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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 protons2@ K and subsequent annealing at 180 K,
two carbon modes at 596 and 661 thand one hydrogen mode at 1885 thare observed. The three modes
originate from the same complex, which is identified as bond-centered hydrogen in the vicinity of a nearby
substitutional carbon atonAb 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.

. INTRODUCTION as a K" in the vicinity of a nearby Gatom but not directly
bound to G. The infrared lines are then assigned to a defect
Carbon and hydrogen impurities take part in a number othat has not been considered previously.
point defects in crystalline silicon, among which the most
prominent are substitutional carbdi,, and bond-centered Il. EXPERIMENTAL
hydroger? Hge both of which have been characterized pre- '
viously. Recently, also carbon-hydrogen complexes in sili- Samples with typical dimensions 0b83x 1.7 mnf were
con have been addresstd® The formation of such com- cut from high-resistivity float-zone silicon crystals, which
plexes may significantly reduce the migration of hydrogenwere either undope@z-Sj or doped with'?C (Si:**C). In
and, thus, be of technological importance. So far only a fewaddition, a few samples were cut from a silicon crystal doped
carbon-hydrogen complexes have been observed by deepith °C (Si:*3C). This crystal wasi-type with a resistivity
level transient  spectroscopy (DLTS),*® photo- of 10 Qcm, corresponding to a phosphorus concentration of
luminescencé? and infrared-absorption spectroscopy. 4x10"cm3. The concentration of carbon and oxygen at-
In the present study, carbon-hydrogen complexes of lowoms were estimated from the intensities, measured at 9 K, of
thermal stability have been studied by infrared-absorptiorthe local modes of?C, at 607 cm* (or **C, at 589 cm'?)
spectroscopy. Previously, an electrically active carbonand of interstitial oxygen'f0,) at 1136 cm* (see Ref. 1%
hydrogen complex of low thermal stability was observed inThe Fz-Si samples contained less than°cm 2 oxygen
n-type silicon by DLTS*® The complexE3, was assignedto and carbon atoms. The &C samples contained 4.5
a hydrogen atom bound to a;@nd located between the x10cm 2 of *°C and 1x10*cm™3 of 0 atoms. The
carbon atom and one of its four silicon neighbfdenoted Si:**C samples contained 8QL0Ycm ™3 of °C, 1
(CsHge) Si].° In p-type silicon a thermally more stable com- x 10t cm ™2 of 12C and 1x 107 ¢cm ™3 of %0 atoms.
plex, namedH1, was observefi,which was assigned to a The samples were mounted directly on the cold finger of a
hydrogen atom occupying one of the antibonding sites of Cclosed-cycle helium-cryocooler, which was capable of cool-
[denoted (HgCs)Si]. These complexes have been investi-ing the samples to 9 K. The samples were doped with hydro-
gated byab initio calculationsi!~*® and it was found that gen(Si:C:H) or deuterium(Si:C:D) by implantation of pro-
(CsHge)Si is the most stable structure for the neutral andtons or deuterons through a 1@@a-thick aluminum window
positive charge states, whereas,@8.)Si is energetically in the vacuum shield of the cryostat. Both opposing 8
favored for the negative charge state. In this work, carbonx 8 mn? faces of the samples were implanted at many dif-
hydrogen complexes are produced by low-temperature prderent energies: 64 in the case of protons and 46 in the case
ton implantation into carbon-rich silicon. Infrared-absorptionof deuterons. The dose implanted at each energy was ad-
spectroscopy is applied to investigate the local vibrationajusted to yield an almost uniform depth distribution of im-
modes of these complexes. Three correlated hydrogen- amiants. The local concentration of hydrogen or deuterium
carbon-related modes are observed. From the experimentaias 6x 10'°cm ™3, and the depth profile extended from the
findings andab initio calculations, we identify the complexes surfaces of the sample to a depth of 74 for protons and
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FIG. 1. Sections of absorbance spectra measured o’ $i: AABS
sample annealed at 180 K. The spectra are shown after subtractio 0.01

of spectra recorded ofgurvea) Fz-Si, (curveb) Si:*2C:H annealed
at 240 K, and(curve c) background containing water. The line
denotedx in curveb originates from a slightly different concentra-
tion of C4 at 180 and 240 K. The lines denotgdre carbon related
(unidentified, but display a different annealing behavior than the § a 1362.5
lines studied in this work and thus, do not originate from the present§

complex. The weak line at 1838 ¢rhoriginates fromH,* (Ref. b / \

28).

