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Electronic and atomic structures of the Si-C-N thin film by x-ray-absorption spectroscopy
and theoretical calculations
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This study measures the x-ray-absorption spectra of a crystédlir&-C-N thin film at the C and X edge
using the sample drain current mode and at th& Mdge using the fluorescence mode. A resonance peak
resembling the Cd4core exciton in the chemical-vapor-deposition-diamond/Si is observed. In addition, a broad
feature is found in the energy range betwee?290 and 305 eV, which can be assigned to the antibonding C
2p-Si 3sp hybridized states and the Q- 2sp hybridized states as well. The fact that the resonance peak is
located~1.5 eV below the C 4ionization energy suggests that the Frenkel-type exciton model can appropri-
ately describe the core exciton of carbon atom-8i-C-N. Closely examining the K edge near edge
absorption spectra reveals similar features in bothi-C-N and «-SizN,, indicating that nitrogen atoms
generally have a similar local environment in these two materials. Moreover, results obtained oed&
absorption spectra a-Si-C-N demonstrate a proportional combination of local Si-N and Si-C bonds associ-
ated with the local tetrahedral C-SizMrrangement as well as the long-range ordered atomic structure around
Si atoms. Theoretical calculations using the first-principles pseudofunction method are also presented and
compared with experimental da{&0163-182€08)08037-0

[. INTRODUCTION ture (EXAFS) studies of nanometric Si-C-N powders. How-
ever, they obtained different atomic structures. Gheorghiu

Silicon carbide(Si-C) and silicon nitride(Si-N) are highly ~ tal- found a local C-Si-N arrangement around Si atoms,
promising for a wide range of applications in mechanics,Wh”e Tgnegal et al. concluded that the Si atoms are ran-
optics, and electronicsCarbon nitride(C-N), another binary domly linked together through the C-N network. Another
compound, has also received extensive attention recentiivestigation found the existence of mixed coordinations
owing to its potential applications in new hard materfals. ~around silicon atoms, as evidenced by an extended energy
is expected that the ternary Si-C-N system may be similarlyoss fine structure analysis at the ISiedge of the Si-C-N
important® Gheorghiuet al* and Teegal et al® recently  thin film.% Meanwhile, an x-ray-spectroscopy study of a local
performed SiK-edge extended x-ray-absorption fine struc-structure for nanometric Si-C-N powders indicated that the
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local environment of silicon atoms are strongly dependent on
the N/C concentration ratibSo far the local atomic structure

in Si-C-N are still not well understood and the C and N
K-edge x-ray-absorption spectra as well as the electronic
structure have not been studied, yet. In this study, we ana-
lyzed the electronic and atomic structures of the crystalline
(c)-Si-C-N thin film obtained by combining C, N, and Si
K-edge x-ray-absorption measurements and first-principles
electronic structure calculation using the pseudofunction
method. Results presented herein provide further insight into
the local electronic and atomic structures in the ternary Si-
C-N system.

¢-Si-C-N

o-SisN4

Counts (arb. units)

Il. EXPERIMENT

The C, N, and SK-edge x-ray-absorption spectra of the 1020 30 40 50 60 70 80
c-Si-C-N thin film were measured with that of chemical- 26 (degrees)
vapor-deposition(CVD)-grown diamond on Si substrate,
a-SisN, powders, and thin filng-SiC andc-Si(100) given as
references. The measurement was performed using the hig
energy spherical grating monochromatgHSGM) and the ¢-Si-C-N compound. In this method, the potential was
In_Sb(ll]) double crystal monochromat¢bCM) beamlmgs divided into spherical potentials within the muffin-tin
with an electron-beam energy of 1.5 GeV and a max'mun'&pheres and a plane-wave expanded potential that extends
stored current of 200 mA at the Synchrotron Radiation Re'throughout the crystal, which includes the interstitial poten-

search CentefSRROQ, Hsinchu, Taiwan. The spectra of the tial and the nonspherical part of potentials within muffin-tin

C and SiK edge were measured using the sample drain Cur§pheres. PSF's are smooth mathematical functions con-
rent mode and the fluorescence measurements for tKe N

