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a b s t r a c t

Silicon-based alloys have been deposited by hot wire chemical vapor deposition (HWCVD). For nc-Si:H
films SiH4 + H2 gas mixture have been used, whereas for a-SiC:H and a-SiN:H films SiH4 + CH4 + H2 and
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SiH4 + NH3 + H2 gas mixtures have been employed. We observed a plasmon loss peak for amorphous films
and two peaks for nc-Si embedded silicon alloy films. The total plasmon loss peak is the contribution of
18–26% of from main Si(2p) core orbital. The FWHM of valence band of alloy increases with increase of
carbon and nitrogen content.

© 2009 Elsevier B.V. All rights reserved.
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. Introduction

Amorphous silicon-based films deposited by hot wire chem-
cal vapor deposition (HWCVD) technique have been intensively
nvestigated, due to their application in electronic devices such
s thin film transistors, solar cells, light emitting devices, color
ensors, quantum well structures [1,2]. However, till now very
ew papers have analyzed the analogies and differences between
ilicon-carbon and silicon nitrogen alloys, taking also into account
he possibility to deposit materials having similar physical proper-
ies [3,4]. On the contrary, a complete understanding of analogies
nd differences in electronic properties of the two alloys are neces-
ary for a more efficient use in electronic devices. Aim of this study
s to give for the first time a comparative picture of valence band
f high electronic quality a-SiC:H and a-SiN:H films in the HWCVD
ystem. Moreover, the a-SiC:H and a-SiN:H alloys, which are known
o have a more complex structure for the presence of carbon and
itrogen, respectively [5–7], has been deposited with different car-
on sources and the a-SiN:H alloy has been deposited in standard
ilane-ammonia precursor gas [8]. Plasmon loss energy is strongly

orrelated with mechanical and structural properties of amorphous
nd nc-silicon embedded in amorphous films. Plasmons are collec-
ive longitudinal excitations of the outer electrons in a solid [9]. In
he free electron approximation, the relation between the plasmon
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energy hωp of a Drude gas of electrons with volume density nv is
given as

ωp =
(

nve2

ε0m

)1/2

, (1)

where e is the electron charge, m is the electron mass and ε0 is
the permittivity of free space. However they also appear as distinc-
tive satellite peaks at high binding energy (BE) near core lines in
photoelectron spectra. The valence electrons in the semiconductor
and insulator materials undergo collective oscillation provided the
plasma energy is much greater than the band gap. The straight-
forward approach to inclusion of the effect of the band gap Eg is
based on the assumption that the oscillator strength for interband
excitations is given as [10]:

ωp =
(

nve2

ε0m
+ E2

g

)1/2

(2)

In the present article, we focus on the core orbital of Si(2p), with
carbon and nitrogen alloying elements and their plasmon loss for
nc-Si embedded amorphous alloys. The valence band of constitutive
alloys in the silicon matrix is also discussed.

2. Experimental

Amorphous silicon and its alloys were prepared by hot wire chemical vapour

deposition by using SiH4, CH4, NH3 and H2, precursors on corning glass (7059)
and Si wafer. Deposition of amorphous silicon (a-Si:H) and nanocrystalline sili-
con (nc-Si) were done by using SiH4 and H2 precursors. Hydrogenated amorphous
silicon carbon (a-SiC:H), silicon nitride (a-SiN:H) alloys were deposited by using
SiH4 + CH4 + H2 and SiH4 + SiN3 + H2 precursors. The detail deposition parameters of
silicon and silicon-based alloys are listed in Table 1. XPS analysis was performed

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:bp.swain@aist.go.jp
mailto:bibhuprasad.swain@gmail.com
dx.doi.org/10.1016/j.jallcom.2009.02.057


B.P. Swain et al. / Journal of Alloys and Compounds 480 (2009) 878–881 879

Table 1
Deposition parameters for silicon-based alloys films.