ance

420 um for deuterons. One sample (Si:CtBD) was co- ¢ J\
implanted with both isotopes in overlapping profiles extend- s : s K : . .
ing from the surfaces to a depth of 42@n. In this case the 1350 1860 1870 1880 1890 1900
local concentration of each isotope wag 60'®cm ™3, This Wave number (om™)

hydrogen concentration was chosen because it yielded the FIG. 2. Sections of absorbance spectra measure&) Gir2C:H
maximum intensities of the local vibrational modes of inter- -+ <1301y after annealing at 180 K, ar) Si12C:H Si20D
est to this work. During implantation the beam was SWePhng Sit2C:H-+D after annealing at 180’K for the 1884.5-6i‘11ine
horizontally and vertically across the sample to ensure a hz,q 200 K for the 1362.5-cnt line. The lines denotes originate

mogeneous lateral distribution of implants. At each energyom g siightly different concentration of.an the spectrum and the
the beam flux was determined before the implantation fromy, the reference spectrum. The lines denateate carbon related

the current measured in a calibrated beam cup located just inidentified, but display a different annealing behavior than the

front of the sample, and the implantation time was then caltines studied in this work and thus, do not originate from the present

culated to yield the desired dose. The maximum temperaturémplex.

was 20 K and the background pressure was19 ° Torr

during implantation. from 450 to 7000 cm'. A Ge-KBr beamsplitter, a globar
After the implantation, the helium cryostat was moved tolight source, and a MCTmercury-cadmium-telluridedetec-

the infrared spectrometer. The turbopump and the cryocoolabr was applied. The apodized resolution was 1 gnand

were switched off during the transport. However, for none ofthe sample temperature w8 K during measurements.

the samples did the temperature rise above 20 K before the All spectra have been subtracted by a reference spectrum.

cryocooler was restarted. Then the vacuum shield was ran the spectral range 450—1000 ththe reference absor-

tated by 90°, without breaking the vacuum, and the infrarechance spectra were recorded on the implanted samples after

transmission spectrum was measured through two 4-mmannealing at 240 K. The absorption lines investigated in this

thick Csl windows in the shield. work disappear after annealing at 240 K. In the spectral
A heater mounted on the same copper block as the samptange 1000-2000 chi, the reference spectrum contained

was used to perform a series of heat treatmémsealings intense water lines and was measured without any sample.

During each treatment the temperature was stable to within

+2°C, and the annealing time was 30 min. The first anneal- . RESULTS

ing was carried out at 40 K, and in each subsequent anneal-

ing step the temperature was increased by 20 K. After each In Fig. 1 sections of absorbance spectra measured after

step the infrared-absorption spectrum was recorded at 9 Klow-temperature proton implantation of 8C and subse-
The infrared-absorption measurements were performeduent annealing at 180 K are shown. Three new lines, which

with a Nicolet System 800 Fourier-transform spectrometerare absent in Fz-Si, are seen. Two of the lines are rather

which in the present configuration covers the spectral rangaeak and are located at 596 and 661 ¢ntlose to the 607
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FIG. 3. Intensities of the 596-, 661-, and 1885-Crmmodes
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TABLE I. Local mode frequencieem™t) of the CH complex.

Sample
Mode 12C:H 2c:D 15C:H 5¢c: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

its intensity increases significantly. The mode attains maxi-
mum intensity after annealing at 180 K and disappears after
annealing at 220 K. The weak carbon modes at 596 and 661
cm ! cannot be resolved at annealing temperatures below
100 K. These modes also reach maximum intensity after an-
nealing at 180 K and disappear at 220 K. As can be seen
from the figure, the annealing behavior of the 596-, 661-, and
1885-cm ! modes are identical for annealing temperatures in
the range from 100 to 220 K. Therefore, we conclude that the
three modes originate from the same carbon-hydrogen com-
plex, which we denote CHNo other absorption lines in our
spectra display similar annealing dependence.

shown against annealing temperature. The intensities of the 596- |Sotope substitution may also be used to obtain informa-
and 661-cm! modes have been scaled by a factor of 12 and 22fion on the coupling between the carbon and hydrogen at-

respectively. The 596- and 661-chmodes cannot be resolved at
annealing temperatures below 100 K.