- ! r ntin ly an ifferentially extending th
edge spectra were taken with a high-sensitivity sevenSt ucted by continuously and differentially extending the

| t Ge detect t ¢ t Phot _muffin-tin-orbitals tails into muffin-tin spheres. They are
element € detector al room temperature. Fhoton energi ﬁnply devices to calculate the interstitial and nonspherical
for the C and NK-edge x-ray-absorption near edge structure,

: ) : parts of matrix elements efficientf}through plane waves
(XANES) spectra were calibrated using the bulk dianfbond using the fast-Fourier technique. In this study, we expanded

and the well known CafFthin film and the SiK-edge PSFE's | . e
: . ) 9 s in 13 12525X25%21) plane waves. The interstitial
XANES spectra were calibrated using thesi(100) film. and nonspherical parts of the charge density and potential

The typical resolution of the spectra was 0.2 eV for HSGMWere ex : :
! . panded in 98 4429x49x41) plane waves. Six spe-
and 0.7 eV for DCM beamlines. TheS-C-N sample was g, (kx, Ky) points of Cunningham for the two-dimensional

grown_t_by microwave Spllaosyaber:hf'lancefdthchemlcal t.\lapohexagonal lattice withk,= 3 (27/c) were used to obtain the
eposition process on-5(100. Details of the preparation aelf-consistent charge density and poteriftalo obtain the

FIG. 1. Representative x-ray-diffraction spectra of polycrystal-
p{]e c-Si-C-N anda- SizN,.

procedure for similar compounds have been described_ .. _1 3 5
elsewheré? X-ray-diffraction (XRD) spectra ofc-Si-C-N 7art|al DOS, we have - sampled,= 15, 15, 15, and
exhibited many sharp lines, of which the most distinct one 15(27/C). For eachk,, we chose the six speciaky, ky)

I i ' - X %oints of Cunningham for the two-dimensional hexagonal
mimic those ofa-SizN, as shown in Fig. 1, though devia-
tions of relative intensities and peak positions from those oE
a-SisN, can be seen. These XRD data clearly showed thartn
there was no significant contribution from tB8eSiC phase in
c-Si-C-N because they did not have the three pronounce
diffraction peaks located at#2=35.8, 60.2, and 72.0° gener-
ally observed in thes-SiC!! XRD analysis yielded that the
polycrystallinec-Si-C-N was dominated by a structure with
similar crystal symmetries of the-Si;N, structure charac-
terized by a hexagonal structure with a corner-linked ,SiN
tetrahedrd? The scanning electron microscopy micrograph
of c-Si-C-N also reveals a randomly oriented image, in
which large grains are formed with sizes of the order of 0.5 Figure Za) plots the CK-edge XANES spectra g8-SiC,
#m on the Si substrate. The R-edge XANES and SK-  ¢.Sj-C-N, and CVD-grown diamond on Si substrésbbre-
edge EXAFS measurements as presented in the followingiated hereafter as diamondfSor comparison. After pre-
section shows negligible oxidation of tleeSi-C-N film. edge background subtraction, the spectra were normalized
using the incident beam intensity and then scaled to the
maximum peak heights. For x-ray energies in the XANES
region, the excited photoelectron undergoes a transition from

A first-principles pseudofunctioPSPH method®was em-  a core level to an unoccupied state; the final state is deter-
ployed to calculate the projected density of sta@®S) of  mined in relation to the initial state by the dipole selection

ravais lattice. Totally, we have sampled twenty-four special
points for obtaining the partial DOS. An x-ray-diffraction

easurement revealed thaSi-C-N has ax-SizN, structure

ith lattice constante=13.055 a.u. an@=9.943 a.u. The
nit-cell parameters and atomic positions were determined

from the x-ray-crystallograph tabfé Muffin-tin radii of 2.0,

1.0, and 1.2 a.u. were chosen for Si, C, and N, respectively,

which are roughly proportional to their covalent ra8livith

the constraint that all muffin-tin spheres do not overlap.

