained 8.031017cm23 of 13C, 1
31017cm23 of 12C and 131017cm23 of 16O atoms.

The samples were mounted directly on the cold finger o
closed-cycle helium-cryocooler, which was capable of co
ing the samples to 9 K. The samples were doped with hyd
gen ~Si:C:H! or deuterium~Si:C:D! by implantation of pro-
tons or deuterons through a 100-mm-thick aluminum window
in the vacuum shield of the cryostat. Both opposing
38 mm2 faces of the samples were implanted at many d
ferent energies: 64 in the case of protons and 46 in the c
of deuterons. The dose implanted at each energy was
justed to yield an almost uniform depth distribution of im
plants. The local concentration of hydrogen or deuteri
was 631016cm23, and the depth profile extended from th
surfaces of the sample to a depth of 740mm for protons and
16 659 ©2000 The American Physical Society
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420 mm for deuterons. One sample (Si:C:H1D) was co-
implanted with both isotopes in overlapping profiles exten
ing from the surfaces to a depth of 420mm. In this case the
local concentration of each isotope was 631016cm23. This
hydrogen concentration was chosen because it yielded
maximum intensities of the local vibrational modes of inte
est to this work. During implantation the beam was sw
horizontally and vertically across the sample to ensure a
mogeneous lateral distribution of implants. At each ene
the beam flux was determined before the implantation fr
the current measured in a calibrated beam cup located ju
front of the sample, and the implantation time was then c
culated to yield the desired dose. The maximum tempera
was 20 K and the background pressure was 531026 Torr
during implantation.

After the implantation, the helium cryostat was moved
the infrared spectrometer. The turbopump and the cryoco
were switched off during the transport. However, for none
the samples did the temperature rise above 20 K before
cryocooler was restarted. Then the vacuum shield was
tated by 90°, without breaking the vacuum, and the infra
transmission spectrum was measured through two 4-m
thick CsI windows in the shield.

A heater mounted on the same copper block as the sam
was used to perform a series of heat treatments~annealings!.
During each treatment the temperature was stable to wi
62 °C, and the annealing time was 30 min. The first anne
ing was carried out at 40 K, and in each subsequent ann
ing step the temperature was increased by 20 K. After e
step the infrared-absorption spectrum was recorded at 9

The infrared-absorption measurements were perform
with a Nicolet System 800 Fourier-transform spectrome
which in the present configuration covers the spectral ra

FIG. 1. Sections of absorbance spectra measured on a Si:12C:H
sample annealed at 180 K. The spectra are shown after subtra
of spectra recorded on~curvea! Fz-Si, ~curveb! Si:12C:H annealed
at 240 K, and~curve c! background containing water. The lin
denotedx in curveb originates from a slightly different concentra
tion of Cs at 180 and 240 K. The lines denotedy are carbon related
~unidentified!, but display a different annealing behavior than t
lines studied in this work and thus, do not originate from the pres
complex. The weak line at 1838 cm21 originates fromH2* ~Ref.
28!.
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from 450 to 7000 cm21. A Ge-KBr beamsplitter, a globa
light source, and a MCT~mercury-cadmium-telluride! detec-
tor was applied. The apodized resolution was 1 cm21, and
the sample temperature was 9 K during measurements.

All spectra have been subtracted by a reference spect
In the spectral range 450–1000 cm21, the reference absor
bance spectra were recorded on the implanted samples
annealing at 240 K. The absorption lines investigated in t
work disappear after annealing at 240 K. In the spec
range 1000–2000 cm21, the reference spectrum containe
intense water lines and was measured without any samp

