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Local vibrational modes of the metastable dicarbon center„Cs–Ci … in silicon

E. V. Lavrov, L. Hoffmann, and B. Bech Nielsen
Institute of Physics and Astronomy, University of Aarhus, DK-8000 Aarhus C, Denmark

~Received 6 January 1999!

The metastable dicarbon center (Cs–Ci) in silicon has been studied by infrared absorption spectroscopy.
After electron irradiation of carbon-doped silicon, new infrared absorption lines at 540.4, 543.3, 579.8, 640.6,
730.4, and 842.4 cm21 are observed. The lines are identified as local vibrational modes of the Cs–Ci center in
its B form. Illumination of the sample with band-gap light at;60 K converts theB to theA form, and local
modes of theA form are identified at 594.6, 596.9, 722.4, 872.6, and 953 cm21. The observed local mode
frequencies of both forms are in excellent agreement with those calculated fromab initio theory. Our findings
provide strong support for the atomic structure suggested previously for the two forms.
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I. INTRODUCTION

In crystalline silicon, carbon atoms are common and i
portant impurities which are predominantly located at sub
tutional sites.1 Interstitial carbon, Ci , is formed when mobile
silicon interstitials, produced by electron irradiation, a
trapped by substitutional carbon, Cs .1–3 At room tempera-
ture, Ci migrates through the lattice and becomes trappe
Cs , whereby a dicarbon center, Cs–Ci , is formed.4 This cen-
ter has been investigated extensively,1,4–15and its character-
istic spectroscopic signatures were known for a numbe
years before the atomic structure of the center was identifi
Cs–Ci was studied by photoluminescence,5 electron para-
magnetic resonance ~EPR!,4,6 infrared absorption
spectroscopy,7 photoconductivity,8 deep-level transition
spectroscopy~DLTS!,9,10 and optically detected magnet
resonance~ODMR!.11 It was established that the center
metastable and can exist in two configurations, labeled thA
form and theB form. The point group of theA form is C1h ,
and it represents the global minimum in energy for the sin
positive and singly negative charge states,A 6. The atomic
model deduced from EPR and DLTS experiments consist
a ^100&-oriented Si–C split-interstitial adjacent to a seco
substitutional carbon atom.10 TheB form is energetically fa-
vored in the neutral charge state, and it also has aC1h point
group.1 The proposed atomic structure of this form consi
of two equivalent substitutional carbon atoms at neighbor
lattice sites with an interstitial silicon atom located betwe
them.10 Recentab initio calculations qualitatively confirmed
these atomic structures of theA andB forms of Cs–Ci .13–15

Knowledge about local vibrational modes~LVM’s ! gives
detailed insight into the physical properties of light atom
embedded in silicon. The LVM’s reveal rather directly whic
chemical bonds the light atoms form with their neighbo
Hence, the frequencies of the LVM’s depend critically on t
atomic structure of the light-atom defect. Information abo
LVM’s of C s–Ci was previously obtained from photolum
nescence studies. TheB form gives rise to a zero-phono
luminescence line, the so-calledG line, at 969 meV.1

Phonon-assisted transitions associated with this line reve
three LVM’s at 543.3, 579.8, and 730.4 cm21 ~see Refs. 1
PRB 600163-1829/99/60~11!/8081~6!/$15.00
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and 12!. However, six LVM’s in total should be expected fo
Cs–Ci , corresponding to the six degrees of freedom of
two carbon atoms. Moreover, no LVM of theA form has
been identified so far.

In this paper the LVM’s of theA andB forms are estab-
lished by infrared~IR! absorption spectroscopy. The ob
served LVM’s are in excellent agreement with those cal
lated from ab initio theory.13–15 Thus, the present work
provides additional support to the structures of Cs–Ci pro-
posed previously.

II. EXPERIMENTAL DETAILS

Samples with dimension;1031032 mm3 were cut
from two high-resistivity float-zone silicon crystals dope
predominantly with 12C (Si:12C) or 13C (Si:13C). The
samples were subsequently mechanically polished on the
opposite 10310 mm2 surfaces to ensure maximum tran
mission of infrared light. The concentrations of carbon a
oxygen were estimated from the intensities measured at 1
of the LVM’s of 12Cs ~or 13Cs) at 607 cm21 ~or 589 cm21)
and of interstitial oxygen (16O) at 1136 cm21 ~see Ref. 16!.
The Si:12C crystal contained 4.531017 cm23 12C and;1
31016 cm23 16O atoms, whereas the Si:13C crystal con-
tained 8.031017 cm23 13C, ;131017 cm23 12C, and
;131017 cm23 16O atoms.

