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Optical constants of a series of amorphous hydrogenated silicon-carbon alloy films:

Dependence of optical response on film microstructure
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The optical constants (7 =n +ik, €, =n>—k?, €,=2nk) of a series of amorphous hydrogenated
silicon-carbon alloy films (a-Si,_,C,:H) have been determined for photon energies between 1.5 and
4.75 eV. These films have been prepared via the rf glow-discharge decomposition of SiH, and C,H,.
The index of refraction n at 1.5 eV increases smoothly from n =1.67 for a-C:H (x =1) to n =3.18
for a-Si:H (x =0), while the optical energy gap E,, reaches a maximum value of 2.68 eV for a car-
bon fraction of x =0.68. The films in this alloy series are proposed to be macroscopically homo-
geneous, while having a heterogeneous microstructure. Their optical response has been modeled, via
the Bruggemann effective-medium approximation (EMA), as arising from three amorphous com-
ponents: polymeric (a-CH,,, m ~2), graphitic (a-C), and tetrahedral (a-Si:C:H), and a void com-
ponent. A Si- and C-centered tetrahedron model developed in the preceding paper has been used to
predict the optical response of the amorphous tetrahedral component as a function of its composi-
tion. This EMA approach based on four components in the films gives a good description of the ob-
served dependences of €, and €, on composition and provides a convincing demonstration that the
appearance of the amorphous graphitic component in the films limits the attainable value of E,, in
this alloy series as the carbon content increases. In addition, the model provides strong evidence
that complete chemical ordering with homogeneous dispersion exists within the amorphous
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tetrahedral (a-Si:C:H) component across the entire alloy series.

I. INTRODUCTION

Amorphous hydrogenated silicon-carbon alloy films
(a-Si;_,C,:H) continue to be of considerable current in-
terest both fundamentally in regard to understanding the
effect of the local silicon, carbon, and hydrogen bonding
configurations on film properties' ~!° and also technologi-
cally in regard to their applications as p-type layers in p-
i-n a-Si:H photovoltaic devices'"1? and as potentially use-
ful optical and solar selective coatings.!3 This alloy series
spans the range from hydrogenated amorphous Si, a-Si:H
(x=0), to hydrogenated amorphous C, ¢-C:H (x=1). In
a-Si:H, where Si is tetrahedrally coordinated, the hydro-
gen (~10—20 at. %) serves to passivate dangling bonds
and also to relax the strained a-Si network, thereby contri-
buting to the attainment of a more “ideal” tetrahedrally
coordinated Si network with obvious technological appli-
cations.'*

In a-C:H, the situation is more complex due to the fact
that C can be bonded in either trigonal (graphitic) or
tetrahedral (diamondlike) coordinations. It is clear that
the hydrogen (~30—50 at. %) in a-C:H also serves an im-
portant role in passivating dangling bonds and in promot-
ing tetrahedral coordination for the C atoms to which it is
bonded.!*~1° These a-C:H films have also been referred
to as “diamondlike” due to their high transparency (opti-
cal energy gap Ey typically'® as high as 2.3 eV), high
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resistivity, and high hardness, and have obvious applica-
tions as optical and wear-resistant coatings. In addition,
a-C:H can be doped® n or p type via the incorporation of
P or B atoms, respectively, though not with the same effi-
ciency as has been obtained for a-Si:H.

An outstanding problem for a-C:H has been the
preparation of films which are both very hard and optical-
ly transparent. The difficulty in achieving this important
goal has been due to the relatively small volume fraction
(~0.10—0.15) of graphitically bonded carbon which
remains in the films.!* In order to promote tetrahedral
coordination for C in the films, thereby enhancing their
diamondlike properties, we have chosen to prepare and
characterize the a-Si;_,C,:H films which are the subject
of this study.

We have undertaken a careful determination of the op-
tical constants (77 =n +ik, €,=n’>—k?, e,=2nk) for nine
films in the a-Si;_,C,:H alloy series, with compositions
given by x =0, 0.16, 0.28, 0.38, 0.57, 0.68, 0.84, 0.96, and
1.0. These alloy films have been prepared via the rf
glow-discharge decomposition of SiH, and C,H,. In addi-
tion to determining n and k from measurements of film
reflectances (air and substrate sides) and transmittance in
the range of photon energies from 1.5 to 4.75 eV, mea-
surements of film density, composition (via a scanning
Auger microprobe), and hydrogen content (via infrared
absorption) have also been undertaken for these films. We
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note that in a previous work!'® we have presented results
for the optical constants, and their evolution with anneal-
ing, of a C-rich alloy film with x approximately equal to
0.8.