III. RESULTS

In Fig. 1 sections of absorbance spectra measured a
low-temperature proton implantation of Si:12C and subse-
quent annealing at 180 K are shown. Three new lines, wh
are absent in Fz-Si, are seen. Two of the lines are ra
weak and are located at 596 and 661 cm21, close to the 607

ion

nt

FIG. 2. Sections of absorbance spectra measured onA! Si:12C:H
and Si:13C:H after annealing at 180 K, andB! Si:12C:H, Si:12C:D
and Si:12C:H1D after annealing at 180 K for the 1884.5-cm21 line
and 200 K for the 1362.5-cm21 line. The lines denotedx originate
from a slightly different concentration of Cs in the spectrum and the
in the reference spectrum. The lines denotedz are carbon related
~unidentified!, but display a different annealing behavior than t
lines studied in this work and thus, do not originate from the pres
complex.
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PRB 61 16 661WEAKLY BOUND CARBON-HYDROGEN COMPLEX IN SILICON
cm21 mode of Cs .1 However, after subtraction of a referenc
spectrum, which contains the Cs line, the two lines are
clearly resolved~see curveb!. The third line is much more
intense and is located at 1885 cm21, fairly close to the
1998-cm21 mode of HBC

1.15

When 12C is substituted by13C, the 596- and 661-cm21

lines shift down in frequency to 578 and 641 cm21, as can be
seen from Fig. 2~A!. The frequency ratio between the corr
sponding lines in12C- and13C-doped material is on averag
1.030. For a carbon atom bound to a silicon atom by a h
monic spring, the expected ratio isAmr

13/mr
1251.028, where

mr
a (a512,13) is the reduced mass of a Si-aC molecule. The

close agreement between the two ratios strongly sugg
that the 596- and 661-cm21 lines represent local vibrationa
modes of carbon bound to one or more silicon atoms.

The 1885-cm21 line shifts to 1363 cm21 when deuterons
are implanted instead of protons@see Fig. 2~B!#. The fre-
quency ratio between these two lines is 1.38, which is cl
to the ratio 1.39 expected for a hydrogen atom attached
silicon atom by a harmonic spring. This demonstrates t
the 1885-cm21 line represents a local vibrational mode
hydrogen bound to a heavier element, which most likely
silicon. One of the12C-doped samples was co-implante
with protons and deuterons in overlapping profiles to obt
information on the number of hydrogen atoms involved
the complex. Apart from the modes observed in a sam
implanted with a single hydrogen isotope, no addition
modes were observed~see Fig. 2~B!, curve c!. Hence, the
1885-cm21 mode originates from a center, which involves
single hydrogen atom.

The annealing behavior of the hydrogen and the two c
bon local modes are shown in Fig. 3. The hydrogen mod
1885 cm21 is observed as a rather weak line immediat
after the implantation. However, as the temperature is ra

FIG. 3. Intensities of the 596-, 661-, and 1885-cm21 modes
shown against annealing temperature. The intensities of the
and 661-cm21 modes have been scaled by a factor of 12 and
respectively. The 596- and 661-cm21 modes cannot be resolved
annealing temperatures below 100 K.
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its intensity increases significantly. The mode attains ma
mum intensity after annealing at 180 K and disappears a
annealing at 220 K. The weak carbon modes at 596 and
cm21 cannot be resolved at annealing temperatures be
100 K. These modes also reach maximum intensity after
nealing at 180 K and disappear at 220 K. As can be s
from the figure, the annealing behavior of the 596-, 661-, a
1885-cm21 modes are identical for annealing temperatures
the range from 100 to 220 K. Therefore, we conclude that
three modes originate from the same carbon-hydrogen c
plex, which we denote CHI. No other absorption lines in ou
spectra display similar annealing dependence.

Isotope substitution may also be used to obtain inform
tion on the coupling between the carbon and hydrogen
oms. In Table I the frequencies of the carbon and hydro
modes are compiled for the different combinations of carb
and hydrogen isotopes investigated in this work. The hyd
gen and deuterium modes shift only by20.2 cm21 when12C
is substituted by13C. Although such a small shift is at th
limit of what our spectra allows us to resolve, we believe t
shift is real. The local mode of HBC

1 at 1998 cm21 does not
shift when12C is replaced by13C. The carbon modes at 59
~or 578! and 661~or 641! cm21 shift down in frequency by
;0.5 cm21 when hydrogen is substituted by deuterium in
sample doped with12C ~or 13C! ~see Fig. 4!. These shifts are
real and are not caused by, e.g., the reference subtrac
We note that the carbon-related mode at 676.4 cm21 ~or
654.7 cm21 in Si:13C!, denotedz in Fig. 2~A!, does not shift.
On this basis, we conclude that the hydrogen and car
atoms in CHI are weakly dynamically coupled.

