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Local vibrational modes of the metastable dicarbon centeCs—C;) in silicon
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The metastable dicarbon centers£C;) 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 cnt are observed. The lines are identified as local vibrational modes of th@ €enter in
its 5 form. lllumination of the sample with band-gap light-a60 K converts thés to the .4 form, and local
modes of thed form are identified at 594.6, 596.9, 722.4, 872.6, and 953 'criihe observed local mode
frequencies of both forms are in excellent agreement with those calculatedframitio theory. Our findings
provide strong support for the atomic structure suggested previously for the two forms.
[S0163-182€9)07635-3

[. INTRODUCTION and 12. However, six LVM's in total should be expected for
Cs—G, corresponding to the six degrees of freedom of the
In crystalline silicon, carbon atoms are common and im-two carbon atoms. Moreover, no LVM of thd form has
portant impurities which are predominantly located at substibeen identified so far.
tutional sites! Interstitial carbon, ¢, is formed when mobile ~ In this paper the LVM's of thed and 5 forms are estab-
silicon interstitials, produced by electron irradiation, arelished by infrared(IR) absorption spectroscopy. The ob-
trapped by substitutional carbong &= At room tempera-  S€rved LVM's are in excellent agreement with those calcu-
ture, G migrates through the lattice and becomes trapped d@t€d from ab initio theory. Thus, the present work
C., whereby a dicarbon center, GG, , is formed* This cen- provides addltlonal support to the structures QG pro-
ter has been investigated extensivefy2®and its character- POSed previously.
istic spectroscopic signatures were known for a number of
years before the atomic structure of the center was identified. Il. EXPERIMENTAL DETAILS
C—G was studied by photolggningscerﬁ:electron para- Samples with dimension~10x10x2 mnt were cut
magnetic  resonance (EPR,™ infrared  absorption  f5m two high-resistivity float-zone silicon crystals doped
spectroscopy, photo;:i)onductlwtﬁ deep-level transmon_ predominantly with 12C (Si22C) or 3C (Si2C). The
spectroscopy(DLTSl)l, ' and optically detected magnetic samples were subsequently mechanically polished on the two
resonanceODMR).™" It was established that the center is gpposite 16610 mn? surfaces to ensure maximum trans-
metastable and can exist in two configurations, labeledthe mission of infrared light. The concentrations of carbon and
form and thel3 form. The point group of thel form isCy,,  oxygen were estimated from the intensities measured at 10 K
and it represents the global minimum in energy for the singlyof the LVM’s of 12C (or 13C,) at 607 cm® (or589 cm'l)
positive and singly negative charge statds,. The atomic  and of interstitial oxygen'fO) at 1136 cm?® (see Ref. 15
model deduced from EPR and DLTS experiments consists dfhe Si?C crystal contained 4%10'" cm 2 C and~1
a (100-oriented Si—C split-interstitial adjacent to a secondx 10'® cm 3 %0 atoms, whereas the 8ic crystal con-
substitutional carbon atof.The B form is energetically fa- tained 8.0<10'” cm 3 3%C, ~1x10Y cm 2 !, and
vored in the neutral charge state, and it also h&s,apoint  ~1x10Y cm 3 %O atoms.
group! The proposed atomic structure of this form consists The samples were irradiated with 2.3 MeV electrons sup-
of two equivalent substitutional carbon atoms at neighboringlied by a 5 MeV Escher Holland van de Graaff accelerator.
lattice sites with an interstitial silicon atom located betweenThe electrons were mass analyzed by a magnet which de-
them2® Recentab initio calculations qualitatively confirmed flected the beam into a 6-m-long beamline, forming an angle
these atomic structures of théand 3 forms of G—C;.1371®  of ~15° with the exit beam from the accelerator. During the
Knowledge about local vibrational modésvM’s) gives irradiation, the samples were mounted inside a vacuum
detailed insight into the physical properties of light atomschamber on a copper block, which was in good thermal con-
embedded in silicon. The LVM’s reveal rather directly which tact with the cold finger of a closed-cycle helium cryocooler.
chemical bonds the light atoms form with their neighbors.At the beginning of the irradiation, the temperature on the
Hence, the frequencies of the LVM’s depend critically on thecopper block was 70 K. The total irradiation dose was
atomic structure of the light-atom defect. Information about~10'® cm 2, and the current density was kept below 2
LVM’s of C—G was previously obtained from photolumi- X 10" cm 2 s ! to ensure that the temperature on the
nescence studies. The form gives rise to a zero-phonon block did not exceed 200 K. The background pressure in the
luminescence line, the so-calle@ line, at 969 me\.  vacuum chamber was below 19 torr.
Phonon-assisted transitions associated with this line revealed After the irradiation, the samples were stored in liquid
three LVM’s at 543.3, 579.8, and 730.4 chm(see Refs. 1 nitrogen for up to 70 h, before they were mounted in a
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) ) . FIG. 2. Section of absorbance spectra of electron-irradiated
FIG. 1. Sections of absorbance spectra of electron-irradiated;.12c and Sit3C recorded at 10 K after heat treatment at room
Si*%C recorded at 10 K just after irradiation and after subsequenfemperature for 820 min and several days, respectively. The absorp-
heat treatment at room temperature for 95, 130, and 820 min. tion line denoted by am is not related to a carbon modeee text