We have proposed a microstructural model for these
macroscopically homogeneous but microscopically hetero-
geneous composite a-Si;_,C,:H alloy films in which the
films are considered to be composed of amorphous poly-
meric (a-CH,,, m ~2), amorphous graphitic (a-C), amor-
phous tetrahedral (a-Si:C:H), and void components, each
with its own dielectric response. For the amorphous
tetrahedral component, a Si- and C-centered tetrahedron
model has been developed?! (see preceding paper) in order
to predict the optical constants of this component as a
function of its Si/C ratio. For this purpose, we have fol-
lowed the approach of Aspnes and Theeten?? [developed
for Si;_,(SiO,), and Sij_,(Si3Ny), mixtures] and have
used a scaling approach to obtain values for €, and ¢, for
each distinct Si- and C-centered tetrahedron from our re-
sults for a-Si:H. Details of this model are given in the
preceding paper and are summarized below.

By using our experimental results for €, €;, and film
density p in conjunction with the effective medium ap-
proximation (EMA),”> we have determined the volume
fractions of the four proposed components in the a-
Si;_,C:H films as functions of the carbon fraction x.
Briefly, as the carbon fraction x increases, an amorphous
graphitic component first appears at x=0.54 and then in-
creases smoothly to 17% of the film volume for x =1 (a-
C:H). The amorphous polymeric component also first
makes a significant appearance at x=0.54 and then in-
creases smoothly to 67% of the film volume for x=1.
The amorphous tetrahedral component decreases smooth-
ly from 100% at x=0 (a-Si:H) to 16% of the film
volume at x =1. In addition, the void volume fraction
reaches a maximum value of 26% at an intermediate
composition, x =0.38, and is essentially zero for x =0
and x =1.

A striking feature of the a-Si,_,C,:H alloy series is the
observation">?* of a maximum in E, in the range
2.6—2.8 eV at a composition typically between x =0.6
and 0.7. We have observed a similar maximum in the
dependence of E,, on x and, from the results of our opti-
cal constants measurements (as analyzed via the EMA),
have been able to show that the increase of E, as Si is
added to a-C:H arises from the conversion of trigonally
bonded carbon to a tetrahedral form, while the increase of
E . as C is added to a-Si:H is due to the replacement of
Si—Si bonds by stronger Si—C bonds. The maximum in
E,, observed for a-Si;_,C:H can thus be directly relat-
ed to the growing influence of trigonally bonded (graphi-
tic) carbon atoms as the carbon content is increased.

An important issue for a-Si;_,C,:H films is the nature
of the bonding of the Si and C atoms in the amorphous
tetrahedral component. In particular, the question of
whether chemical ordering occurs in this component
remains open, with evidence existing both for and
against.>*® Complete chemical ordering, which corre-
sponds to the maximum possible number of Si—C bonds
actually present in the films [with no Si—Si bonds for
x > 0.5 (C-rich) and no C—C bonds for x <0.5 (Si-rich)],

is unlikely. From our EMA analysis of the measured op-
tical constants, we have, however, observed a tendency for
homogeneous chemical ordering, without phase separa-
tion, for the amorphous tetrahedral component across the
entire alloy series. It is clear from our results that optical
constants measurements are a sensitive probe both of film
microstructure and of chemical ordering in the a-
Si;_,C,:H alloy series.

II. EXPERIMENT

The a-Si;_,C,:H alloy films studied here were
prepared in an rf glow-discharge system (Fig. 1). In this
system, rf power at 13.56 MHz was capacitively coupled
to the powdered electrode. The sample substrates, pol-
ished clear fused quartz for optical constants measure-
ments, oxygen-free high-conductivity (OFHC) copper for
density and composition measurements, and intrinsic Si
for infrared studies (resistivity of 2500 cm, polished
both sides), were mounted on the grounded unpowered
electrode. The unpowered sample electrode consisted of a
heatable copper block with a recessed thermocouple
placed just below the sample substrates for temperature
measurement. The two electrodes were separated by 2 in.,
had diameters of 3 in., and were shielded from the plasma
except for their front surfaces.

Acetylene (C,H,, 99.6% purity, Linde) and silane (SiH,,
diluted to 10.2% in Ar, Linde) were mixed to the desired
[C,H,]/[SiH,] ratios in a separate gas handling system
and delivered to the top of the discharge chamber via an
electronic mass flow controller. The discharge chamber,
which could be pumped to the low 10~ "-Torr range via a
diffusion pump prior to deposition, was exhausted via a
mechanical pump during the glow-discharge process. Ex-
haust gases from the discharge itself were passed through
an oven and then through a NaOH bubbler for neutraliza-
tion.