IV. RESULTS AND DISCUSSION

Ill. THEORY
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rule. It is well known that carbon atoms in diamond form
(a) CK-edge strong tetrahedrally coordinateg® hybrid bonds. The spec-
tra of diamond/Si clearly display a sharp feature, which
closely resembles that reported in earlier wdtks.The
XANES energy range for diamond generally can be divided
into two regions characterized by their specific features,
namely,(a) at ~289.2 eV is the C 4 core exciton resonance
and(b) between 290 and 302 eV is a relatively broad band of
o* states o p® bonded carbon atonfsThe relatively small
peak at~285 eV obviously appears due to non-diamond-like
sp? bonded carbon ofr* states®!°In contrast, the carbon
atoms inc-Si-C-N and g-SiC have different local environ-

¢-Si-C-N

Diamond/Si

Normalized Absorption (arb. units)

Energy (V) transitions of photoelectrons from the @ dtates to the un-
. ‘ . occupied p states. These states have been hybridized sig-
280 300 320 340 nificantly with tzr(;e Si 3p states according to the calculated
Photon Energy (V) DOS of B-SiC7 In the inset of Fig. pa), the C K-edge
XANES spectra are compared with calculated carlpsn
projected DOS ofc-Si-C-N. The darkened area shows the
(b) C K-edge theoretical carbormp-projected DOS above the Fermi level.
| & (AE,=1.5eV) The upper solid curve is the K-edge absorption spectra at
the region of XANES. In addition, the dashed curve in the
middle represents the theoretical carbeiprojected DOS
broadened with a Lorentzian of 0.2 eV to simulate the core-
hole lifetimé and convoluted with a Gaussian function of
0.2 eV to simulate the experimental resolution. According to
the inset of Fig. 2a), the partial density of N and Si 3p
states spreads over a wide range with a gap from about 1 up
to about 3 eV above the Fermi level. The & riear-edge
feature ofc-Si-C-N appears to be due to dipole transitions
from the C &k states to the unoccupieg 3tates, which have
also been hybridized significantly with the N@and Si 3p
states. Our theoretical calculations indicate that thephrd
Si 3p have a larger DOS above the threshold region than that
of the N Zand Si 3 states. The Cdcore exciton resonance
of ¢-Si-C-N show a broader feature than that of diamond/Si.
Photon Energy (eV) We can say that this broader resonance peak can be attrib-
uted primarily to the C 4 core excitonic state, which also
) . . mixed with some contributions from the antibonding 3
FIG. 2. (a) Normalized CK-edge absorption spectra BiSi-C, 35 and C -N 2sp hybridized states. Furthermore, the pre-
¢-Si-C-N, and dlamond/_Sl. The inset is a comparison of thK-C edge 7* -like peak in thec-Si-C-N spectra increases in in-
edge XANES spectra with calculated caripprojected density of tensity and its position is shifted slightly to the higher energy

states(DOY) of ¢-Si-C-N. The darkened area shows the theoretical . . .
carbonp-projected DOS above the Fermi level, which is defined asS'de' Based on the calculational results, the pre-etfyéike

the zero energy. The upper solid curve is th&@dge absorption peak can be interpreted n terms of the anubondmgpQSIZ
spectra at and above the threshold and the dashed curve in tﬁé*p ‘T’md C 2-N 2sp hybridized states. The relatively Igrge
middle is the theoretical carbqmprojected DOS broadened with a 7 -like Peak also appears to be due' to carbon atones3i
Lorentzian and convoluted with a Gaussian function. The spectr-N. Which has a larger degree of disorder of &€ bonds
have been aligned at the position of the first main peak, and théimilar to diamond/Si. According to an electron-energy-loss
intensity units have been normalized arbitrarily) The part of Fig. ~ SPectroscopy study on the structure of nitrogen-doped tetra-
1(a) in the vicinity of the C  core exciton resonance about 4 eV hedrally bonded amorphous carbon filfighe intensity of
above the Fermi level. The solid lines were calculated by a summas™ -like feature increases with an increasing N/C concentra-
tion of the Lorentzian peak and the arctangent function shown byion ratio. This occurrence can be accounted for by the fact
the dashed lines. The experimental data are shown by the fillethat the excess N doping promotes disordesgtl bonds to
circles. incorporate stress relaxation and graphitization. This is fur-

. ments than those of carbon atoms in diamond/Si. Thus, the C
% K-edge XANES spectra of-Si-C-N and B-SiC are some-
T = \ what different than t_hat of diampnd/Si. According to Fig.
o . L\ Cp 2(a), the spectra o«f:-_S|-C-N are quite close to that ¢fSiC. _
0s N2s Both spectra contain a weak structure at the pre-edge region
0 P . . . . .
24 N Np and display a strong and sharp excitonic peak immediately
k) — above the threshold. These spectra have broad features above
N Nad N /’“\’V\;s the edge up to-305 eV. The broader feature in the near-
f,swdxo\ - - 3| edge region inB-SiC can be attributed to dipole-allowed

Normalized Absorption (arb. units)
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ther supported by the theoretical calculations for a wide
range of stoichiometries in an amorphous carbon nitride
systen??