The samples were irradiated with 2.3 MeV electrons s
plied by a 5 MeV Escher Holland van de Graaff accelerat
The electrons were mass analyzed by a magnet which
flected the beam into a 6-m-long beamline, forming an an
of ;15° with the exit beam from the accelerator. During t
irradiation, the samples were mounted inside a vacu
chamber on a copper block, which was in good thermal c
tact with the cold finger of a closed-cycle helium cryocool
At the beginning of the irradiation, the temperature on t
copper block was 70 K. The total irradiation dose w
;1018 cm22, and the current density was kept below
31013 cm22 s21 to ensure that the temperature on t
block did not exceed 200 K. The background pressure in
vacuum chamber was below 1024 torr.

After the irradiation, the samples were stored in liqu
nitrogen for up to 70 h, before they were mounted in
8081 ©1999 The American Physical Society
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closed-cycle helium cryostat designed for optical measu
ments. During the mounting process, the samples were
lowed to warm up to room temperature for as short a time
possible~about 10 min). This procedure was employed
reduce the diffusion of the Ci ’s created by the irradiation.

The IR absorbance spectra were recorded with a Nico
System 800, Fourier-transform spectrometer. The meas
ments were carried out with a Ge-on-KBr beamsplitter
glowbar, or a tungsten lamp as light source, and a merc
cadmium telluride~MCT! detector. The spectra were re
corded at 10 K with an apodizied resolution of 2 cm21,
unless cited otherwise.

In order to study the thermal stability of the absorpti
lines, an IR spectrum was recorded at 10 K after each ste
a series of isochronal heat treatments at temperatures in
range from room temperature to 300 °C. Each heat treatm
had a duration of 30 min and was carried out in a nitrog
atmosphere. In each step, the temperature was increase
20 ° C.

As described in Sec. III, theA form of Cs–Ci may be
produced from theB form by photoexcitation, i.e., illumina
tion with band-gap light. The photoexcitation was perform
with the tungsten lamp mounted in the spectrometer.

III. RESULTS

A. LVM’s of the B form of C s–Ci
0

Figure 1 shows the IR absorbance spectra of the elect
irradiated Si:12C, recorded just after the irradiation and aft
subsequent heat treatments at room temperature for 95,
and 820 min. From all the spectra, a reference spectrum
been subtracted, recorded on pure silicon with a low car
content. The most intense absorption line in the spectra
cated at 607 cm21 represents the LVM of12Cs . The domi-
nant defect produced in carbon-doped silicon by electron
radiation below room temperature is Ci , which possesse
two IR-active modes at 922 and 932 cm21. As can be seen
from the figure, both modes are observed just after the i

FIG. 1. Sections of absorbance spectra of electron-irradia
Si:12C recorded at 10 K just after irradiation and after subsequ
heat treatment at room temperature for 95, 130, and 820 min.
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diation in agreement with previous reports.2 At about room
temperature, Ci becomes mobile and is trapped by residu
Cs , whereby Cs–Ci is formed. It is evident from Fig. 1 tha
the intensities of the LVM’s of Ci decrease as a function o
heating time at room temperature, and after 820 min thei
modes can no longer be detected. The concurrent forma
of Cs–Ci can be monitored via the IR absorption line
7819 cm21. This electronic transition corresponds to th
formation of an electron-hole pair bound to theB configura-
tion of Cs–Ci .7 The reverse process, i.e., the recombinat
of the electron-hole pair, gives rise to theG line observed at
7819 cm21 in photoluminescence.5 The growth of the
7819-cm21 line as a function of heating time is clearly see
from the figure. Hence, Cs–Ci is formed in our samples.