closed-cycle helium cryostat designed for optical measurediation in agreement with previous repoftét about room
ments. During the mounting process, the samples were afemperature, Cbecomes mobile and is trapped by residual
lowed to warm up to room temperature for as short a time ag,, whereby G-C is formed. It is evident from Fig. 1 that
possible (about 10 min). This procedure was employed tothe intensities of the LVM's of Cdecrease as a function of
reduce the diffusion of the ;& created by the irradiation.  heating time at room temperature, and after 820 min the C

The IR absorbance spectra were recorded with a Nicolefnodes can no longer be detected. The concurrent formation
System 800, Fou_rier—transf_orm spectrometer. The measurgf C,—C can be monitored via the IR absorption line at
ments were carried out with a Ge-on-KBr beamsplitter, a7819 cni!. This electronic transition corresponds to the
glowbar, or a tungsten lamp as light source, and a mercurjormation of an electron-hole pair bound to tBeconfigura-
cadmium telluride(MCT) detector. The spectra were re- tion of C.—C .7 The reverse process, i.e., the recombination
corded at 10 K with an apodizied resolution of 2 ©m  of the electron-hole pair, gives rise to theline observed at
unless cited otherwise. - 7819 cm! in photoluminescence.The growth of the

In order to study the thermal stability of the absorption7g19.cni? line as a function of heating time is clearly seen
lines, an IR spectrum was recorded at 10 K after each step ijom the figure. Hence, &G is formed in our samples.
a series of isochronal heat treatments at temperatures in the |, 5qdition to the 7819-cit line, six new absorption
range from room temperature to 300 °C. Each h_eat treatmeljhes in the range from 500 to 900 erh grow during the
had a duration of 30 min and was carried out in a nitrogemeat treatment at room temperature. The intensities of the
atmosphere. In each step, the temperature was increased R lines at 540.4, 543.3, 579.8, 640.6, 730.4, and
20° C. . 842.4 cm ! are low compared with the intensity of tHéC,

As described in Sec. Ill, thed form of CG-G may be |ine at 607 cmi?, even after 820 min at room temperature.
produced from thes form by photoexcitation, i.e., illumina- Fortunately, a 30-min heat treatment at 270 °C removes the
tion with band-gap light. The photoexcitation was performedsjy new lines from the spectrum without causing significant

with the tungsten lamp mounted in the spectrometer. changes in the intensities of the multiphonon absorption
bands and of the other lines, including tHéCq line at
. RESULTS 607 cmj %nd the vacancy-oxygeivO or A centej line at
o 836 cm -.*' Therefore, the spectra recorded after heat treat-
A. LVM's of the 18 form of Cs—C; ment at 270 °C have been used as reference spectra to re-

Figure 1 shows the IR absorbance spectra of the electrofove the intense spectral features which dominate and oblit-
irradiated Si2C, recorded just after the irradiation and after €rate the lines of interest. The spectra shown in Fig. 2 were
subsequent heat treatments at room temperature for 95, 13@0tained this way. As can be seen from the figure, the fre-
and 820 min. From all the spectra, a reference spectrum h&#lencies of the six lines shift downwards wh&e is sub-
been subtracted, recorded on pure silicon with a low carbostituted by**C. The average ratio between the frequencies of
content. The most intense absorption line in the spectra Ighe corresponding lines in the Sic and Sit°C spectra is
cated at 607 cm! represents the LVM of2C. The domi- 1.027. For a carbon atom bound to a silicon atom by a har-
nant defect produced in carbon-doped silicon by electron irmonic spring, the corresponding ratio {8n9m™=1.028,
radiation below room temperature is ,Owhich possesses wherem?? and m* are the reduced masses of 8¢ and
two IR-active modes at 922 and 932 ¢t As can be seen Si—'3C. Therefore, we ascribe the six absorption lines to
from the figure, both modes are observed just after the irrat VM's of a carbon defect. We note that an additional line is
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observed atv550 cm *in thg SiZ*C sp_gctrum. This Il_ne IS FIG. 4. Section of absorbance spectra recorded at 10 K on

observ_ed also in Czochralski-grown silicon doped WitE. electron-irradiated SiC after illumination with band-gap light at