C 1s core excitons in diamond have been the subject of
controversial debates. Morat al. have used the hydrogenic
effective mass approximation to show that the Wannier-type
exciton has a binding energy of 0.19 &Vater, Jackson and
Pederson suggested that a higher binding enéofyrder
1.7 eV) exists for the Frenkel-type exciton, which is dipole
forbidden due to the symmetry selection r&ieBased on
x-ray-absorption and emission studies of diamond and graph-
ite and the consideration that the exciton may couple with
phonons to give rise to the Jahn-Teller distortion, &faal 2*
proposed a model that incorporates both the Wannier and the
Frenkel approaches. To quantitatively address the excitonic
binding energyAE,, of carbon atoms i-Si-C-N, we inves-
tigate the C & AE,, using the Lorentzian and arctangent
functions to describe the excitonic state and the continuous e
step?® respectively. Figure ®) is an enlargement of the part Energy (¢¥)
of absorption data and the fitted spectrum in Fi@) 2n the . ! ! .
vicinity of the excitonic peak. The excitonic peak ofSi- 400 450 500
C-N is located at~1.5 eV below the C dionization energy Photon Energy (eV)

(290.8 eV locates at the reflection point of the continuous FIG. 3. Normalized fluor nce vield Keed bsorption
step. The full width at half maximurfFWHM) of the exci- - o Normalize orescence yield H-edge absorpto
: . C . spectra ofc-Si-C-N anda-SigN,. The inset is a comparison of the

tonic state is 2.6 eV, which is larger than that of dlamond/S|N K-ed hite line feat ith th lculated nit
(~0.5 eV). The larger FWHM forc-Si-C-N is presumably ecge wirle ne lealres w e cacualen nirogen
d ) -h buti f ibondi i 3% dc projected DOS ofc-Si-C-N. The darkened area is the theoretical

ue to(a) the (_:O_nt” ution of antl onaing CPQS' pana nitrogen p-projected DOS above the Fermi level. The upper solid
2p-N ZS.p hybridized State_s mentioned earlier affdl an ”’," curve is the NK-edge absorption spectra at and above the threshold,
crease in the degree of disorder of the carbon atonts3R  4nq the dashed curve in the middle is the theoretical nitrqgen
C-N. The excitonic binding energy strongly depends on thgrgjected DOS broadened with a Lorentzian and convoluted with a
local electronic band structufeand bonding environment Gayssian function.
around the absorbing atorfThe C & AE,, has an order of ] ] o o
1 eV, which Suggests that the Frenkel_type exciton modeﬁauss|an function of 0.2 eV. From this f|gure, the white line
can properly describe the core exciton of carbon atoms ! the N K-edge spectrum of-Si-C-N can generally be as-
¢-Si-C-N because of the large excitonic binding energy thafigned to the antibonding Np2Si 3spand N 2-C 2sp hy-
renders the excitonic level to be well separated from the C 1br(|§1|Sze(tiJ statehs. Tr?e (%pZ%nd S P shtateshalsofgg\éra z;_la;ger
continuous step. According to a more recent study of th th asq\glil € tdress'oN rﬁgmnt ar|1 t.é"t Ot' | N Id
band gap of thec-Si-C-N film using a piezoreflectance XZNIS-S I-s -ect?:: %}né%afsﬁl\\/le rt]:%arl\rtgirllse?)rl](l:a the:eN?gi
techniqué’’ c-Si-C-N is a direct wide-gap semiconductor P ; I y

with a band gap of~3.81 eV at 300 K. This finding corre- bonds, whilec-Si-C-N contains N-Si and C-Si bonds, the