In addition to the 7819-cm21 line, six new absorption
lines in the range from 500 to 900 cm21 grow during the
heat treatment at room temperature. The intensities of
new lines at 540.4, 543.3, 579.8, 640.6, 730.4, a
842.4 cm21 are low compared with the intensity of the12Cs
line at 607 cm21, even after 820 min at room temperatur
Fortunately, a 30-min heat treatment at 270 °C removes
six new lines from the spectrum without causing significa
changes in the intensities of the multiphonon absorpt
bands and of the other lines, including the12Cs line at
607 cm21 and the vacancy-oxygen~VO or A center! line at
836 cm21.17 Therefore, the spectra recorded after heat tre
ment at 270 °C have been used as reference spectra t
move the intense spectral features which dominate and o
erate the lines of interest. The spectra shown in Fig. 2 w
obtained this way. As can be seen from the figure, the
quencies of the six lines shift downwards when12C is sub-
stituted by13C. The average ratio between the frequencies
the corresponding lines in the Si:12C and Si:13C spectra is
1.027. For a carbon atom bound to a silicon atom by a h
monic spring, the corresponding ratio isAmr

13/mr
1251.028,

wheremr
12 and mr

13 are the reduced masses of Si–12C and
Si–13C. Therefore, we ascribe the six absorption lines
LVM’s of a carbon defect. We note that an additional line

d
nt

FIG. 2. Section of absorbance spectra of electron-irradia
Si:12C and Si:13C recorded at 10 K after heat treatment at roo
temperature for 820 min and several days, respectively. The abs
tion line denoted by an! is not related to a carbon mode~see text!.
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PRB 60 8083LOCAL VIBRATIONAL MODES OF THE METASTABLE . . .
observed at;550 cm21 in the Si:13C spectrum. This line is
observed also in Czochralski-grown silicon doped with12C.
Thus, it does not represent an LVM of a carbon defect.

In Fig. 3, the formation and annealing behaviors of t
7819-cm21 line and the six new LVM’s are compared. Fro
the figure, it is clear that the LVM’s and the 7819-cm21 line
appear and disappear simultaneously. This strongly sugg
that the six LVM’s originate from Cs–Ci . Moreover, the
modes at 543.3, 579.8, and 730.4 cm21 coincide with those
previously assigned to theB form of Cs–Ci in its neutral
charge state on the basis of photoluminesce
measurements.1,12 We therefore conclude that the LVM’s a
540.4, 543.3, 579.8, 640.6, 730.4, and 842.4 cm21 originate
from theB configuration of Cs–Ci

0 .

B. LVMs of the A form of C s–Ci
0

It is not surprising that no IR signatures of theA form are
seen in the spectra shown in Fig. 2. The starting mater
have high resistivities, and irradiation with electrons at do
above 1018 cm22 forces the Fermi level into the middle o
the band gap. TheA configuration has a donor (0/1) and an
acceptor (2/0) level located atEv190 meV and Ec
2170 meV, respectively.9,10 This implies that Cs–Ci is pro-
duced in the neutral charge state, where theB form is the
minimum-energy configuration. The limited sensitivity of I
spectroscopy prevents us from working with much lower
radiation doses, and hence we cannot raise or lower
Fermi level enough to observe theA form directly by reduc-
ing the dose. However, it is possible to convert theB form to
the A form by photoexcitation of the sample with band-g
light. During the illumination, some of the centers captu
photoinduced electrons or holes, whereby theA form be-
comes energetically favorable. The conversion reactions
tween theA and theB forms have been studied in detail b
EPR and DLTS.9,10 The most interesting reactions areB 1

→A 1 andB 2→A 2. Of these two, the processB 1→A 1

FIG. 3. The intensity ~integrated absorbance! of the
7819-cm21 (m), 730-cm21 (n), 842-cm21 (.), (540
1543)-cm21 (,), 641-cm21 (l), and 580–cm21 (L) lines
measured at 10 K on electron-irradiated Si:12C: ~a! after successive
heat treatments at room temperature and~b! after each step in a
series of isochronal heat treatments for 30 min in a nitrogen at
sphere. The intensity of the 7819-cm21 line has been scaled dow
by a factor of 8.
sts
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may be disregarded since it is much slower thanB 2→A 2

~Ref. 10!. The time constant of the latter thermally activat
reaction is10

tB→A56.4310213 sec3exp~0.15 eV/kT!,

whereas the process going back,A 2→B 2, has a character
istic time10

tA→B57.5310213 sec3exp~0.174 eV/kT!.