There is evidence for a second carbon-hydrogen comp

6-
,

FIG. 4. Sections of absorbance spectra recorded on Si:12C:H,
Si:12C:D, Si:13C:H, and Si:13C:D. The straight lines show the fre
quencies of the local vibrational modes.

TABLE I. Local mode frequencies~cm21! of the CHI complex.

Sample
Mode 12C:H 12C:D 13C:H 13C:D

H 1884.5 1362.5 1884.3 1362.3
C 660.5 660.0 640.7 639.9
C 595.6 595.3 578.3 577.8
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16 662 PRB 61L. HOFFMANN et al.
in our spectra. As mentioned above, the 1884.5-cm21 hydro-
gen mode is seen as a weak line immediately after the
plantation, whereas the 1362.5-cm21 deuterium mode is ob
served only after annealing at temperatures above 100
However, a weak deuterium mode at 1363.4 cm21 is ob-
served just after the implantation. This mode has maxim
intensity just after the implantation and anneals at;160 K as
can be seen from Fig. 5. The hydrogen counterpart of
1363.4-cm21 mode may be located on top of th
1884.5-cm21 mode, which would explain why this mode
observed just after the implantation. Actually, in the Si:12C:H
samples the mode is observed at 1884.6 cm21 just after the
implantation and shifts slightly to 1884.5 cm21 after anneal-
ing at about 80 K. Due to the very small frequency shift,
has been impossible to disentangle the annealing depen
cies of the 1884.5- and 1885.6-cm21 modes. No carbon
modes with the same annealing behavior as the 1363.4-c21

mode has been resolved. Because the intensity of this m
is very low, we expect that any correlated carbon mode w
be impossible to detect with our setup. The fact that
1363.4-cm21 mode is observed only in carbon-rich mater
suggests that this mode is carbon related. Therefore, we
henceforth refer to the associated center by the label CII.
Finally, we note that the frequency of the 1363.4-cm21 mode
does not shift when12C is substituted by13C. Hence, the
dynamical coupling between the hydrogen and carbon at
in CHII is very small.

IV. THEORETICAL CALCULATIONS

Recently, two oxygen-hydrogen complexes, formed a
low-temperature proton implantation in Czochralski-grow
silicon, have been reported.15 The two defects are thermall
rather unstable and anneal at 130 and 240 K. They w
identified as HBC

1 trapped by the strain field of an interstitia
oxygen atom, Oi . The properties of these defects resem
those of CHI and CHII presented above, indicating that HBC

1

may become trapped also in the neighborhood of Cs . To
substantiate this idea, we have therefore calculated the s

FIG. 5. ~a! Annealing behavior of the 1362.5- and 1363.4-cm21

modes. The lines denotedw are observed in deuterium implante
Fz-Si and do not originate from the complexes studied in this wo
~b! The intensities of the 1362.5- and 1363.4-cm21 modes and the
sum of the intensities of the two modes are shown against anne
temperature.
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ture and the local mode frequencies of such CsHBC
1 com-

plexes using anab initio cluster technique.

A. Method

The method is based on local-density-functional pseu
potential theory, and uses a basis of Gaussian orbitals.16,17A
134-atom trigonal bond-centered cluster with composit
Si68H66 was used. The wave functions were expanded inN
atom-siteds andp Gaussian orbitals, while the charge de
sity was expanded inM atom-siteds Gaussian functions. The
~N, M! values used at each atomic site were~8, 8! for silicon
and carbon sites,~2, 3! on the sites of surface hydrogen, an
~3, 4! on the sites of the inner hydrogen atom. The Gauss
orbitals were treated as independent for all atoms except
hydrogen terminators, where a fixed linear combination w
applied. In addition, threes and p Gaussian orbitals with
different exponents were placed at each bond cente
including those between the inner hydrogen atom and
silicon neighbors in the cluster. During energy minimizati
all atoms were allowed to relax. First, a cluster with an inn
HBC

1 was relaxed. Subsequently, a Cs was added to the re
laxed cluster at various distances from the HBC

