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X-ray absorption of S i—C—N thin films: A comparison between crystalline
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X-ray absorption near edge structufXANES) spectra of crystalline(c)- and amorphous
(a)-Si—C—Nthin films were measured at the C, N, andKS#dge using the fluorescence and sample
drain current modes. A sharp peak similar to thesbre exciton in chemical vapor deposition
diamond is observed, which can be assigned to the transition from ted3]p® hybridized states

in ¢c-Si—C—N. The CK edge XANES spectrum o&-Si—C—N contains a relatively large sl

—a* peak, implying that carbon atoms in theSi—C—N film arebonded largely in graphite-like

sp? configurations. A shift of tha-Si—-C—N=* peak towards the lower energy by0.3 eV relative

to that ofc-Si—C—N isobserved, which can be attributed to a higher degree of disorder-induced
localization of excited electrons. Bo#h andc-Si—C—N NK-edge XANES spectra resemble that of
a-SiN,. The SiK-edge absorption spectra of the-8i—N thin films indicate a proportional
combination of local Si—N and Si—C bonds. The increase of the binding energies of excited
electrons and the broadening of the spectral features by structural disorder are also observed in the
Si K-edge XANES spectrum of tha-Si—C—N film. © 1999 American Institute of Physics.
[S0021-897€09)09422-7

I. INTRODUCTION The presence of mixed coordinations around Si was also ob-
served in the extended energy loss fine structure analysis at

Silicon carbide(Si—C) and silicon nitride(Si-N) have  the SiK edge of the amorphous-SC—N thin film.” In this

wide applications in mechanical, optical, and electronicstudy, we analyze C, N, and $i-edge x-ray absorption

devicest Carbon nitridglC—N), a highly promising hard ma- spectra ofc- anda-Si—C—Nthin films in order to elucidate

terial, has also received increasing attention recéritlin  the local electronic and atomic structures in the ternary Si—

contrast, the ternary SC—N system has attracted lesser at- C—N system. A comparison is made between the spectra of

tention despite its potential technological importance. Whilethe ¢- and a-Si—C—N thin films. Due to the absence of a

performing SiK-edge extendea-ray absorption fine struc- long-range order in the amorphous phase, the excitonic bind-

ture (EXAFS) studies of nanometric SC—N powders, ing energy is found to increase relative to that of the crystal-

Gheorghiuet al* and Tenegakt al® derived atomic struc- line phasé:®

tures that are somewhat controversial. Our recent C, N, and

Si K-edge absorption measurements and first-principles cal; ExPERIMENT

culations indicated that the crystalline)¢ Si—C—Nthin film )

has a proportional combination of local Si-N and Si-Cc ~ The C, N, and SK-edge x-ray absorption spectra of

bonds indicative of a local tetrahedral C—Siz-&frangement @nd a-Si—-C—N films and the chemical vapor deposition

and a long-range ordered atomic structure around Si afoms\CVD)-grown diamond, polycrystalline-SigN,, -SiC, and
Si(100 films were measured using the high-energy spherical

) , _?rating monochromatqHSGM) and InSl9111) double crys-
Sg;g%g(gg‘:)’;‘yz"ﬂffgjzp&”dence should be addressed; electronic maigy| 1yonochromatofDCM) beamlines with an electron-beam
bAlso at Synchrotron Radiation Research Center, Hsinchu, Taiwan 300€N€rgy of 1.5 GeV and amaximum stored current of 290 mA