Hence,tB→A is less thantA→B at all temperatures, which
implies that theB form can be partly converted into theA
form by photoexcitation. It is important that the time need
to cool the sample (;10 min) from the temperature of illu
mination to the temperature, where the processA 2→B 2

freezes in, is much less thantA→B . Otherwise, the system
will go back to theB form during cooling. On the other hand
tB→A should be smaller than the illumination time, which
a matter of convenience we choose to be 20 min. If we
quire thattB→A<20 min<tA→B , the illumination should be
carried out in the narrow temperature interval from 50 to
K to comply with these conditions.

The IR spectra recorded at 10 K on Si:12C after 20-min
illumination at different temperatures in the range 50–100
are presented in Fig. 4. In each case, the illumination w
continued during the cooling of the sample, until the te
perature came below 30 K. The spectra in the figure h
been subtracted by the spectrum measured on the s
sample at 10 K after cooling from room temperature with

o-

FIG. 4. Section of absorbance spectra recorded at 10 K
electron-irradiated Si:12C after illumination with band-gap light a
different temperatures in the range 51–100 K. All spectra have b
subtracted by the spectrum measured directly after cooling f
room temperature to 10 K in darkness. The inset shows a small
of the spectrum recorded with resolution 1 cm21 at 10 K after
illumination at 57 K.
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illumination of the sample. As can be seen from the figu
illumination at temperatures above 50 K gives rise to n
absorption lines at 594.6, 596.9, 722.4, 872.6, a
953 cm21. When 12C is substituted by13C, these lines shift
downwards in frequency, which demonstrates that they r
resent LVM’s of carbon. Furthermore, the growth of t
illumination-induced LVM’s occurs parallel with the de
crease of the LVM’s of theB form, which are revealed a
dips in Fig. 4. The maximum change in the intensities
both sets of modes, i.e., the maximum peaks and dips in
figure, were observed after illumination at 57 K. At this tem
perature, the intensities of the LVM’s of theB form in the
raw spectrum decreased by 20% as a result of the illum
tion. In Fig. 5, the intensities of the illumination-induce
LVM’s, normalized to their maximum values, are show
against the illumination temperature. In addition, the d
crease in the intensities of theB form LVM’s, normalized to
their maximum drop~20%!, is also shown. From the figure
it is evident that the two sets of LVM’s are anticorrelate
This finding suggests that the two sets of carbon LVM’s

FIG. 5. Normalized intensities of the IR absorption peaks as
ciated with theA and theB configurations of Cs–Ci shown as a
function of illumination temperature. The intensities have been n
malized to their maximum value~theA form! or to their maximum
change~theB form!. The illumination time at each temperature w
20 min. After the illumination, the sample was cooled down to 10
where the IR spectra were measured. (m) 594.6
1596.9 cm21; (n) 722.4 cm21; (.) 872.6 cm21; (,) 953
cm21; (j) 540.41543.3 cm21; (h) 640.6 cm21; (d) 730.4
cm21; (s) 842.4 cm21.
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associated with different configurations of the same def
Moreover, the illumination-induced LVM’s can be remove
and the LVM’s of theB form can be fully recovered by a
heat treatment at 60 K or above in darkness. Finally,
highest intensities of the illumination-induced LVM’s ar
obtained within the narrow temperature interval, where
partial conversion of theB form to theA form should pro-
ceed most efficiently. On this basis, we conclude that
illumination-induced LVM’s originate from theA form of
Cs–Ci . The charge state of the center cannot be establis
directly from our measurements alone. However, with
Fermi-level position close to midgap, the singly positive a
singly negative charge states of Cs–Ci are unstable. Hence
A 6 should relax toA 0 when the illumination is switched
off.