1. The four
different configurations indicated in Fig. 6 were inves
gated: (CsHBC

1)1 , (CsHBC
1)2 , (CsHBC

1)3a , and
(CsHBC

1)3b . (CsHBC
1)1 is a trigonal defect (C3v) with Cs

neighboring HBC
1 and (CsHBC

1)2 has monoclinic-I symme-
try (C1h) with Cs located as nearest neighbor to one of t
silicon atoms adjacent to HBC

1. (CsHBC
1)3a and

(CsHBC
1)3b have monoclinic-I (C1h) and triclinic (C1) sym-

metry, respectively. For these two configurations, Cs is lo-
cated as second nearest neighbor to one of the two sil
atoms adjacent to HBC

1.

B. Results

A single proton, placed at a bond center near to
middle of the cluster~without a carbon atom! resulted in
Si-H bonds of length 1.647 and 1.635 Å and a Si-H-Si an
of 178°. The deviation fromD3d symmetry reflects the influ-
ence of surface on the defect. The hydrogen-related lo
vibrational mode lay at 1852 cm21, somewhat below tha
observed at 1998 cm21. The 7% underestimate in the fre
quency is typical of the method.

A single carbon atom placed in the silicon cluster at a s
adjacent to the center of the cluster~without an inner hydro-
gen atom! resulted in C-Si bond lengths of 2.020, 2.02
2.020, and 2.025 Å. The local vibrational modes were 5
580, and 574 cm21. The 7-cm21 splitting was due to the

.

ng

FIG. 6. Sketch of the (CsHBC
1)n (n51,2,3a,3b) configurations.

To obtain the configuration (CsHBC
1)n , the silicon atom labeledn

has been substituted by a carbon atom.
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distortion fromTd symmetry caused by the cluster geomet
These results are close to the observed three-dimensionT2
mode at 607 cm21 ~Ref. 1!.

We then consider complexes with carbon and hydrog
finding (CsHBC

1)1 to possess the lowest energy. This
;0.2 eV lower than the energy of (CsHBC

1)n for n
52,3a,3b. If the zero-point energy is taken into account th
energy difference is reduced by about 0.1 eV. Clea
(CsHBC

1)1 has the lowest energy in agreement with a nu
ber of previous studies which favor (CsHBC

1)1 ~see Refs.
11–13!.

The vibrational modes of the carbon-hydrogen comple
are given in Table II, and the bond lengths and angles
given in Table III. (CsHBC

1)1 gives rise to a hydrogen

TABLE II. Local vibrational modes in cm21 of (CsHBC
1)n for

n51,2,3a,3b obtained from the cluster calculation.

Point group 12C:H 12C:D 13C:H 13C:D

HBC
1 C3v 1852.1 1316.2

Cs ;578
(CsHBC

1)1 C3v

H mode 2624.1 1928.1 2616.3 1916.
1424.7 1049.0 1421.0 1042.8
1413.3 1042.0 1409.4 1035.4

C mode 566.1 555.3 554.1 546.2
556.6 548.9 548.9 543.2
555.2 545.9 544.0 537.7

(CsHBC
1)2 C1h

H mode 1795.0 1275.3 1794.9 1275.
C mode 642.6 642.5 623.7 623.5

574.1 571.6 561.8 559.1
558.6 555.4 546.5 542.8

(CsHBC
1)3a C1h

H mode 1706.8 1214.7 1706.8 1214.
952.5 712.4 952.5 712.0

C mode 661.2 660.3 641.6 641.0
609.5 609.3 592.7 592.6
597.7 597.6 581.3 581.3

(CsHBC
1)3b C1

H mode 1802.3 1282.0 1802.3 1282.
823.2 653.2 823.2 634.8

C mode 652.9 625.8 633.8 625.0
605.0 605.0 588.7 588.7
597.3 597.2 581.0 580.9

TABLE III. Bond angles ~degrees! and bond lengths~Å! of
(CsHBC

1)n for n51,2,3a,3b obtained from the cluster calculation

Si-H-Si angle Si-H bond length Si-H bond lengt

HBC
1 178 1.635 1.647

(CsHBC
1)2 173 1.642 1.645

(CsHBC
1)3a 137 1.648 1.654

(CsHBC
1)3b 146 1.634 1.650

C-H-Si angle C-H bond length Si-H bond lengt

(CsHBC
1)1 179 1.127 2.255
.