Precursor gases silicon films SiH4 = 1 sccm (60% H2)
H2 = 5–25 sccm

Precursor gases for SiC films SiH4 = 1 sccm (60% H2)
CH4 = 0.1, 0.2, 0.3, 0.4 and 0.5
H2 = 10 sccm

Precursor gas for SiN films SiH4 = 1 sccm
NH3 = 0.1, 0.2, 0.3, 0.4 and 0.5
H2 = 10 sccm
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rocess pressure 500 mTorr
ubstrate temperature 200 ◦C
ilament temperature 1800 ◦C

n the as-deposited films using a VG ESCA-LABMK II system equipped with a
on-monochromatic Mg K� X-ray (1253.6 eV) source, with a residual pressure of
0−10 Torr. The electron spectrometer was calibrated by assuming that the binding
nergy of the Au 4f7/2 line is 83.9 eV with respect to the Fermi level. The uniformity
f the composition was confirmed over the entire area of the substrate. In order to
emove the native oxide on the surface the samples were immersed in 2% HF solution
or 2 min before the measurements and the contribution due to physically absorbed
arbon was removed in the decomposition by Ar+ etching.

. Result and discussions

Fig. 1(a–c) shows Si(2p) core orbital spectra of a-Si:H, a-SiN:H
nd a-SiC:H films deposited by HWCVD. The peak positions of a-
i:H, a-SiC:H and a-SiN:H are found at 98.6 eV, 99.2 eV and 100.5 eV,
espectively. After deconvolution of Si(2p) into two peaks, Si–Si and
i–H bondings appear at 98.52 eV and 99.25 eV, respectively, in a-
i:H film. Though the hydrogen content cannot be detected in XPS
easurement, Si(2p) core orbital has an asymmetric nature and

hifts to higher energy due to electronegative difference between Si
nd H. In Fig. 1(b and c), Si–Si and Si–N peaks appear at 100.3 eV and
00.9 eV, respectively, for a-SiN:H and Si–Si and Si–C core orbital
eaks appear at 99.08 eV and 100.8 eV, respectively, in a-SiC:H films.
he shifts of Si(2p) core orbital peaks are due to involvement of
igher electronegative atoms [5–7].

Fig. 2(a–c) shows the plasmon loss of silicon and silicon-based
lloys. It illustrated two series of plasmon peaks: (a) ones from
morphous network and (b) the others from nc-Si embedded with
i–H, Si–C and Si–N matrices. The intensity of plasmon loss depends
n density of materials and the volume of plasmon is directly
elated to the dielectric function of the medium. The contents with
single broad one are observed for pure amorphous networks. The
etails of the plasmon losses are as follows: (a) ∼17 eV peak is due
o the Si bulk plasmon [11], coming from the core of the nc-Si and
b) 30–40 eV plasmon losses is attributed to nc-Si embedded SiC,
iN and SiH matrix. The plasmon loss peak appears at ∼23 eV is
ue to the surrounding in a-SiC:H and a-SiN:H networks, form-

ng a pure amorphous network [6]. The total plasmon loss peak
s the contribution of 18–26% from a main Si(2p) core orbital. The
nergy of surface plasmon appears at lower to bulk plasmon of
he nc-Si. The minor features at 5.5–6 eV correspond to the inter-
and transition due to alloying with carbon, oxygen and nitrogen
12].

Investigating the valence band of the a-Si:H, a-SiC:H and a-SiN:H
lms containing nc-Si, we find large differences due to the presence
f the silicon clusters. Fig. 3 shows how the valence band structures
f nc-Si:H vary with a H2 flow rate varying from 5 sccm to 25 sccm.
ennig et al. reported the details about the valence band structure
f amorphous silicon by the density-matrix functional method [13].

his indicates three major structures A, B, and C which correspond,
espectively, to 2p like silicon bonding states between 2.5 eV and
0 eV and to a mixture of Si(3s) and Si(2p) bonding states between
0 eV and 15 eV. The Si(2s) like peak is observed from 15 eV to 25 eV.
he transition of s orbital from C region at 25 eV shifts to D or E
Fig. 1. Core Si(2p) spectra (a) Si:H, (b) SiN, and (c) SiC film.

region at the lower energy of 21–22 eV, indicating the structural
change from amorphous silicon to nc-Si and microcrystalline sil-
icon. The ionic characters of Si–H bond and the inhomogenity in
a-Si:H films shows the appearance of Si–Si and Si–H bonds which
reflects increase in the broadness of the valence and overlapping of
orbital in a-Si:H films.