Republic of China. at the Synchrotron Radiation Research Ce(8&RQ, Hsin-
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malized using the incident beam intendigyand were scaled
C K-edge to the maximum of the peak heights. For x-ray energies in
the XANES region, the excited photoelectrons undergo a
transition from the core state to unoccupied final states de-
termined by the dipole-transition selection rule. The spectra
shown in Fig. 1 reflect the transition from the € dore state
to thep-like final states above the Fermi level. The spectrum
of diamond/Si clearly shows sharp features similar to those
reported in earlier literaturédd:*®* The XANES for diamond
has two featuredq1) the spike of the C & core exciton reso-
nance at approximately 289.2 eV af®) a relatively broad
o* feature of thesp® bonded carbon between about 290 and
(b)C K-edge 302 eV. The relatively small peak at285 eV in the
IRAE,=15¢eV) diamond/Si spectrum shown in Fig. 1, can be assigned to the
graphite-like 7* states ofsp? bonded carbofi*!® The C
K-edge XANES spectra of botty anda-Si—C—Nfilms are
different from that of diamond/Si, which indicating that local
environments of the carbon atom in both films are different
from that of diamond. According to our previous theoretical
calculationg the broad features in the energy range between
0 90 300 310 ~293.5 and 302.4 eV in the K-edge XANES spectra of the
Photon Energy (eV) c-Si—C—Nthin films can be attributed to transition to unoc-
3")0 4 350 3"‘0 cn_ined C D-derived states, which are _hybridized vyith
Si3sp and NXp bands above the Fermi level. We find
Photon Energy (eV) different fine structures in the spectraafandc-Si—C—N.
. . _ _ The pre-edger*-like peak at 284.9 eV in tha-Si—-C-N
FIG. 1. Normalized K-edge absorption spectra@fSi—C—-N, c-Si—C—N, . . . .
and diamond/Si. The inset is in the vicinity of the € ¢ore exciton reso- spectrum has a larger intensity and shifts slightly toward the
nance about 4 eV above the Fermi leveke8i—C—N. Thesolid lines were  lower energy by~0.3 eV relative to that of-Si—C-N. The
calculated by a summation of the Lorentzian peak and the arctangent fungelatively large 5— 7* peak suggests that carbon atoms in
t?on sh_own by the dashed lines. The experimental data are shown by thfhe a-Si—C—N film arebonded largely in the graphite-like
filed circles. sp? configuration indicative of a relatively large degree of
disorder that increases the ratiosy*/sp® bonds, as shown

chu, Taiwan. The spectra were measured using the fluored? Fig- 1. It has been widely accepted that the lack of long-
cence and sample drain current modes at room temperatuf@nge order in the amorphous compound causes excited elec-
All fluorescence measurements for thekNedge x-ray ab- {rons to be more localized near the core hole due to the
sorption near edge structufXANES) spectra were per- localized screening effect. This localization increases
formed using a seven-element Ge detector. Photon energi€ctron-hole interaction and, consequently, the binding en-
for C, N, and Sik-edge XANES measurements were cali- €rdy of the excited electroffs. Our finding of the binding
brated using the bulk diamorifthe well known Cagthin  energy shift of the excited electrons in taeSi—C—Nsystem
film and the crystalline $100) film,! respectively. The typi- 2agrees with earlier studies of carbon systéf®n the other

cal resolution of the spectra was 0.2 eV for HSGM and 0.7hand, a recent work on the structure of the nitrogen-doped
eV for DCM beamlines. In microwave p|asma_enhancedetrahedraIIy bonded amorphous carbon film indicated that
chemical vapor depositions of anda-Si—C—Nthin films, a the intensity of the §— =* feature increased with the N/C
mixture of H,, CH,, N,, and SiH gases was used as the ratio, which was attributed to an excess N doping that pro-
source gases and the(B)0) wafer was used as the substrate. motes disorderedp? bonds:® This is further supported by
Details of the preparation procedure for similar Compoundgheoretical calculations for a wide range of stoichiometries in
have been described elsewh&-ray diffraction analyses the amorphous carbon nitride systéf.

reveal that the SiC—N film prepared with a substrate tem- ~ The exciton state can be formed by the creation of a
perature of~840 °C contains polycrystallites, while the film bound electron-hole pair with the absorption of a photon.
prepared with a substrate temperature~e800 °C has an The exciton energy levelEy,, is slightly lower than the
amorphous phase. The scanning electron micros¢®gel)  Pottom of the conduction bandEgg). The absorption spec-

micrographs of SiC—N areconsistent with the x-ray results. tra of semiconductors typically have a relatively sharp reso-
nance superimposed with the threshold of the conduction

band continuunt® The excitonic binding energyAE,,, is
given by AEq,=|Ee,—Ecgl, i.€., the energy separation be-
In Fig. 1, we compare the -edge XANES spectra of tween the exciton level and the conduction band edge.
c-Si—C-N, a-Si—C—-N, and theCVD-grown diamond on Herein, we use the Lorentzain and arctangent functions to
the Si substratéabbreviated hereafter as diamond/Qifter describe the exciton resonance and the conduction band
subtracting the pre-edge background, the spectra were nazentinuum?® respectively. The inset of Fig. from Ref. §
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IIl. RESULTS AND DISCUSSION
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. . FIG. 3. Normalized SK-edge XANES spectra af-Si(100), a-Si—C—N,
displays an enlargement of the part of the absorption datg si_c_n; a-siN,, and-SiC.