IV. DISCUSSION

A. Comparison with theory

In Table I, the observed LVM frequencies of theB form
are compared with those calculated by Learyet al.13,14 and
Capazet al.,15 using ab initio theory. As mentioned above
the LVM’s at 543.3, 579.8, and 730.4 cm21 were observed
previously by photoluminescence. Moreover, in the photo
minescence spectra, a weak phonon replica line is resol
which corresponds to the 842.4-cm21 mode.1 Presumably,
the low intensity of this line did not allow the authors
identify it as an LVM of theB form. Only modes transform-
ing like the totally symmetric irreducible representationA
can be observed by photoluminescence. A simple anal
based on group theory shows that theB form should possess
four A modes and twoB modes. Thus, the photolumines
cence data suggest that the LVM’s at 540.4 and 640.6 cm21

are B modes, whereas the remaining four modes areA
modes. This constitutes the experimental basis for the id
tification of the symmetry properties in Table I. For allA
modes, the motions of the two carbon atoms are restricte
the mirror plane, whereas for theB modes, the carbon atom
move perpendicular to this plane.

As can be seen from the table, the observed and ca
lated frequencies agree very well. The frequencies calcula
by Learyet al.13,14 deviate at most by 16 cm21 from those
observed, whereas the values given by Capazet al.15 deviate
a bit more for the two LVM’s with lowest frequencies. Th
only discrepancy between observed and calculated LVM’
the ordering of the two modes (A and B) with the lowest
frequencies. The experiment shows that theB mode has the

-

r-
TABLE I. Experimental and calculated LVM frequencies (cm21) of Cs–Ci (B form!.

Symm. 12C–12C 13C–13C
Expt. Calc.~Ref. 13! Calc. ~Ref. 15! Expt. Calc.~Ref. 13! Calc. ~Ref. 15!

A 842.4 837.9 841.1 818.5 815.8 819.3
A 730.4a 714.8 715.7 707.7a 691.7 690.7
B 640.6 648.7 643.4 621.8 630.3 624.1
A 579.8a 582.3 567.0 564.6a 568.2 551.3
A 543.3a 543.2 502.8 532.9a 538.5 499.0
B 540.4 551.8 513.8 529.3 543.0 506.4

aModes also observed in PL.
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TABLE II. Experimental and calculated LVM frequencies (cm21) of Cs–Ci (A form!.

Symm. 12C–12C 13C-13C
Expt. Calc.~Ref. 14! Calc. ~Ref. 15! Expt. Calc.~Ref. 14! Calc. ~Ref. 15!

A 953 987.6 889.9 960.1 862.5
B 872.6 776.9 874.1 845.4 752.2 847.2
A 722.4 739.2 721.8 700.6 716.0 700.3
A 596.9 600.0 567.5 579.9 583.8 550.4
B 594.6 598.7 557.1 577.7 582.6 540.9
A 531.3 160 531.3
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lowest frequency but the splitting between the two mode
only 2.9 cm21. Certainly, the error bars of the calculate
frequencies significantly exceed this value.

In Table II, the observed and calculated13–15 mode fre-
quencies of theA configuration are given. Since no LVM’
of the A form have been determined from photolumine
cence measurements, we are unable to identify the fouA
and twoB modes on the basis of experimental data. Ho
ever, theab initio frequencies fit the experimental value
reasonably well, although the maximum deviation is ab
100 cm21 in this case. For both sets of calculations, t
maximum deviation corresponds to one of the two LVM
with highest frequencies. Also, the difference between
frequencies obtained by the two groups is large for th
specific modes. The experimental excitation energies of
two high-frequency modes are 0.11 and 0.12 eV, and, he
they are comparable to the activation barrier of 0.15 eV se
rating the neutral charge states of theA and B configura-
tions. This suggests that anharmonic effects are impor
and that the calculated quasiharmonic frequencies are i
curate for these modes. The fact that the 953-cm21 line is
very broad indicates that anharmonic effects may play
important role, at least for these modes.

For theA form, only five modes are detected, althou
the defect should possess six modes. According to the ca
lations, the LVM with the lowest frequency is close to
falls below the Raman frequency in silicon at 524 cm21.18 If
so, we expect this mode to couple strongly with the latt
phonons and thereby to escape observation due to signifi
broadening. Alternatively, the mode may fall below the d
tection limit of our setup at;430 cm21.

B. Intensities of LVM’s

The concentration of Cs–Ci , denotedNCs–Ci
, we can es-

timate from the intensity,I, of the 7819-cm21 line,1 using the
expression

I 5E a~s!ds56.8310216 cm3NCs–Ci
.