cm ! mode of G.* However, after subtraction of a reference
spectrum, which contains the Qine, the two lines are
clearly resolvedsee curveb). The third line is much more
intense and is located at 1885 ¢ fairly close to the
1998-cmi * mode of Hyc".1°
When *2C is substituted by'*C, the 596- and 661-cnt

lines shift down in frequency to 578 and 641 thas can be
seen from Fig. @A). The frequency ratio between the corre-
sponding lines int?C- and**C-doped material is on average
1.030. For a carbon atom bound to a silicon atom by a ha
monic spring, the expected ratio {ﬁrml_mrﬂ= 1.028, where
my («=12,13) is the reduced mass of a“@l-molecule. The

r

oms. In Table I the frequencies of the carbon and hydrogen
modes are compiled for the different combinations of carbon
and hydrogen isotopes investigated in this work. The hydro-
gen and deuterium modes shift only by.2 cm * when*?C

is substituted by*3C. Although such a small shift is at the
limit of what our spectra allows us to resolve, we believe this
shift is real. The local mode of &4 at 1998 cm? does not
shift when'?C is replaced by°C. The carbon modes at 596
(or 578 and 661(or 641) cm ! shift down in frequency by
~0.5 cm * when hydrogen is substituted by deuterium in a
sample doped with?C (or *°C) (see Fig. 4 These shifts are
real and are not caused by, e.g., the reference subtraction.
We note that the carbon-related mode at 676.4 ‘cifor
654.7 cm tin Si*°C), denotedz in Fig. 2(A), does not shift.

On this basis, we conclude that the hydrogen and carbon
atoms in CH are weakly dynamically coupled.

close agreement between the two ratios strongly suggests There is evidence for a second carbon-hydrogen complex

that the 596- and 661-cm lines represent local vibrational

modes of carbon bound to one or more silicon atoms.
The 1885-cm* line shifts to 1363 cm® when deuterons

are implanted instead of protorisee Fig. 2B)]. The fre-

guency ratio between these two lines is 1.38, which is close

to the ratio 1.39 expected for a hydrogen atom attached to

silicon atom by a harmonic spring. This demonstrates that

the 1885-cm® line represents a local vibrational mode of

hydrogen bound to a heavier element, which most likely is

silicon. One of the'*C-doped samples was co-implanted

{0
¥

with protons and deuterons in overlapping profiles to obtain
information on the number of hydrogen atoms involved in
the complex. Apart from the modes observed in a sample
implanted with a single hydrogen isotope, no additional
modes were observe@ee Fig. 2B), curvec). Hence, the
1885-cm ! mode originates from a center, which involves a
single hydrogen atom.

The annealing behavior of the hydrogen and the two car-
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bon local modes are shown in Fig. 3. The hydrogen mode at FIG. 4. Sections of absorbance spectra recorded JACSH,
1885 cm ' is observed as a rather weak line immediatelysj:'2C:D, Sit3C:H, and SPC:D. The straight lines show the fre-
after the implantation. However, as the temperature is raisedquencies of the local vibrational modes.
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FIG. 6. Sketch of the ((Hgc"), (n=1,2,3a,3b) configurations.
To obtain the configuration (Elgc"),, the silicon atom labeled
has been substituted by a carbon atom.
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FIG. 5. (a) Annealing behavior of the 1362.5- and 1363.4=¢m
modes. The lines denoted are observed in deuterium implanted
Fz-Si and do not originate from the complexes studied in this work. The method is based on local-density-functional pseudo-
(b) The intensities of the 1362.5- and 1363.4¢nmodes and the potential theory, and uses a basis of Gaussian or3ftalsA
sum of the intensities of the two modes are shown against annealin34-atom trigonal bond-centered cluster with composition
temperature. SiggHgs Was used. The wave functions were expandedlin