Typical deposition parameters were a starting pressure
of 0.15 Torr, flow rates of typically 1 sccm (cubic centim-
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FIG. 1. Schematic of rf glow discharge deposition system.
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TABLE 1. Compositions, densities, and energy gaps of a-Si,_,C,:H films.

B;f
S (CH, ) x® x(EMA)° p (g/cm’)¢ Eop (V)Y B)* (cm eV)!”2 Eo (eV)?
1.00 1.00+0.02 1.00+0.02 1.36+0.03 2.24+0.04 1.63 273 2.81
0.91 0.96+0.03 0.96+0.01 1.36+0.03 2.36+0.05 1.63 272 2.92
0.80 0.84+0.06 0.83+0.03 1.45+0.05 2.38+0.04 1.59 268 3.00
0.72 0.68+0.05 0.68+0.04 1.58+0.02 2.68+0.07 2.34 364 2.98
0.60 0.5740.08 0.54+0.04 1.69+0.02 2.65+0.05 3.27 464 2.78
0.50 0.38+0.06 0.38+0.01 1.86+0.04 2.49+0.05 3.98 532 2.60
0.35 0.2840.01 1.93+0.03 2.26+0.05 5.65 708 225
0.20 0.07+0.06 0.16+0.01 2.00+0.04 2.21+0.05 7.60 859 2.00
0.00 0.00+0.02 0.00 2.0740.09 1.8 +£0.20 5.5 700 1.75

?Fraction of C;H, in glow discharge.

®Carbon fractional content of film determined from scanning Auger microprobe.
“Carbon fractional content of film determined using the effective medium approximation (EMA), see text.

9Film density.

Optical energy-gap parameters determined from €,(E)= B(E —E,,)*/E*.

By determined from (@E)'/?= Br(E — E ).

8E,, is the energy at which the absorption coefficient a is equal to 10* cm~!.

eters per minute at standard temperature and pressure),
discharge power of 15 W, substrate temperature T, of
250°C, and deposition rates from 0.3 to 2.7 A/sec, in-
creasing as the C,H, percentage in the discharge mixture
increased. The substrates were given an Ar glow-
discharge cleaning (0.15 Torr, 15 W, T, =250°C, 3 min)
in situ just prior to deposition of the alloy films. Film
thicknesses were in the range from 450 to 4800 A, and
were determined optically (see below). Nine different al-
loy compositions were investigated, as listed in Table I.
Film compositions have been determined from Auger
spectra which were obtained using a Perkin Elmer Corp.
Physical Electronics Division PHI 600 Scanning Auger
Microprobe. All Auger spectra were measured with a pri-
mary electron beam energy of 3 keV, an electron beam di-
ameter of 400 nm, and an electron beam current, mea-
sured at the sample, of ~35 nA (except for the film with
a carbon content of 0.96, for which the electron beam
current was reduced to 16 nA). The depth profile of each
film was obtained by sputtering using a 3-keV Ar*-ion
beam. The vacuum chamber pressure was 1.0X 1073
Torr during sputtering.

Film density measurements were undertaken using the
flotation method in solutions of ZnBr, in H,O. These
films had been removed by dissolving the OFHC Cu sub-
strates in concentrated ferric chloride. Estimates of the
hydrogen contents in the ¢-C:H and a-Si:H films were ob-
tained from infrared (ir) absorption studies which were
carried out on both IBM IR95 and Digilab 60 FTIR
(Fourier-transform ir) spectrophotometers, in the range
450—4000 cm ™.

For the determination of the real and imaginary parts
of the index of refraction (n and k, respectively) and of
the dielectric constant (6,=n2>—k? and €,=2nk, respec-
tively), measurements of the film reflectances from both
the air R, and substrate R sides of the film as well as the
film transmittance T were undertaken. These measure-
ments were carried out on a Perkin Elmer Lambda 3 spec-
trophotometer in the range 2550—8950 A. A specular re-
flectance accessory calibrated using a National Bureau of
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Standards (NBS) SRM 2023 specular reflectance standard
was employed for the determinations of R, and R;.