Here, the absorption coefficienta and the wave numbers
are in cm21. From the spectrum recorded after 820-min h
treatment at room temperature~see Fig. 1!, we find that
NCs–Ci

'4.531016 cm23. Two independent estimates o

NCs–Ci
can be obtained from the LVM intensities of theA

and theB form. These estimates rely on the microscop
is
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e
e
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n
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e
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models of the two configurations and the reported effect
charges of Cs and Ci .19 As described below, the estimate
based on the LVM’s are in fair agreement with the val
stated above, and thus they provide additional support for
atomic models of theA andB configurations.

According to the molecular model of theA form, one of
the carbon atoms may be considered as a perturbed sub
tional carbon Cs . The presence of the adjacent Si–C sp
interstitial lowers the symmetry to C1h , but the local sym-
metry of the Cs and its four silicon neighbors is close t
C3V . Hence, the threefold-degenerateT2 mode of isolated
Cs at 607 cm21 splits into two nearly degenerate mod
resembling anE mode and a nondegenerate mode rese
bling anA1 mode. The LVM at 722.4 cm21 is theA1-like
mode, whereas the LVM’s at 594.6 and 596.9 cm21 corre-
spond to theE mode. The other carbon atom of theA con-
figuration has a local structure very similar to interstitial ca
bon Ci . As mentioned in Sec. III, Ci gives rise to two
LVM’s at 922 and 932 cm21. This suggests that theA form
modes at 872.6 and 953 cm21 basically are the LVM’s of Ci
perturbed by the neighboring Cs . Based on this qualitative
picture, we suggest that the effective charges20 associated
with the two groups of LVM’s are the same as for the is
lated defects, i.e.,hs52.4e for Cs andh i53.2e for Ci .19 If
as(s) and a i(s) denote the sum of the absorption coef
cients of the Cs-like and the Ci-like LVM’s, respectively, the
concentration of IR active centers,N, can be estimated from

E ax~s!ds5
phx

2N

nRc2M imp

, x5s,i .

nR is the refractive index,c the velocity of light, andM imp
the mass of the carbon atom.21,22 The integrals ofas(s) and
a i(s) have been determined from the spectrum obtained
ter 820-min heat treatment at room temperature and su
quent cooling to 10 K in darkness followed by photoexci
tion at 57 K. Now, the concentrationN can be determined
from the formula above. However, only 20 Cs–Ci centers
have theA configuration under these conditions, and, the
fore, NCs2Ci

'53N can be calculated fromN. From the in-

tensities of the Cs-like modes, we obtainNCs–Ci
'5

31016 cm23, whereas the Ci-like modes giveNCs–Ci
'3.8

31016 cm23. These values deviate less than 16% from
4.531016 cm23 estimated from the intensity of th
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7819-cm21 line. We consider this agreement to be ve
good, taking into account the crudeness of the estimates

Because the two carbon atoms in theB configuration are
fourfold coordinated and located near-substitutionally,
assume that the effective charge for each carbon atom
hs'2.4e. With this assumption, the formula stated abo
can be used to estimate the concentration of theB-form cen-
ters, provided thatas(s) is set equal to the sum of the ab
sorption coefficients of all six LVM’s divided by 2. This
factor of 2 reflects the two ‘‘Cs units’’ in the B form. The
integral of as(s) has been determined from the spectru
recorded after 820-min heat treatment at room tempera
and subsequent cooling to 10 K in darkness. Under th
conditions, all the Cs–Ci centers have theB configuration
and N5NCs–Ci

. We find that NCs–Ci
'4.231016 cm23,

which again is very close to the concentration determin
from the intensity of the 7819-cm21 line. Hence, also the
intensities of the LVM’s of theA and theB form appear
quantitatively consistent with the microscopic models.
li
e
is:

re
se

d

V. CONCLUSIONS

The metastable dicarbon defect Cs–Ci in silicon has been
studied by IR absorption spectroscopy. A number of carb
related absorption lines have been observed and identifie
LVM’s of the A andB form of Cs–Ci

0 . The observed mode
frequencies are in close agreement with those calcula
from ab initio theory. Moreover, the intensities of the LVM’
are consistent with the atomic models of the two configu
tions, which were suggested previously.
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