Thus, 'F does not repregent an LVM of ,a carbon ‘?'efeCt- different temperatures in the range 51—-100 K. All spectra have been
In Fig. 3, the formation and annealing behaviors of thegyhracted by the spectrum measured directly after cooling from

7819-cm ! line and the six new LVM'’s are compared. From (oom temperature to 10 K in darkness. The inset shows a small part

the figure, it is clear that the LVM’s and the 7819-chiine  of the spectrum recorded with resolution 1 chat 10 K after

appear and disappear simultaneously. This strongly suggest®mination at 57 K.

that the six LVM’s originate from G-C . Moreover, the

modes at 543.3, 579.8, and 730.4 ’(f'l’rcoincide with those may be disregarded since it is much slower tian— A~

previously assigned to thB form of G—G in its neutral  (Ref. 10. The time constant of the latter thermally activated

charge state on the basis of photoluminescenceeaction j&°

measurements? We therefore conclude that the LVM'’s at

540.4, 543.3, 579.8, 640.6, 730.4, and 842.4" trriginate T5.4=6.4<10 ¥ secxexp(0.15 eVKT),

§ H - 0
from the B configuration of G-G". whereas the process going bagk;, — 5 ~, has a character-

istic timet?
B. LVMs of the .A form of C¢—C;°

. - : =75x10 B : .
It is not surprising that no IR signatures of tleform are Ta-p=1:5X 107 seccexp(0.174 eVKT)

seen in the spectra shown in Fig. 2. The starting materialslence, 75, 4 is less thanr 4,z at all temperatures, which
have high resistivities, and irradiation with electrons at dose$mplies that the3 form can be partly converted into thé
above 18 cm™2 forces the Fermi level into the middle of form by photoexcitation. It is important that the time needed
the band gap. Thel configuration has a donor (8)) and an  to cool the sample~{ 10 min) from the temperature of illu-
acceptor (-/0) level located atE,+90 meV and E, mination to the temperature, where the procgss— 5"~
—170 meV, respectively™° This implies that G-G is pro-  freezes in, is much less than, ;. Otherwise, the system
duced in the neutral charge state, where théorm is the  will go back to theB3 form during cooling. On the other hand,
minimum-energy configuration. The limited sensitivity of IR 75, , should be smaller than the illumination time, which as
spectroscopy prevents us from working with much lower ir-a matter of convenience we choose to be 20 min. If we re-
radiation doses, and hence we cannot raise or lower thguire thatrz  4<20min<7,_ g, the illumination should be
Fermi level enough to observe theform directly by reduc-  carried out in the narrow temperature interval from 50 to 60
ing the dose. However, it is possible to convert irmto K to comply with these conditions.

the A form by photoexcitation of the sample with band-gap  The IR spectra recorded at 10 K on’4aC after 20-min
light. During the illumination, some of the centers captureillumination at different temperatures in the range 50—100 K
photoinduced electrons or holes, whereby theform be-  are presented in Fig. 4. In each case, the illumination was
comes energetically favorable. The conversion reactions besontinued during the cooling of the sample, until the tem-
tween theA and the3 forms have been studied in detail by perature came below 30 K. The spectra in the figure have
EPR and DLTS:!® The most interesting reactions afe" been subtracted by the spectrum measured on the same
— A" andB~—.A~. Of these two, the proceds™ —.A4* sample at 10 K after cooling from room temperature with no
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associated with different configurations of the same defect.
Moreover, the illumination-induced LVM'’s can be removed,
and the LVM's of theB form can be fully recovered by a
heat treatment at 60 K or above in darkness. Finally, the
highest intensities of the illumination-induced LVM’s are
obtained within the narrow temperature interval, where the
partial conversion of thé form to the A form should pro-
ceed most efficiently. On this basis, we conclude that the
illumination-induced LVM’s originate from thed form of
C,—C . The charge state of the center cannot be established
directly from our measurements alone. However, with a
Fermi-level position close to midgap, the singly positive and
singly negative charge states of<£C; are unstable. Hence,
A* should relax toA° when the illumination is switched
off.