X ; . similarity in the spectra ot-Si-C-N and a-SizN, suggests
lates with t_he Frenkel-type exciton with a strong eI_ectron-that the substitution of N by C does not alter significantly the
core-hole interaction that has been found in wide-ga

o Rocal bonding environment of N atoms. The K-edge

materials® , XANES spectrum of-Si-C-N display broad features above

Figure 3 displays the photon-flux-normalized WNedge  ihe threshold region. However, our theoretical calculations
XANES spectra ofc-Si-C-N anda-SigN,. This figure re- — show a sharper feature near threshold, whose intensity drops
veals splitting double-peak features near 403.8 and 406.0 eNown quickly at~1 eV, a gap of about 2 eV, and then a
in the a-SizN, spectrum(labeled as two vertical dashed broad feature that emerges-a8 eV above the Fermi level.
lines). A similar splitting feature is also observed in the  This discrepancy may be due to the fact th&&i-C-N con-
Si-C-N spectrum. Based on the calculated DOS of (N 2 tains not only a majority of thex-Si;N, structure but also
symmetry?® the white line features in the K-edge spectrum some other minor local structures around the absorbing ni-
of a-SigN, can be attributed to the antibonding I8-3i 3sp  trogen atoms, which smeared out the shape white line fea-
hybridized states. The similarity in the spectra of bot§i-  tures. The effect of the deep core hole may also affect the
C-N and «-SisN, suggests that nitrogen atoms overall havefinal-state correction, which concerns the calculation of a
similar local environment in both materials. The inset of Fig.charged system and is beyond our capability. We believe that
3 compares the NK-edge XANES spectra with the calcu- nitrogen atoms have similar local environment in bot8i-
lated unoccupied nitroggmprojected DOS 0€-Si-C-N. The  C-N anda-SizN, but the multiple-local-structure and disor-
darkened area represents the theoretical nitrggerojected  der effects irc-Si-C-N cause the broadening of the white line
DOS above the Fermi level. The upper solid curve depictseature in its NK-edge XANES spectra. Please note that the
the N K-edge absorption spectra of white line features. Thaheoretical calculations are concerned with only the perfectly
dashed curve in the middle is the theoretical nitrogen hexagonal structure.
projected DOS broadened with a Lorentzian of 0.2 eV and a Figure 4 displays the photon-flux-normalized ISiedge

NK-edge

c~Si-C-N

Intensity

_
o

°,
S =

o

Normalized Absorption (arb. units)

=
n
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Si-3s
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FIG. 4. Normalized SiK-edge XANES spectra of-Si(100), Radial Coordinate ( A )
¢-Si-C-N, a-SigN,, and B-SiC. The inset compares 3{-edge FIG. 5. (8) Normalized SiK-edge EXAFS oscillationsy(k)

XANES spectra with calculated silicop-projected DOS ofe-Si-  \yeighted byk? of ¢-Si-C-N at room temperaturéh) Magnitude of
C-N. The darkened area shows the theoretical silipgomojected  the Fourier transform of the EXAFE’y data fromk=3.5 to 12.0
DOS above the Fermi level. The upper solid curve is th&-8dge  A-1 (solid ling). Final fit of theory to the nearest-neighbeN)
absorption spectra at and above the threshold, and the dashed cuygn and Si-C bond length&lashed ling Structural parameters of
in the middle is the theoretical silicomprojected DOS broadened he two NN's obtained by fitting the S{-edge EXAFS spectrum:
with a Lorentzian and convoluted with a Gaussian function. Ngn=3+0.1,Rgn=1.73+0.01 A, 02 n=(3.8+0.5)x 10 3A2,