atom-siteds and p Gaussian orbitals, while the charge den-
in our spectra. As mentioned above, the 1884.5-]chydro- sity was expanded iM atom-siteds Gaussian functions. The
gen mode is seen as a weak line immediately after the imN, M) values used at each atomic site wee8) for silicon
plantation, whereas the 1362.5-chrdeuterium mode is ob- and carbon siteg?, 3 on the sites of surface hydrogen, and
served only after annealing at temperatures above 100 K3, 4) on the sites of the inner hydrogen atom. The Gaussian
However, a weak deuterium mode at 1363.4 ¢nis ob-  orbitals were treated as independent for all atoms except the
served just after the implantation. This mode has maximunfiydrogen terminators, where a fixed linear combination was
intensity just after the implantation and anneals-460 K as ~ applied. In addition, thress and p Gaussian orbitals with
can be seen from Fig. 5. The hydrogen counterpart of théifferent exponents were placed at each bond center—
1363.4-cm® mode may be located on top of the including those between the inner hydrogen atom and its
1884.5-cm* mode, which would explain why this mode is silicon neighbors in the cluster. During energy minimization
observed just after the implantation. Actually, in the"%&:H all atoms were allowed to relax. First, a cluster with an inner
samples the mode is observed at 1884.6 tjust after the Hsc' Was relaxed. Subsequently, @ @as added to the re-
implantation and shifts slightly to 1884.5 cthafter anneal- laxed cluster at various distances from thgcH. The four
ing at about 80 K. Due to the very small frequency shift, it different configurations indicated in Fig. 6 were investi-
has been impossible to disentangle the annealing dependegated: (GHgc')1, (CHsc™)2,  (CHpc')za, and
cies of the 1884.5- and 1885.6-cinmodes. No carbon (CsHac')ap. (CsHec')1 is a trigonal defect (&) with Cg
modes with the same annealing behavior as the 1363:4-cm neighboring Hc™ and (GHgc"), has monoclinic-1 symme-
mode has been resolved. Because the intensity of this modey (Cy,) with Cq located as nearest neighbor to one of the
is very low, we expect that any correlated carbon mode willsilicon atoms adjacent to dgd*. (CsHgc')sa and
be impossible to detect with our setup. The fact that the/CsHgc )3, have monoclinic-1 (G,) and triclinic (G) sym-
1363.4-cm* mode is observed only in carbon-rich material metry, respectively. For these two configurationg,i€lo-
suggests that this mode is carbon related. Therefore, we shalated as second nearest neighbor to one of the two silicon
henceforth refer to the associated center by the labg). CH atoms adjacent to g
Finally, we note that the frequency of the 1363.4-¢mode
does not shift when'?C is substituted by*3C. Hence, the
dynamical coupling between the hydrogen and carbon atoms B. Results

in CH, is very small. A single proton, placed at a bond center near to the
middle of the clusterwithout a carbon atomresulted in
IV. THEORETICAL CALCULATIONS Si-H bonds of length 1.647 and 1.635 Aand a Si-H-Si angle
of 178°. The deviation fronD ;4 symmetry reflects the influ-
Recently, two oxygen-hydrogen complexes, formed afteience of surface on the defect. The hydrogen-related local
low-temperature proton implantation in Czochralski-grownvibrational mode lay at 1852 cm, somewhat below that
silicon, have been reportéd The two defects are thermally observed at 1998 cil. The 7% underestimate in the fre-
rather unstable and anneal at 130 and 240 K. They wergquency is typical of the method.
identified as K¢ trapped by the strain field of an interstitial A single carbon atom placed in the silicon cluster at a site
oxygen atom, @ The properties of these defects resembleadjacent to the center of the clustaithout an inner hydro-
those of CHand CH, presented above, indicating thag! gen atom resulted in C-Si bond lengths of 2.020, 2.020,
may become trapped also in the neighborhood gf To  2.020, and 2.025 A. The local vibrational modes were 581,
substantiate this idea, we have therefore calculated the strub80, and 574 cm'. The 7-cm! splitting was due to the

A. Method
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TABLE II. Local vibrational modes in cm' of (CHge "), for related mode at 2624 ¢, which reflects stretching of the
n=1,2,3a,3b obtained from the cluster calculation. C-H bond. For (GHgc), (N=2,33,3b), the Hyc* stretch
: . . " . mode is lower than that of isolated gH". The Gj
Pointgroup “C:H MCD ™CH ™CD  (CHg.t), defect has a Si-H-Si angle close to 173°. For

Hec” Cs, 1852.1 1316.2 (CsHac")3a and (GHgc )3y, the hydrogen atom moves out
C ~578 of the bond center and the Si-H-Si angle becomes 137 and
(C HBSC+) 1 Cs 146°, respectively. _ _
Hsmode ’ 26241 1928.1 2616.3 1916.8 The donor level of (GHgc "), was determined using the

method described previousty The ionization energy of the
defect is compared with that of tl& defect which is known
to possess a donor level Bt +0.28 eV. The(0/+) level for
the (GHgc "), defect is found to lie atE,+0.22eV. In
(CsHgc™)n (N=2,32,3b) the donor levels are found to lie
aroundg;—0.2eV.