n,

y
-

s
re

related mode at 2624 cm21, which reflects stretching of the
C-H bond. For (CsHBC

1)n (n52,3a,3b), the HBC
1 stretch

mode is lower than that of isolated HBC
1. The C1h

(CsHBC
1)2 defect has a Si-H-Si angle close to 173°. F

(CsHBC
1)3a and (CsHBC

1)3b , the hydrogen atom moves ou
of the bond center and the Si-H-Si angle becomes 137
146°, respectively.

The donor level of (CsHBC
1)1 was determined using th

method described previously.18 The ionization energy of the
defect is compared with that of theCi defect which is known
to possess a donor level atEv10.28 eV. The~0/1! level for
the (CsHBC

1)1 defect is found to lie atEv10.22 eV. In
(CsHBC

1)n (n52,3a,3b) the donor levels are found to lie
aroundEc20.2 eV.

V. DISCUSSION

Our observations show that the 596-, 661-, a
1885-cm21 absorption lines represent local vibration
modes of a defect, denoted CHI, which involves one hydro-
gen atom and at least one carbon atom. Carbon is immo
at these low temperatures19 meaning that a di-carbon defec
is very unlikely and, therefore, the defect most probably
volves only one carbon atom. The frequencies of the car
modes at 596 and 661 cm21 are close to the local mode of Cs
at 607 cm21 ~Ref. 1!, and very far from the modes of Ci at
922 and 932 cm21 ~Ref. 20!. Therefore, we assign the 596
and 661-cm21 modes to a Cs unit perturbed by a hydrogen
atom. Isolated Cs has tetrahedral symmetry and possess
threefold degenerate local mode (T2). When the symmetry is
lowered, the degeneracy is lifted and the Cs unit will have
two or three modes. Hence, the observation of two car
modes indicate by itself that the symmetry of CHI is lower
than tetrahedral, which is consistent with a Cs unit perturbed
by a hydrogen atom.

The hydrogen mode at 1885 cm21 lies in the frequency
range typical of Si-H stretch modes, well below the ran
from 2700 to 3100 cm21 associated with the stretching o
C-H bonds in molecules.21 Moreover, for a C-H stretch mode
a significant frequency shift should be observed when12C is
substituted by13C. As discussed above, this shift is only 0
cm21 for the 1885-cm21 mode. For these reasons, we ide
tify the 1885-cm21 mode as a Si-H stretch mode. Actuall
the very small dynamical coupling between the carbon a
hydrogen atom strongly suggest that the two atoms are ra
far apart. The CHI complexes are primarily formed whe
isolated HBC becomes mobile as can be seen from Fig.
where the intensities of the 1998-cm21 mode (HBC

1) and the
1885-cm21 mode (CHI) are shown against annealing tem
perature. The CHI complex only persists to a slightly highe
annealing temperature than isolated HBC

1, which shows that
the thermal stability of CHI resembles that of HBC

1. A likely
candidate for CHI is therefore HBC

1 perturbed by a nearby
Cs atom. Such a defect should form when HBC

1 starts to
migrate and may be expected to be only slightly more sta
thermally than isolated HBC

1. Hence, the stability of CHI is
much lower than that of hydrogen trapped at a vacancy
interstitial-type defect, which is stable up to at lea
;150 °C.

As mentioned in Sec. III there is evidence for the pre
ence of a second carbon-hydrogen defect, CHII, in our
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samples. The Si-D stretch mode of CHII at 1363.4 cm21 is
very close in frequency to that of CHI. It is plausible that
CHII has a structure very similar to that of CHI. Since the
frequency of the 1363.4-cm21 mode does not shift when12C
is substituted by13C, the Cs atom is probably more distan
from the HBC

1 atom in CHII than it is for CHI.
Consider now a carbon-hydrogen defect with a HBC