Normalized intensity

Temperature (K)

FIG. 5. Normalized intensities of the IR absorption peaks asso- IV. DISCUSSION

ciated with the.A and the configurations of G-C shown as a A. Comparison with theory
function of illumination temperature. The intensities have been nor- )
malized to their maximum valughe .4 form) or to their maximum In Table I, the observed LVM frequencies of tieform

change(the B form). The illumination time at each temperature was @€ compared with those calculated by Leatyal*** and

20 min. After the illumination, the sample was cooled down to 10 K Capazet al,"® usingab initio theory. As mentioned above,
where the IR spectra were measured. A)(594.6 the LVM's at 543.3, 579.8, and 730.4 crhwere observed
+596.9 cmy; (A) 722.4 cmil; (V) 872.6 cmt; (V) 953  previously by photoluminescence. Moreover, in the photolu-
cm !, (M) 540.4+543.3 cm'l; (O) 640.6 cm!; (@) 730.4 minescence spectra, a weak phonon replica line is resolved,
cm % (O) 8424 cmt. which corresponds to the 842.4-cthmode! Presumably,

the low intensity of this line did not allow the authors to
illumination of the sample. As can be seen from the figurejdentify it as an LVM of the3 form. Only modes transform-
illumination at temperatures above 50 K gives rise to newing like the totally symmetric irreducible representatidn
absorption lines at 594.6, 596.9, 722.4, 872.6, andan be observed by photoluminescence. A simple analysis
953 cmil. When'C is substituted by-*C, these lines shift based on group theory shows that hiéorm should possess
downwards in frequency, which demonstrates that they repfour A modes and twd modes. Thus, the photolumines-
resent LVM’s of carbon. Furthermore, the growth of the cence data suggest that the LVM'’s at 540.4 and 640.6 ‘cm
illumination-induced LVM’s occurs parallel with the de- are B modes, whereas the remaining four modes Are
crease of the LVM’s of the3 form, which are revealed as modes. This constitutes the experimental basis for the iden-
dips in Fig. 4. The maximum change in the intensities oftification of the symmetry properties in Table I. For &l
both sets of modes, i.e., the maximum peaks and dips in theodes, the motions of the two carbon atoms are restricted to
figure, were observed after illumination at 57 K. At this tem- the mirror plane, whereas for tliemodes, the carbon atoms
perature, the intensities of the LVM’s of thg form in the  move perpendicular to this plane.
raw spectrum decreased by 20% as a result of the illumina- As can be seen from the table, the observed and calcu-
tion. In Fig. 5, the intensities of the illumination-induced lated frequencies agree very well. The frequencies calculated
LVM'’s, normalized to their maximum values, are shown by Learyet al*®* deviate at most by 16 cnt from those
against the illumination temperature. In addition, the de-observed, whereas the values given by Cagiaa 1° deviate
crease in the intensities of th&form LVM's, normalized to  a bit more for the two LVM'’s with lowest frequencies. The
their maximum drog20%), is also shown. From the figure, only discrepancy between observed and calculated LVM'’s is
it is evident that the two sets of LVM’s are anticorrelated.the ordering of the two modesA(and B) with the lowest
This finding suggests that the two sets of carbon LVM’s arefrequencies. The experiment shows that Bhmode has the

TABLE |. Experimental and calculated LVM frequencies (¢hh of C,—G (B form).

Symm. 2c1c e tc

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 730.4 714.8 715.7 707% 691.7 690.7
B 640.6 648.7 643.4 621.8 630.3 624.1
A 579.8 582.3 567.0 564% 568.2 551.3
A 543.3 543.2 502.8 532% 538.5 499.0
B 540.4 551.8 513.8 529.3 543.0 506.4

8Jlodes also observed in PL.
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TABLE Il. Experimental and calculated LVM frequencies (c¢h of C.—G (A form).