1424.7 1049.0 1421.0 1042.8
1413.3 1042.0 1409.4 10354
C mode 566.1 555.3 554.1 546.2
556.6 548.9 5489 5432
555.2 5459 5440 537.7

(CsHgc )2 Cin
H mode 1795.0 12753 17949 1275.3
C mode 642.6 6425 6237 6235 V. DISCUSSION
5741 5716 5618 559.1 Our observations show that the 596-, 661-, and
558.6 5554 5465 5428 1885-cm® absorption lines represent local vibrational
(CsHgc ) za Cun modes of a defect, denoted Ghivhich involves one hydro-
H mode 1706.8 1214.7 1706.8 1214.7 gen atom and at least one carbon atom. Carbon is immobile
9525 7124 9525 7120 at these low temperaturéameaning that a di-carbon defect
C mode 661.2 660.3 641.6 641.0 is very unlikely and, therefore, the defect most probably in-
609.5 609.3 5927 592.6 Volves only one carbon atom. The frequencies of the carbon
597.7 597.6 5813 581.3 modes at596 and 661 crhare close to the local mode of,C
(CsHec ) ap C, at 607 cm* (Ref. 1, and very far from the modes of; @t
H mode 1802.3 1282.0 1802.3 12820 922 and 932 cm! (Ref. 20. Therefore, we assign the 596-
8232 6532 8232 6348 and 661-cm' modes to a Cunit perturbed by a hydrogen
C mode 652.9 6258 633.8 6250 atom. Isolated Chas tetrahedral symmetry and possess one

605.0 605.0 5887 5887 threefolddegenerate local mode,f. When the symmetry is
5973 597.2 5810 5809 lowered, the degeneracy is lifted and the it will have

two or three modes. Hence, the observation of two carbon
modes indicate by itself that the symmetry of Cbl lower

distortion fromT, symmetry caused by the cluster geometry.than tetrahedral, which is consistent with audit perturbed

These results are close to the observed three-dimensignal PY @ hydrogen atom. L
mode at 607 cm® (Ref. 1). The hydrogen mode at 1885 cilies in the frequency

We then consider complexes with carbon and hydrogenf@n9€ typical of Si-H stretch modes, well below the range
finding (CHgc'); to possess the lowest energy. This isfrom 2700 to 3100 cm® associated with the stretching of
~0.2 eV lower than the energy of (Bgc'), for n C-H bonds in molecule$: Moreover, for a C-H stretch mode

=2,3,3b. If the zero-point energy is taken into account this @ Significant frequency shift should be observed whis

. 3 . - . .
energy difference is reduced by about 0.1 eV. C|ear|ysubst|tuted by**C. As discussed above, this shift is only 0.2

(CHac™), has the lowest energy in agreement with a num-m for the 1885-cm~ mode. For these reasons, we iden-

ber of previous studies which favor (8sc"), (see Refs. tify the 1885-cm’* moc_ie as a S_i—H stretch mode. Actually,
11-13. the very small dynamical coupling between the carbon and

The vibrational modes of the carbon-hydrogen complexeg drogen atom strongly suggest that the two atoms are rather
are given in Table II, and the bond lengths and angles arf" apart. The Cidcomplexes are primarily formed when

iven in Table Ill. (CHa~" ives rise to a hvdrogen- isolated Hc becomes mobile as can be seen from Fig. 7,
g (GHec )1 @ yareg where the intensities of the 1998-chmode (Hc*) and the

1885-cmi* mode (CH) are shown against annealing tem-
perature. The CHcomplex only persists to a slightly higher
annealing temperature than isolateg-H, which shows that

Si-H-Si angle Si-H bond length Si-H bond length the thermal stability of ClHresembles that of k. Alikely
candidate for CHis therefore Hc* perturbed by a nearby

TABLE Ill. Bond angles(degrees and bond lengthgA) of
(CeHgc "), for n=1,2,3a,3b obtained from the cluster calculation.

Hec" 178 1.635 1.647 C, atom. Such a defect should form wheryH starts to
(CsHac ") 173 1.642 1.645 migrate and may be expected to be only slightly more stable
(CHac M za 137 1.648 1.654 thermally than isolated gt *. Hence, the stability of CHs
(CHac N 3p 146 1.634 1.650 much lower than that of hydrogen trapped at a vacancy- or

interstitial- f which i I I
C-H-Si angle C-H bond length Si-H bond length Ntlesgtotg type  defect, ch is stable up to at least
(CeHge M1 179 1.127 2.255 As mentioned in Sec. Il there is evidence for the pres-

ence of a second carbon-hydrogen defect,,Clh our
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value for theT, mode of G. TheT, mode is three dimen-
sional, so if we assume that the 596- and 66I-tmodes
togetheraccount for three-dimensional vibration, we obtain
7c=1c,=2.4e.** From the maximum intensities of the car-

bon modes in Fig. 3, we obtaid=7x10"cm™3. Inserting
this value ofN together with the corresponding intensity of
the 1885-cm?® mode into Eq.(1) allows us to estimate the
effective charge of the hydrogen modg,. We obtainzy
=1.%.%° This is a high value for a hydrogen mode in silicon
and it is close only to the effective charge ofdd (”Hsc