and the fitted spectrum far-Si—C—N in thevicinity of the
excitonic peak. According to the inset of Fig. 1, the excitonic
peak is located at-1.5 eV below the C & ionization energy stitution of N by C does not significantly alter the local bond-
(290.8 eV at the inflection point of the continuous step. In ing environment of N atoms.
contrast, the excitonic resonance peak essentially disappears Figure 3 displays the photon-flux-normalizedkSedge
in the spectrum oé&-Si—C—N,which may be due to that the XANES spectra of c-Si(100), a-Si—C-N, c-Si—C-N,
disorder-induced broadening of the resonance peak causewitSi;N,, and g-SiC. The SiK-edge XANES spectrum of
to overlap strongly with ther* features and becomes unre- ¢c-Si(100) shows a transition from the S tore state to the
solved. Another possibility is that the excitonic resonance isinoccupied Si B-derived states. This spectrum also contains
not supported in the amorphous phase because the lack ofcaaracteristic double-peak featuréebeled with two vertical
long range order suppresses the hydrogen-like motion of theolid lineg above the edge with an energy separation of
conduction electron around the core hole. Magaal. indi-  about 1.0 eV. The threshold in the ISiedge XANES spectra
cated that the large dip at302.4 eV in the absorption spec- of a- andc-Si—C—Nshift towards higher energies relative to
trum of diamond/Si is a second absolute gap in the diamonthat ofc-Si(100) and the detailed shapes of the spectra differ
band structuré® The spectrum o&-Si—C—Nalso has a dip. distinctly from that ofc-Si(100). These properties demon-
However, it is although not as deep as that of diamond/Sistrate that the chemical environment of the absorbing silicon
Thus, it cannot be interpreted as the existence of a secoratoms ina- and c-Si—C—N obviously differ from that of
absolute gap. c-Si(100). Figure 3 also indicates that the B&iedge
Figure 2 displays the photon-flux-normalizediNedge = XANES spectra of-Si—C—Nf-Si—C—N anda-Si;N, con-
XANES spectra ofa-Si—C—N, c-Si—C—N, anda-SigN,. tain a primary peaKlabeled A and a shouldetlabeled B.
These three spectra are closely resemble each other excédfwwever, in thea-Si—C—N/f-Si—C—N spectra, peak B is
that the major peak at the threshold in the spectrum ofmore prominent and peaks A and B appear to be well re-
a-Si—C—N appears to be composed of two features. Basedolved. Peak B in the spectrum afSi—C—-N/f-Si—-C—N
on the calculated density of states of N 8ymmetry’ the  may be due to the local Si—-C bonds around silicon atoms
white line features in the NK-edge spectrum of-Si—-C—N  because the position of peak B relative to the threshold re-
can be attributed to the antibonding W2Si3sp and sembles that of the maximum peak 8SiC. According to
N 2p—C 2sp hybridized states. The similarity in the spectra calculation€ peaks A and B in the 3k-edge XANES spec-
of a-Si—C-N, ¢c-Si—-C—N, anda-SizN, suggests that, over- trum of c-Si—C—N can beattributed to the antibonding
all, nitrogen atoms have a similar local environment amondSi3p—N2sp and Si3-C2sp hybridized states. The
those materials. Since-SizN, contains only the N—Si bond, Si3p—N2p and Si3-C2p hybridized states contribute
whereasc-Si—C—N/a-Si—C—N contains N-Si and C-Si more significantly to the SK-edge XANES spectra of Si—
bonds, the similarity in these spectra suggests that the suli—N. The calculated partial density of Si states agree with
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FIG. 4. (a) Normalized SiK-edge EXAFS oscillationg (k) weighted byk?