_ _ _ _ Nsi.c=1%0.1,Rg.c=1.88+0.01 A, 0% =(3.6+0.5)x10 3 A2
XANES spectra o£-Si(100), ¢-Si-C-N, a-SigN,, andB-SiC.  N'R ando? are the coordination number, NN distance, and mean-
In the case ofc-Si(100), the SiK-edge XANES spectrum  square vibrational amplitude, respectively.
reflects the transition from the Sstore level to the unoc-
cupied Si d-derived states. This figure also displays characA and B in the SiK-edge XANES spectrum afSi-C-N can
teristic double-peak featurékabeled as two vertical dashed be attributed to the antibonding Sp-B\ 2spand Si -C 2sp
lines) above the edge with an energy separation of about 1.8ybridized states. According to calculations, the BiN82p
eV. Figure 4 also clearly demonstrates that the threshold iand Si $-C 2p hybridized states contribute more signifi-
the Si K-edge XANES ofc-Si-C-N shifts toward higher cantly to the SiK-edge XANES spectra. These results agree
binding energies. In addition, the general line shape of thevith our experimental data and are consistent with results of
spectra differs distinctly from that af-Si(100). These indi- C and NK-edge XANES, thereby confirming the occurrence
cate that the chemical states of the absorbing silicon atoms iof local Si-N and Si-C bonds in-Si-C-N.
c-Si-C-N are obviously different than that 0fSi(100. Fig- This study also attempts to precisely determine the local
ure 4 also indicates that the 8redge XANES spectra of environment around silicon atoms and to verify the conclu-
c-Si-C-N and a-SizN, consist of a main peakabeled A  sions derived from the C, N, and Biedge XANES spectra
and a shoulde(labeled B. However, in thec-Si-C-N spec- and our theoretical calculations ofSi-C-N. The SiK-edge
trum peak B is more prominent and peaks A and B appear t& XAFS spectra were measured froeaSi-C-N using the
be well resolved. The prominent peak BdiSi-C-N may be  sample drain current mode at room temperaftirBigures
due to the existence of local Si-C bonds around silicon atomS§(a) and §b) present the normalized EXAFS oscillatig(k)
because peak B resembles that of the maximum pegk of weighted byk? for the SiK edge and the corresponding
SiC. This is supported by the results of the kGedge Fourier transformgFT’s) of the k®y data, respectively. Fur-
XANES, which show the occurrence of local C-Si bonds inther quantitative analysis performed herein involves combin-
c-Si-C-N. The inset of Fig. 4 presents thelSedge XANES  ing the multiple-scattering EXAFS computer prograerreé
spectra and calculated unoccupied siligeprojected DOS (Ref. 32 with the nonlinear least squares fitting computer
of ¢-Si-C-N. The darkened area denotes the theoretical siliprogram FErrIT.3® A fit procedure based on a two-shell
con p-projected DOS above the Fermi level. The upper solidmodel of Si-N and Si-C pairs is also applied to the first main
curve represents the Bi-edge absorption spectra, and the peak of the FT curves ig-Si-C-N. As shown in Fig. &),
dashed curve in the middle is the theoretical siliggn the quality of the fit for the first main FT peak is quite good.
projected DOS broadened with a Lorentzian of 0.48B¥f. ~ According to this analysis, the Si atoms are bounded with
30) and a Gaussian parameter of 0.7 eV. Apparently, peakthree nearest-neighb@IN) Si-N and Si-C bonds. Thus, the
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As mentioned earlier, there has been a dispute over the
atomic structure of the Si-C-N compound. Gheorgaital*
suggested the existence of a local C-Si-Brrangement
around Si atoms and it is likely to have the long-range or-
dereda-SisN, structure. This is in contrary to that Si atoms
are randomly linked together through the C-N network with-
out a long-range order proposed byriggal et al® In a sepa-
rate study of the SK-edge EXAFS for the amorphous)-
Si-C-N film3t it was found that the first peak in the general
FT curves fora-Si-C-N (also see Fig. Bshifts slightly to-
ward the lowerR. Due to larger Debye-Waller factors, the
magnitude of the second main peak in the FT curves for
a-Si-C-N will reduce more significantly than fa-Si-C-N
and a-SisN,. In fact, the general FT curves farSi-C-N is
quite similar to that for nanometric Si-C-N powders pre-
sented by Teegal et al. (see Fig. 3 of Ref. § which also
lacks a long-range order foR values exceeding~2 A.
Therefore, this dispute regarding the local atomic structure
local atomic structure ot-Si-C-N, on average, closely re- (as to whether the Si-C-N system is crystallinelike arrange-
sembles that of the tetrahedral C-Sj-Wrrangement. The ments or random networksnight be due to the differences
second main peak centered near 2.7 A in the FT curves ifh the raw materials and/or the procedures used to prepare
Fig. 5(b) show the long-ranged ordered atomic arrangemenghe samples. In particular, the local environment around sili-
with multiple next-nearest-neighbdiNNN) bonds around con atoms strongly associated with the N/C concentration
S|I|con atoms |np-S|-C-N. Notably,_ the_ fitting results for the (atig7 Finally, by combining the XRD data, C, N, and Si
NN Si-N and Si-C bond lengths io-Si-C-N were found 0 k_edge XANES and SK-edge EXAFS results and theoreti-
be consistent with those presented in Refs. 4 and 5. The,| caiculations for-Si-C-N, we can conclude that the sili-
general FT spectra @Si-C-N in Fig. 3b) closely rese”f‘b'e_ con atoms inc-Si-C-N preferentially have a similar local
not only that of Si-C-N nanometric powders reported in F'g'structure as ina-SizN,. This confirms the existence of a