=1.8e) (Ref. 15 and of complexes containing hydrogen and
0.0 , ) , , group-lll acceptorge.g., 7.4 = 1.9%) (Ref. 26 and group-V
0 50 100 150 200 250  donors(e.qg., 7as.y=1.22).2" The effective charge of hydro-
Temperature (K) gen in other defects, which do not involve donors or accep-
tors, is of the order 0:20.4e.

FIG. 7. Intensities of the 1998-Cﬁ1(HBC+) and 1885-crﬁ1 From these findings we |dent|fy the (;Hbfect with |—bc+
(CH,) modes, flrlown against annealing temperature. The intensity, ihe vicinity of a G atom. The small shift of the
of the 1885-cm™ mode has been scaled by a factor of 6. 1885-cmi * mode when the carbon isotope is changed and of
the 596- and 661-ciit modes when the hydrogen isotope is
changed suggest that the carbon and the hydrogen atoms are
fairly well separated.

From theab initio calculations we can identify a few pos-
sible candidate structures of CHThe calculations clearly
show that hydrogen is not bound directly to carb@ee
Table 1l), even though (QHgc"); has the lowest energy,
—0.2 eV below the others. It may appear strange whey the
thermally most stable defect is unobserved. However, we

three-centered Si-H-Si bond leads to reduction of the totaf!ot€ that ion implantation, in particular at low temperatures,
energy. However, this is counteracted by the energy needé’_(‘i'” not leave the sample in thermodynamic equilibrium. _It is
to increase the Si-Si separation distance in order to acconikely that heat treatment at 220 K, where (Cihneals out is
modate the hydrogen atom at the bond-center site. At some°t sufficient to ensure population of different sites in accor-
bond-center sites in the vicinity of.Cless energy is needed dance Wlt_h their relat|+ve energies. The source of hydrogen is
to attain the optimum Si-Si distance as compared to an isg?robably isolated g:". Hence, the hydrogen atom has to
lated bond-center site. The reason is that the contractivBaSS @ region with a large number of trap sites surrounding a
strain field around Cimplies that some of the Si-Si bonds Cs Defore it can form (GHgc "), . Therefore, the reaction
surrounding the Cwill be elongated and thus, less displace- Kinetics may not favor formation of (Elgc '), in our
ment of the two silicon atoms is needed. The net effect is thag@MPlesWhen CH anneals, we would expect {Bgc "), to

it is energetically favorable to add a hydrogen atom at such $rm. However, other significantly stronger traps such as
Co-perturbed bond-center site. Moreover, the resulting Si¥acancy-type defects are also present in significant concen-
H-Si bond length is longer than for isolatedsd Conse- trations. These traps will reduce the formation of closely
quently, the stretch frequency ofsH at a perturbed site is bound G-H complexes. In addition, the+cal_culated effective
expected to be lower than for isolatedd Our identifica- ~ Charge of the hydrogen mode for {5 "), is only 0.32,

tion of CH, with a GHgc" pair is therefore consistent with Whereas those forg¢™ and (GHgc "), are both 1.2, in fair

the fact that the hydrogen mode falls 113 cbelow that of ~ @dréement with the observed values at [Ref. 19 and
isolated Hye". 1.%. Thus, the hydrogen mode of {&s-"), is expected to

: . i :
Calculation of the effective charge of the hydrogen modegP€ @bout ten times less intense than that ofHge "), if
of CH, supports the assignment of the mode tog Hunit. equal concentrations of the defects are present. This may

The effective charge; of the mode may be defined by the €xPlain why (GHgc")1 has not been observed.

15}

© 1998 (Hps")

1.0F ®1885(CH)

Integrated intensity

05

samples. The Si-D stretch mode of Cldt 1363.4 crit is
very close in frequency to that of GHIt is plausible that
CH, has a structure very similar to that of CHsince the
frequency of the 1363.4-cit mode does not shift whelfC
is substituted by*3C, the G atom is probably more distant
from the Hyc" atom in CH, than it is for CH.