1 in
the vicinity of a Cs . When a hydrogen atom is placed at
bond-center site in the silicon lattice, the formation of t
three-centered Si-H-Si bond leads to reduction of the t
energy. However, this is counteracted by the energy nee
to increase the Si-Si separation distance in order to acc
modate the hydrogen atom at the bond-center site. At s
bond-center sites in the vicinity of Cs , less energy is neede
to attain the optimum Si-Si distance as compared to an
lated bond-center site. The reason is that the contrac
strain field around Cs implies that some of the Si-Si bond
surrounding the Cs will be elongated and thus, less displac
ment of the two silicon atoms is needed. The net effect is
it is energetically favorable to add a hydrogen atom at suc
Cs-perturbed bond-center site. Moreover, the resulting
H-Si bond length is longer than for isolated HBC. Conse-
quently, the stretch frequency of HBC at a perturbed site is
expected to be lower than for isolated HBC. Our identifica-
tion of CHI with a CsHBC

1 pair is therefore consistent wit
the fact that the hydrogen mode falls 113 cm21 below that of
isolated HBC

1.
Calculation of the effective charge of the hydrogen mo

of CHI supports the assignment of the mode to a HBC
1 unit.

The effective chargeh of the mode may be defined by th
equation:22,23

E a~s!ds5
ph2N

nRc2m
, ~1!

wherea is the absorption coefficient,s the wave number,N
the concentration of defects,nR the refractive index of the
material,c the velocity of light, andm the mass of the im-
purity atom. The Si-C bonds of CHI resemble those of Cs .
Therefore, we expect that the effective charge of the car
modes of CHI hC may be estimated from the correspondi

FIG. 7. Intensities of the 1998-cm2 (HBC
1) and 1885-cm21

(CHI) modes, shown against annealing temperature. The inten
of the 1885-cm21 mode has been scaled by a factor of 6.
al
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-
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e

n

value for theT2 mode of Cs . The T2 mode is three dimen-
sional, so if we assume that the 596- and 661-cm21 modes
togetheraccount for three-dimensional vibration, we obta
hC5hCs

52.4e.24 From the maximum intensities of the ca

bon modes in Fig. 3, we obtainN5731015cm23. Inserting
this value ofN together with the corresponding intensity
the 1885-cm21 mode into Eq.~1! allows us to estimate the
effective charge of the hydrogen mode,hH . We obtainhH

51.9e.25 This is a high value for a hydrogen mode in silico
and it is close only to the effective charge of HBC

1 (hHBC

51.8e) ~Ref. 15! and of complexes containing hydrogen a
group-III acceptors~e.g.,hAl-H51.9e! ~Ref. 26! and group-V
donors~e.g.,hAs-H51.2e!.27 The effective charge of hydro
gen in other defects, which do not involve donors or acc
tors, is of the order 0.120.4e.

From these findings we identify the CHI defect with HBC
1

in the vicinity of a Cs atom. The small shift of the
1885-cm21 mode when the carbon isotope is changed and
the 596- and 661-cm21 modes when the hydrogen isotope
changed suggest that the carbon and the hydrogen atom
fairly well separated.

From theab initio calculations we can identify a few pos
sible candidate structures of CHI . The calculations clearly
show that hydrogen is not bound directly to carbon~see
Table II!, even though (CsHBC

1)1 has the lowest energy
20.2 eV below the others. It may appear strange whey
thermally most stable defect is unobserved. However,
note that ion implantation, in particular at low temperatur
will not leave the sample in thermodynamic equilibrium. It
likely that heat treatment at 220 K, where CHI anneals out is
not sufficient to ensure population of different sites in acc
dance with their relative energies. The source of hydroge
probably isolated HBC

1. Hence, the hydrogen atom has
pass a region with a large number of trap sites surroundin
Cs before it can form (CsHBC

1)1 . Therefore, the reaction
kinetics may not favor formation of (CsHBC

1)1 in our
samples. When CHI anneals, we would expect (CsHBC

1)1 to
form. However, other significantly stronger traps such
vacancy-type defects are also present in significant con
trations. These traps will reduce the formation of close
bound Cs-H complexes. In addition, the calculated effecti
charge of the hydrogen mode for (CsHBC