of a-Si—C—N (solid line with open triangles c-Si—C—N (solid line), and
a-SisN, (solid line with open circlesat room temperaturgb) Magnitude
of Fourier transform of the EXAF%3y data fromk=3.5 to 12.0 AL
Structural parameters of the two NN obtained by fitting theKSedge
EXAFS spectrum for a-Si—C—N/k-Si—C—N: Ngi_y=3%+0.1/3+0.1,
Rgiin=1.72£0.01/1.73-0.01 A,  0%_\=(7.9+0.5)/(3.820.5x10 3 A2,
Ngi_c=1*0.2/1+0.1, Rg;_c=1.87+0.01/1.88-0.01 A, 02, .=(6.9+0.5)/
(3.6+0.5x10 %A% N, R, and¢? are the coordination number, NN dis-
tance, and mean-square vibrational amplitude, respectively.
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c-Si—C—N. Theslight contraction of the nearest-neighbor
distance reflects an increased importance of nearest-neighbor
bonding in disordered or amorphous phase. The amorphous
phase lacks the long-range order and the corresponding merit
of the lowering of the electronic energy by the extended
periodic potential. The short-ranged couplings among neigh-
boring atoms become the dominant contribution to the cohe-
sive energy of this material. The height of the first peak for
a-Si—C—N inFig. 4(b) is only slightly lower than that for
c-Si—C—N,which indicates that the coordination numbers of
the Si atoms ira-Si—C—N isapproximately the same as that
in ¢c-Si—C-N. Thesimilarity in the first peak also reveals
that the local atomic structure @f andc-Si—C—N closely
resemble that of- SisN,, which indicates the existence of a
predominantlya-SisN, network in the SiC—N films.® Fig-

ure 4b) also reveals thaa-Si—C—N has aDebye—Waller
factor roughly two times larger than that ofSi—-C—N. The
second peak near 2.8 A in Fig(b} corresponds to the mul-
tiple next-nearest-neighbdNNN) bond lengthglabeled by

the second vertical arrow The heights of the split NNN
peaks fora-Si—C—N arealso greatly reduced relative to that
of ¢c-Si—C—N by afactor of about 4. The split third-nearest-
neighbor peaks foa-Si—C—N arealso greatly reduced rela-
tive to that ofc-Si—C—N (labeled by the third vertical ar-
row). These EXAFS results confirm our previous arguments
of a greater disorder and/or decreased correlation of longer-
distance shells in the amorphous phase. Combining both Si
K-edge XANES and EXAFS results f@& and c-Si—C—N

thin films, it can be concluded that most Si atoms prefer a
local structure similar to that ofx-SizN, with a local
C-Si—N;-like tetrahedral arrangement around the Si atoms.

IV. CONCLUSION

Results of our &K-edge XANES measurements indicate
that the shift of ther* peak toward lower energy by 0.3
eV from c-Si—-C—N toa-Si—C—N can bdnterpreted as a

the SiK-edge data and are also consistent with those of thigher degree of disorder-induced localization of the excited
and NK-edge XANES data, thereby confirming the occur-électrons. The &K-edge XANES spectrum d-Si—C—N is

rence of local Si—N and Si—C bonds ¢aSi—C—N. Peak A
(located at 1844.2 eVand peak Blocated at 1846.8 eMn

found to contain a relatively largest- 7* peak, suggesting
that carbon atoms in thee Si—C—N film arebound largely in

the c-Si—C—Nspectra are well resolved. In the spectrum ofgraphite-likesp? configuration. The nearly identical features

a-Si—C-N, peak A (located at 1843.9 eVis broader and
peak A and peak Blocated at 1846.5 eVare less resolved.

in the N K-edge XANES spectra odi-Si—C—Nfk-Si—C—N
and «-SisN, indicates thata-Si—C—Nfk-Si—-C—-N and

The increase of the binding energy of excited electrons and-SisN, have a similar local environment around the nitro-
the structural-disorder induced broadening of the spectragen atoms. The SK-edge XANES and EXAFS measure-

peaks were also observed in thelSir-edge XANES spectra
of amorphous Si-based semiconductbrs.

ments confirm the existence of a local tetrahedral C—8i—N
arrangement in the SCC-N thin films. Due to a larger

To determine the local structure around the silicon atom®ebye—Waller factor, the magnitude of the second main

and to support the conclusions made from theKSedge

peak in the FT curve of tha-Si—C—Nreduces more signifi-

XANES data, EXAFS measurements were also performed atantly than ofc-Si—C-N.

the SiK edge for the StC—N films used in this study. The
normalized EXAFS oscillatiory(k) weighted byk? for the
Si K edge and the corresponding Fourier transfo(FiB) of
thek3y data are shown in Fig. 4. According to Figh# the
position of the first main peak fa-Si—C—N, which corre-
sponds to the nearest-neightd®N) Si—N and Si—C bond
lengths(labeled by the first vertical arrowis shifted slightly
toward the lowerR by ~0.01 A relative to that of
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