Consider now a carbon-hydrogen defect with g-H in
the vicinity of a G. When a hydrogen atom is placed at a
bond-center site in the silicon lattice, the formation of the

equation??23 The frequency of the hydrogen mode of Hgc*"), is
lower than that of isolated g4 by 57 cm ! (see Table I\.
77°N This value is comparable to the 113 ththat the CHmode

f a(o)do= ncZm’ (1) falls below that of K" . The shift of the hydrogen mode

when °C substitutes for?C is consistent with the observa-
wheree is the absorption coefficiens; the wave numbeiN  tions. The carbon modes are clearly perturbed by the pres-
the concentration of defectsg the refractive index of the ence of the o and are split by 83 cirt, in reasonable
material,c the velocity of light, andn the mass of the im- agreement with the observed separation of 65 tn®nly
purity atom. The Si-C bonds of GHesemble those of C  two carbon modes are observed. However, according to the
Therefore, we expect that the effective charge of the carbonalculations, one of the carbon modes is located at 574'cm
modes of CH 7c may be estimated from the correspondingvery close to the frequency of,@t approximately 578 ci.
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If the weak carbon mode is located that close to the strang CaroundE,— 0.2 eV, consistent witk3,* whereas (Hec )1
mode, it will be nearly impossible to resolve, explaining why does not. However, th&3 defect has a reported trigonal
it is not observed. symmetry?® which is not in agreement with any of the con-

The calculated shifts of the carbon modes when hydrogefigurations (GHgc "), (n=2,33,3b), but in agreement with
is substituted by deuterium range fror0.1 to —3.2 cm ! (CsHgc")1. The annealing behavior of GHiiffers some-
for (CsHgc")2. These shifts differ somewhat from the ob- what from that ofE3, indicating that the two centers are not
served shifts, which range from0.3 to —0.5 cmi’*. When  identical*® Clearly, further experimental and theoretical in-
12C is replaced by"*C the carbon modes shift by12 to  put is required to identify the structure of tE8 defect. The
—19 cmt in fair agreement with the experimental shifts calculations demonstrate that $€sc*); possesses @/+)
between—17 and—20 cmi %. Thus, (GHgc "), is a possible  level atE,+0.28 eV, in fair agreement with thd, center.
candidate for CH

For (CGHgc)3a and (GHgc")3p the frequencies of the
hydrogen modes are lower than that gfdHy 150 and 50 VI. CONCLUSION
cm™ 1, respectively. These values are comparable to the ob-
served value of 113 cit. The shifts of the carbon and hy-
drogen modes on isotope substitution are also in reasonal
agreement with the observed shifts. However, for
(CHgc™)3a and (GHgc')3p the lowering of the Si-H-Si
angle leads to a hydrogen bend mode around 800—908,cm
which has not been observed. Therefore, the calculations f
vor (CiHge "), as a plausible candidate for CHHowever,
(CHgc )32 and (GHgc)3, cannot be ruled out com-
pletely.

Rather similar complexes, Qrand OH, were recently at.
observed by infrared-absorption  spectroscopy in
Czochralski-grown silicon implanted by hydrogen at low
(~20 K) temperatures. The complexes were identified as a
Hgc™ with an interstitial oxygen atom as second, third, or  We thank Lennart Lindstra, University of Lund, for pro-
fourth nearest neighbdf.Combined with the observations in viding the *3C-doped silicon samples, and Pia Bomholt for
this work, this suggests thatgld” quite generally becomes preparing the samples for optical measurements. This work
trapped by nearby defects and impurities such as, e.gn€ has been supported by the Danish National Research Foun-
Cs. dation through the Aarhus Center for Advanced Physics
Finally, we shall comment briefly on the identity of the (ACAP). E. V. Lavrov also acknowledges a grant from the
E3 center observed by DLT® According to our calcula- Russian Foundation for Basic Reseal@rant No. 99-02-
tions, (GHgc™)n,(n=2,33,30) all possess donor levels 16652. S. (herg thanks NFR and TFR for financial support.