III. ANALYSIS AND RESULTS

A. Film compositions

The Si and C contents of the films prepared on Cu sub-
strates have been determined directly by means of a scan-
ning Auger microprobe (SAM). Depth profiles of Si, C,
and Cu were obtained throughout the films and into the
substrate for eight of the nine alloy films studied. The
atomic fractional concentrations, F,, of Si, C, and Cu
were calculated using Eq. (1),

Fo=(1,/8)/3 (I, /S,) , (1)

where I, is the Auger peak-to-peak intensity after a five-
point differentiation of data collected in a 20-eV electron
kinetic energy region about the peak energy for each ele-
ment, S, is the Auger sensitivity factor for each element
at 3 keV, and n sums over the three elements C, Si, and
Cu. Standard values for the Auger sensitivity factors
were used.?’ After subtracting the baseline atomic con-
centrations of Si and C observed in the substrates from
the values observed in the films, the resulting values, f(Si)
and f(C), were normalized to their sum to obtain the Si
and C fractional concentrations. The results for the frac-
tional carbon concentrations in these a-Si;_,C,:H alloys,
x = f(C)/[f(Si) + f(C)], are listed in Table I, along with
the estimated uncertainties. We note that for the two Si-
rich samples for which SAM studies were undertaken,
with x =0.07 and 0.38, evidence for a buildup of carbon
at the film-substrate interface was observed from the
depth profile. This carbon enrichment of the film-
substrate interface could also be detected from the optical
measurements (see below). In addition, excess carbon was
typically observed on the film surfaces which had been ex-
posed to air. Using the optically measured thickness for
each film and a sputtering time for each film measured
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from the surface to where either the C or Si content has
decreased to 50% of its average original value, sputtering
rates for the various a-Si;_,C,:H films have been calcu-
lated. No definitive trend in sputtering rate with increas-
ing C concentration (decreasing Si concentration) is ob-
served. The average sputtering rate, excluding the 100%
a-Si:H and a-C:H films, is calculated to be 9.2 A/s.

Also listed in Table I are carbon fractional concentra-
tions, x(EMA), which were determined by means of the
effective medium approximation, in which the film was
considered to be composed of amorphous polymeric, gra-
phitic, tetrahedral, and void components. Details of how
these values for x(EMA) were obtained will be presented
below.

B. Hydrogen content and film density

Estimates of the bonded hydrogen contents of some of
these films have been obtained from the integrated absor-
bances of the carbon-hydrogen and silicon-hydrogen in-
frared stretching modes. For the a-C:H film prepared
from 100% C,H,, C—H, modes were observed at 2865,
2930, and 2960 cm~ !, with some weak absorption extend-
ing up 3050 cm™!. Using a cross section for these modes
of (1.35+0.35) 10*! cm ™2, which is an average of the re-
sults of 1.0 10! and 1.7x 10*' cm 2 given by Fujimoto
et al?*® and Nakazawa et al.,’’ respectively, a hydrogen
atomic concentration of (7.4+1.9)x 10*> cm~3 and a hy-
drogen atomic percentage of (54+14) at. % were obtained.
The H atomic percentage is based on a measured density
of 1.36 g/cm? for this a-C:H film (see below). The ratio
of C—H bonds to C atoms in this film, [C—H/C], was
found to be 7.4 10** cm~%/6.2< 10*? cm~*=1.2. In ad-
dition to the C—H, stretching modes, C—H, bending
modes were observed at 1390 and 1460 cm ™!

For a film prepared from 56% C,H, and 44% SiH,, in
addition to C—H, stretching modes in the range
2865—2960 cm ™! and bending modes at 1405 and 1460
cm~!, bending modes at 1350 (C—H,,) and 1255 cm ™!
(SiC—Hj;) were observed. The silicon-hydrogen stretching
mode at 2095 cm~! (with a width at half maximum of 90
cm~!) was observed, along with the SiC—H, wagging
mode near 990 cm~! and the Si—C stretching mode at
775 cm~!. The Si—C stretching mode was the dominant
absorption feature in this spectrum. Integrated absor-
bances of the C—H and Si—H stretching modes (using an
Si-H cross section?® of 1.4x10%° cm~?) yielded 3.4 and
1.0 10?? hydrogen atoms/cm®, respectively, in these
bonds, for a total hydrogen atomic percentage of 46 at. %.
To determine the latter we have assumed equal densities
of carbon and silicon atoms in the film and a film density
of 1.78 g/cm?. The [C—H/C] and [Si—H/Si] ratios for
this film were found to be 1.3 and 0.4, respectively.

For the film prepared from 100% SiH,, Si—H stretch
modes at 2000 and 2090 cm ™!, weak bending modes at
840 and 900 cm ™!, and the wagging mode at 640 cm ™!
were observed. From the stretching modes, a hydrogen
concentration of 3.5%10%! cm ™3 was obtained, yielding
7.6 at. % hydrogen for a measured film density of 2.07
g/cm®. The [Si—H]/[Si] ratio for this film was found to
be 0.08.