9 of Ref. 4, but also that of-SiN,. Figure 6 displays the local tetrahedral C-Si-Narrangement and a long-range or-

FT curves obtained frone-Si-C-N and a-SigN,. The first dered atomic structure rather than that silicon atoms ran-

main peaks of the FT curves in Fig.(&beled by the first . .
vertical arrow, which corresponds to the NN bond Iengths,%%2!¥aggzegr dtgrgether through the C-N network without

are nearly at the same position for bothSi-C-N and
a-SizN,. But the position of the second FT pedétbeled by
the second vertical arrgwor c-Si-C-N is shifted slightly to
the lowerR side relative to that for-Si;N, though they are V. CONCLUSION

still fairly close. The third peak of the FT curvélabeled by Results obtained from G<-edge XANES spectra and

the third vertical arrowfor ¢-Si-C-N is also shifted slightly gt hrinciples calculations demonstrate that the broad fea-
to lower R side and the amplitude is obviously much smaller; .« in the XANES energy range can be assigned to the an-
for ¢-Si-C-N than fora-SigN,. This property can be attrib- tibonding C 2-Si 3sp hybridized states and the G-N 2sp

uted primarily to the decrease of the structural order and/oﬁybridized states. The resonance peak, which can be de-

the coordination numbers. We would like to mention that thegeipeq by the Frenkel-type exciton model, can be attributed
NN Si-N and Si-C bond lengths ia-Si-C-N are essentially 5 the core exciton of carbon atomsdrSi-C-N. The nearly

identical to that ina-SisN, and-SiC’ respectively, which  jentical features in the M-edge XANES spectra for both
can alternatively be interpreted as an evidence of a mixturg_gi_c.N anda-SisN, show that botre-Si-C-N anda-SisN,,

of a-SigN, and 8-SiC phases in the-Si-C-N. However(1)  haye similar local environments around the nitrogen atoms.
the XRD data mentioned earlier showed that there was N§he SiK-edge XANES and EXAFS spectra confirm the ex-
significant contribution from thes-SiC phase in the-Si-  jstence of a local tetrahedral C-SipNrrangement with a
C-N. (2) The CK-edge XANES is suggestive of an average|ong.range ordered crystallinelike structure around silicon at-
C environment similar tgbut not identical tp that in 8-SiC. oms inc-Si-C-N. We note that the above explanations of the

It appears(especially from ther”-like resonancethat not ¢4 electronic and atomic structures are based on polycrys-
all of the C could be in thg-SiC phase(3) The SiK-edge  tg)jine ¢-Si-C-N, which mainly has a homogeneous hexago-
XANES data indicate that most of the Si are not@rSiC 5 structure with corner-linked tetrahedra.

phase; in particular the measured XANES spectra-8i-
C-N are significantly different than the simple sum of the
two distinct SiK-edge XANES spectréin different propor-
tions) of a-SizN, and B-SiC. (4) The positions and ampli-
tudes of the first two main peaks in Fig. 6 are quite similar One of the author$W.F.P) would like to thank the Na-
for both ¢-Si-C-N anda-SizN,. These facts support the ar- tional Science Council of the R.O.C. for financially support-
gument thatc-Si-C-N has aa-SisN, structure with a local ing this research under Contract No. NSC 87-2613-M-032-
tetrahedral C-Si-Bl arrangement and is consistent with our 003. SRRC is also appreciated for allowing us to use their
theoretical calculations for the Si-C-N. HSGM and DCM beamlines to perform this study.
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FIG. 6. Magnitude of the Fourier transform of the EXAKSy
data of the SIKK edge ofc-Si-C-N (solid line), a-SisN, (dashed
line), and a-Si-C-N (solid line with open triangleésat room tem-
perature.
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