Fig. 4 shows that valence band structure of a-SiC:H and nc-Si
embedded a-SiC:H films with a CH4 flow rate varying from 0.1 sccm
to 0.5 sccm. With CH4 at 0.1 sccm, the film appears to be nc-Si
embedded a-SiC:H film while it is a pure amorphous film with CH4

at 0.3 sccm. 0–2.5 eV represents unbounded atoms present at the
mid-gap states of a-SiC:H films and the densities of states increase
with CH4 flow rates. If we compare the theoretical valence band
structure of a-SiC:H alloys, it would be instructive to compare their
valence band spectra with that of the 2H-SiC sample and the cal-
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ig. 2. Plasmon loss peak of nc-Si embedded a-Si:H films (a), plasmon loss peak of a
mbedded with a-SiN:H films (c).

ulated density of states (DOS) for the cubic (zinc-blende) �-SiC

odification due to Robertson [14,15]. Both structures consist of a

etragonal arrangement of Si and C atoms and the only difference is
he relative orientation of neighboring tetragonal along a connect-
ng bond: staggered for the cubic or zinc blend and eclipsed for the
exagonal or wurtzite structure. Fig. 4 indicates three major struc-

Fig. 3. Valence band of nc-Si:H with varying H2 flow rate.
and nc-Si embedded a-SiC:H films (b) and plasmon loss peak of a-SiN:H and nc-Si

tures A, B, C and D, which corresponds, respectively, to Si(3p)–C(2p)
lone pair bonding states between 2.5 eV and 7 eV and a mixture of

Si(3s) and Si(3p) and C(2s) bonding states between 7 eV and 15 eV.
The s like peak observed from 15 eV to 20 eV is assigned to the region
of E and F. The ionic character of Si–C bond and the inhomogenity in
a-SiC:H films shows the appearance of Si–Si and C–C bonds which

Fig. 4. Valence band of a-SiC:H and nc-Si embedded with a-SiC:H with varying CH4

flow rate.
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ig. 5. Valence band of a-SiN:H and nc-Si embedded a-SiN:H with varying NH3 flow
ate.

eflects the increase in the broadness of the valence and overlapping
f orbital in a-SiC:H films [16–18].

Fig. 5 shows the variation of the valence band structure of a-
iN:H and nc-Si embedded a-SiN:H films with a NH3 flow rate
arying from 0.1 sccm to 0.5 sccm. The valence band is more dis-
inguished for a NH3 flow rate of 0.1 sccm, confirming the presence
f nc-Si in a-SiN:H films. The valence band orbitals are overlapping
ach other and a higher NH3 flow rate approaches films, which are
urely amorphous. Valence bands of nc-Si(N:H) and a-SiN:H films
an be classified into six regions. Nanocrystalline silicon embed-
ed a-SiN:H films are at 0.1 sccm NH3 flow rate, while increasing
H3 flow rate decreases the nc-Si contribution. Films prepared at
.3–0.5 sccm NH3 flow rate are purely amorphous. The 0–5 eV (A
egion) is characterized for non-bonded dangling bonds attributed
o the replacement of a nitrogen loan pair by Si(3p)–Si(3p) states.
he region 7.5–12 eV is attributed to p-like valence band, while
2.5–15 eV region is sp like. More confined features from A to F
re characteristics of SiN and attributed to the valence peaks Si(2p)
nd N(2p) lone pairs, Si(3s)–N(2p), Si(3p)–N(2p) orbital, N(2s) and
(2s), respectively. Karcher et al. reported the similar results in a-
iC:H films [19]. The individual orbitals are more distinguishable
n a crystalline nanostructure while they are wider monotonically
ith nitrogen incorporation. It can be noticed that the N(2s) band of
he N-rich sample E and F is more broadened at the top of the peak,
ndicating the presence of various chemical environments of nitro-
en atoms. The valence band of nc-Si(N:H) films exhibits a feature
ebelled, which is probable due to Si–H chemical bonds according

[

[
[
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to data reported by other authors [20–23]. It is attributed to Si(3p)
electrons hybridized with H(1s) electrons. This experimental obser-
vation supports the increases of the optical band gap due to nitrogen
incorporation in the film.

4. Conclusion

The valence band and plasmon loss characterization of amor-
phous and nc-Si embedded amorphous silicon films provided a
series of interesting points as to their electronic features. The results
obtained in the present study lead to the following conclusions; (a)
a single plasmon loss peak is for amorphous films and two peaks
for nc-Si embedded silicon are for alloys films, (b) the 2p and sp
orbitals are overlapped each other and FWHM of the valence band
is broader for both SiC and SiN films, increasing with carbon and
nitrogen incorporation.
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