Symm. e lc Bclic
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

lowest frequency but the splitting between the two modes isnodels of the two configurations and the reported effective
only 2.9 cm'. Certainly, the error bars of the calculated charges of Gand G.° As described below, the estimates
frequencies significantly exceed this value. based on the LVM'’s are in fair agreement with the value
In Table Il, the observed and calculatéd® mode fre- stated above, and thus they provide additional support for the
qguencies of thed configuration are given. Since no LVM’s atomic models of thed and B configurations.
of the A form have been determined from photolumines- According to the molecular model of thé form, one of
cence measurements, we are unable to identify the Aour the carbon atoms may be considered as a perturbed substitu-
and twoB modes on the basis of experimental data. How-tional carbon G. The presence of the adjacent Si—C split
ever, theab initio frequencies fit the experimental values interstitial lowers the symmetry to;¢, but the local sym-
reasonably well, although the maximum deviation is abouinetry of the G and its four silicon neighbors is close to
100 cmi'! in this case. For both sets of calculations, theC,,. Hence, the threefold-degenerdte mode of isolated
maximum deviation corresponds to one of the two LVM's C, at 607 cm® splits into two nearly degenerate modes
with highest frequencies. Also, the difference between theesembling anE mode and a nondegenerate mode resem-
frequencies obtained by the two groups is large for thes®ling anA; mode. The LVM at 722.4 cmt is the A,-like
specific modes. The experimental excitation energies of themode, whereas the LVM's at 594.6 and 596.9 <¢neorre-
two high-frequency modes are 0.11 and 0.12 eV, and, hencgpond to theE mode. The other carbon atom of thecon-
they are comparable to the activation barrier of 0.15 eV sepdfiguration has a local structure very similar to interstitial car-
rating the neutral charge states of teand B configura- pon G. As mentioned in Sec. lll, Cgives rise to two
tions. This suggests that anharmonic effects are importantvM’s at 922 and 932 cm?. This suggests that the form
and that the calculated quasiharmonic frequencies are inagnodes at 872.6 and 953 crhbasically are the LVM’s of €
curate for these modes. The fact that the 953-triine is  perturbed by the neighboring,CBased on this qualitative
very broad indicates that anharmonic effects may play ampicture, we suggest that the effective chafesssociated
important role, at least for these modes. with the two groups of LVM'’s are the same as for the iso-
For the A form, only five modes are detected, althoughlated defects, i.e.ys=2.4e for C; and ,=3.2e for C,.*° If
the defect should possess six modes. According to the calcyr (o) and «;(o) denote the sum of the absorption coeffi-
lations, the LVM with the lowest frequency is close to or cients of the Glike and the Glike LVM'’s, respectively, the

falls below the Raman frequency in silicon at 524 ¢m®If  concentration of IR active center, can be estimated from
so, we expect this mode to couple strongly with the lattice

phonons and thereby to escape observation due to significant
broadening. Alternatively, the mode may fall below the de-
tection limit of our setup at-430 cmit.

B. Intensities of LVM’s
The concentration of GG, denotedNCS_Cl, we can es-

timate fr.Om the intenSit)A,, of the 7819-Crﬁ1 ”ne,l USing the Ng is the refractive indexc the Ve|0city of ||ght, andMV -
expression the mass of the carbon atdt?? The integrals ofx (o) and
ai(o) have been determined from the spectrum obtained af-
ter 820-min heat treatment at room temperature and subse-
|:f a(0)do=6.8x10"1% cmxNe _c. quent cooling to 10 K in darkness followed by photoexcita-
s tion at 57 K. Now, the concentratioN can be determined
from the formula above. However, only 2Q-€C centers
Here, the absorption coefficieat and the wave numbey  have theA configuration under these conditions, and, there-
are in cnt L. From the spectrum recorded after 820-min heaffore, Nc_-c,~5XN can be calculated frofN. From the in-
treatment at room temperatufsee Fig. 1, we find that tensities of the Glike modes, we obtainNc_c~5

NCS_Ci~4.5X 1016 Cm73. Two independent estimates of X]_O]-G Cm73, whereas the Q|ke modes gi\/eNCS_q%3_8

Nc.-c can be obtained from the LVM intensities of thé 10! cm™3. These values deviate less than 16% from the
and theB form. These estimates rely on the microscopic4.5x10'® cm 2 estimated from the intensity of the
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7819-cm! line. We consider this agreement to be very V. CONCLUSIONS

good, taking into account the crudeness of the estimates. The metastable dicarbon defect-C; in silicon has been
Because the two carbon atoms in teonfiguration are gy died by IR absorption spectroscopy. A number of carbon-

fourfold coordinated and located near-substitutionally, Wergjated absorption lines have been observed and identified as

assume that the effective charge for each carbon atom ig$\/\M's of the A and 3 form of C.—CP. The observed mode

ns~2.4e. With this assumption, the formula stated abovefrequencies are in close agreement with those calculated

can be used to estimate the concentration ofdfferm cen-  from ab initio theory. Moreover, the intensities of the LVM’s

ters, provided thatrg(o) is set equal to the sum of the ab- are consistent with the atomic models of the two configura-

sorption coefficients of all six LVM'’s divided by 2. This tions, which were suggested previously.

factor of 2 reflects the two “Cunits” in the B form. The

integral of ag(o) has been determined from the spectrum
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