A carbon-hydrogen complex, GHhas been identified by
billéfrared-absorption spectroscopy. The complex is formed by
proton implantation at 20 K, followed by heat treatment at
100-200 K, and it anneals at about 220 K. The complex
gives rise to three correlated modes: A hydrogen mode at
1885 cm ! and two carbon modes at 596 and 661 ¢nThe
carbon and hydrogen atoms are only weakly coupled. From
the observations anab initio calculations, we assign Glb

a Hgc" located at the second or third nearest neighbor site to

ACKNOWLEDGMENTS

*Permanent address: Institute of Radioengineering and Electroni¢é¢Annual Book of ASTM Standard&STM, Philadelphia, 1988

of RAS, Mokhovaya 11, 103907 Moscow, Russia. Vol 10.05.
'R. C. Newman and J. B. Willis, J. Phys. Chem. Sola; 373 15 Bech Nielsen, K. Tanderup, M. Budde, K. Bonde Nielsen, J. L.
(1965. Lindstrom, R. Jones, S. Berg, B. Hourahine, and P. Briddon,
2Y. V. Gorelkinskii and N. N. Nevinnyi, Physica B70, 155 Mater. Sci. Forun258-263 391 (1997.
(1992. 16R. Jones and P. R. Briddon, Identification of Defects in Semi-

3B. Bech Nielsen, Phys. Rev. 87, 6353(1988.

4A. Endrcs, Phys. Rev. Lett63, 70 (1989.

Y. Kamiura, N. Ishiga, and Y. Yamashita, Jpn. J. Appl. Phys.
Part 136, 6579(1997.

Y. Kamiura, M. Tsutsue, Y. Yamashita, F. Hashimoto, and K.
Okuno, J. Appl. Phys78, 4478(1995.

AL N. Safonov, E. C. Lightowlers, G. Davies, P. Leary, R. Jones

conductors edited by M. Stavola, Semiconductors and Semi-
metals Vol. 51A(Academic Press, Boston, 199&hap. 6.

'I7p_ R. Briddon, Ph.D. thesis, University of Exeter, United King-
dom, 1990.

185, Resende, R. Jones, Sh&g, and P. R. Briddon, Phys. Rev.
Lett. 82, 2111(1999.

and S. erg, Phys. Rev. Leti7, 4812(1996. "19G. Davies and R. C. Newman, Handbook on Semiconductors
8A. N. Safonov and E. C. Lightowlers, Mater. Sci. Eng.58 259 edited by T. S. Mos¢Elsevier Science, Amsterdam, 199¥ol.
(1999. 3b.

9B. Pajot, B. Clerjaud, and Z.-J. Xu, Phys. Rev58 7500(1999.  --A. R. Bean and R. Newman, Solid State Comm8in.75(1970.

10 Hoffmann, E. V. Lavrov, B. Bech Nielsen, and J. L. Lind- >*CRC Handbook of Chemistry and Physi68th ed., edited by R.
stram, Physica B273-274, 275(1999. C. Weast(Chemical Rubber, Boca Raton, FL, 1988. F188.

11p_ Leary, R. Jones, and Sh&g, Phys. Rev. B7, 3887(1998.  2?R. C. Newman, inmperfections in I1l/V Materialsedited by E.

12y, Zhou, R. Luchsinger, P. F. Meier, H. U. Suter, D. Maric, and  R. Weber, Semiconductors and Semimetals Vol (88ademic
S. K. Estereicher, Mater. Sci. Foruh®6-201, 891 (1995. Press, Boston, 1993p. 117.

13C. Kaneta and H. Katayama-Yoshida, Mater. Sci. Forl®6— 23This formula is only valid for a three-dimensional mode. For a
201, 897 (1995. one-dimensional mode a factor of three should be added in the



16 666 L. HOFFMANN et al. PRB 61

denominator. However, it is normal procedure to use the for25M. Stavola, S. J. Pearton, J. Lopata, and W. C. Dautremont-
mula for all modes, and in order to be able to compare the Smith, Appl. Phys. Lett50, 1086(1987).

effective charges we have used E#). 27K. Bergman, M. Stavola, S. J. Pearton, and J. Lopata, Phys. Rev.
243, P. Chappell, M. Claybourn, R. C. Newman, and K. G. Barra- B 37, 2770(1988. )
clough, Semicond. Sci. Technd, 1047 (1988. 283, D. Holbech, B. Bech Nielsen, R. Jones, P. Sitch, andier®)

25We note that if we had assumed that the 596- and 661icm  Phys. Rev. Lett71, 875(1993.
modes account for vibration only in two dimensions, we obtain?®Y. Kamiura, N. Ishiga, and Y. Yamashita, Jpn. J. Appl. Phys.,
7y=1.6e. Part 236, L1419 (1997.