1)1 is only 0.33e,
whereas those for HBC

1 and (CsHBC
1)2 are both 1.1e, in fair

agreement with the observed values at 1.8~Ref. 15! and
1.9e. Thus, the hydrogen mode of (CsHBC

1)1 is expected to
be about ten times less intense than that of (CsHBC

1)2 , if
equal concentrations of the defects are present. This
explain why (CsHBC

1)1 has not been observed.
The frequency of the hydrogen mode of (CsHBC

1)2 is
lower than that of isolated HBC

1 by 57 cm21 ~see Table II!.
This value is comparable to the 113 cm21 that the CHI mode
falls below that of HBC

1 . The shift of the hydrogen mode
when 13C substitutes for12C is consistent with the observa
tions. The carbon modes are clearly perturbed by the p
ence of the HBC

1 and are split by 83 cm21, in reasonable
agreement with the observed separation of 65 cm21. Only
two carbon modes are observed. However, according to
calculations, one of the carbon modes is located at 574 cm21,
very close to the frequency of Cs at approximately 578 cm21.
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If the weak carbon mode is located that close to the strongs
mode, it will be nearly impossible to resolve, explaining w
it is not observed.

The calculated shifts of the carbon modes when hydro
is substituted by deuterium range from20.1 to 23.2 cm21

for (CsHBC
1)2 . These shifts differ somewhat from the o

served shifts, which range from20.3 to 20.5 cm21. When
12C is replaced by13C the carbon modes shift by212 to
219 cm21 in fair agreement with the experimental shif
between217 and220 cm21. Thus, (CsHBC

1)2 is a possible
candidate for CHI.

For (CsHBC
1)3a and (CsHBC

1)3b the frequencies of the
hydrogen modes are lower than that of HBC

1 by 150 and 50
cm21, respectively. These values are comparable to the
served value of 113 cm21. The shifts of the carbon and hy
drogen modes on isotope substitution are also in reason
agreement with the observed shifts. However,
(CsHBC

1)3a and (CsHBC
1)3b the lowering of the Si-H-Si

angle leads to a hydrogen bend mode around 800–900 c21,
which has not been observed. Therefore, the calculations
vor (CsHBC

1)2 as a plausible candidate for CHI . However,
(CsHBC

1)3a and (CsHBC
1)3b cannot be ruled out com

pletely.
Rather similar complexes, OHI and OHII were recently

observed by infrared-absorption spectroscopy
Czochralski-grown silicon implanted by hydrogen at lo
~;20 K! temperatures. The complexes were identified a
HBC

1 with an interstitial oxygen atom as second, third,
fourth nearest neighbor.15 Combined with the observations i
this work, this suggests that HBC

1 quite generally become
trapped by nearby defects and impurities such as, e.g., Ci and
Cs .

Finally, we shall comment briefly on the identity of th
E3 center observed by DLTS.4,5 According to our calcula-
tions, (CsHBC

1)n (n52,3a,3b) all possess donor level
e

n

n

b-

ble
r

fa-

n

a
r

aroundEc20.2 eV, consistent withE3,4 whereas (CsHBC
1)1

does not. However, theE3 defect has a reported trigona
symmetry,29 which is not in agreement with any of the con
figurations (CsHBC

1)n (n52,3a,3b), but in agreement with
(CsHBC

1)1 . The annealing behavior of CHI differs some-
what from that ofE3, indicating that the two centers are n
identical.4,5 Clearly, further experimental and theoretical i
put is required to identify the structure of theE3 defect. The
calculations demonstrate that (CsHBC

1)1 possesses a~0/1!
level atEv10.28 eV, in fair agreement with theH1 center.

VI. CONCLUSION

A carbon-hydrogen complex, CHI , has been identified by
infrared-absorption spectroscopy. The complex is formed
proton implantation at 20 K, followed by heat treatment
100–200 K, and it anneals at about 220 K. The comp
gives rise to three correlated modes: A hydrogen mode
1885 cm21 and two carbon modes at 596 and 661 cm21. The
carbon and hydrogen atoms are only weakly coupled. Fr
the observations andab initio calculations, we assign CHI to
a HBC

1 located at the second or third nearest neighbor sit
a Cs .
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