The measured densities of these films are listed in Table
I. Film density increases smoothly from a value of 1.36
g/cm?® for a-C:H to 2.07 g/cm? for a-Si:H, with the most
rapid increase in density occurring as the Si fractional
content increases in the range from 0.2 to 0.6.

C. Optical constants

For the determination of values of n, k, and d (the film
thickness) from the optical measurements, we have em-
ployed a computer fitting procedure based on the theory?’
for the exact amplitudes of the reflected and transmitted
waves in the films, including the effects of interference.
Interference effects in the substrates have, however, been
averaged out of the analysis since in practice these can-
celed out. The procedure used for determining the correct
film thickness d, and simultaneously » and k, is similar
to that outlined by Nagendra and Thutupalli.®®* We have,
however, not used the expressions given by Nagendra and
Thutupalli for R,, Ry, and T since they have not included
reflections occurring from the back surface of the sub-
strate. This procedure employs the two-dimensional
Newton-Raphson technique for the determination of the
sets of values of » and k which, for a given d and wave-
length A, produce exactly two of the measured quantities
R,, R, and T. The main advantage of the Newton-
Raphson technique is its rapid convergence. For a given
d and A, there can exist multiple sets of solutions for n
and k, and choosing the correct values of n, k, and d in-
volves an examination of the variation of n and k with A
for a given d. When the best thickness d is employed,
smooth, continuous curves for n and k as functions of A
will in general be obtained.

As a further check, the values of d determined above
were used in a previously employed fitting procedure!®
which makes use simultaneously of all three measured
quantities, R,, R, and 7. Good agreement has been ob-
tained for n and k from these two procedures. For
several alloy concentrations on the Si-rich end of the alloy
series (where n and k vary appreciably with photon ener-
gy), it was necessary to deposit films of differing
thicknesses so that smooth values of » and k could be ob-
tained over the entire photon energy range from 1.5 to
4.75 eV. Typical uncertainties in d were from +2% to
+5%, while for n and k they were +0.04 and up to
+0.02, respectively.

The previously mentioned carbon enrichment of the
film-substrate interface was also apparent from these opti-
cal measurements for the Si-rich films with C fractions of
0.07, 0.28, and 0.38. For these films, measured values of
R, yielded values for n and k£ which were not consistent
with those determined from R; for high photon energies
(greater than 4 eV). Values of R, were instead consistent
with lower n and k values for these films at the film-
substrate interface, which would be the case if the region
of the film next to the interface had a higher C content
than the bulk of the film.

Results for n and k for the nine films studied are
presented in Figs. 2 and 3 as functions of photon energy
E. Both n and k show a significant variation with con-
centration, with both increasing from a-C:H to a-Si:H.
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FIG. 2. Index of refraction n vs photon energy for nine a-
Si;j_,C,:H films. Carbon contents as listed have been deter-
mined via the EMA (see text and Table I).

For this reason, n and k values for the C-rich and Si-rich
films are shown separately. €, and €, as functions of pho-
ton energy are shown in Figs. 4 and 5. Our results for &
(and €,=2nk) show an initial small decrease as Si is added
to a-C:H, signaling a decrease in film absorption. This
decrease is also apparent in Fig. 6 where the absorption
coefficient « is presented for all nine films as a function
of energy.

D. Optical energy gap

We have used the Tauc plot’! of E(e,)!”? versus E to
obtain the optical energy gaps E,,, defined by
€(E)=B,(E —E.,)*/E? for these films. Values for
E,, and B, (dimensionless) are listed in Table I. E, in-
creases from 2.24 eV for a-C:H (x =1) to a value of 2.68
eV for x =0.68, before decreasing to a value of 1.8 eV for
a-Si:H (x =0). The slope B, which is inversely propor-
tional to the width of the tail state band, first shows a
slight decrease (1.63 to 1.59) as Si is added to a-C:H be-
fore increasing to a value of 5.5 for a-Si:H.

Other workers!"?>2* who measure only film absorption
typically employ the Tauc plot in the form
(@E)'*=B(E —E,p). We have used our results for the
absorption coefficient a=4mk /A to test this expression
and have found that it gives essentially the same values
for E,, as the more correct expression which makes use
of E(e,)'”? and which explicitly takes into account the

3 T T T T T T T
a-Si, ,C :H

- I-X =X

E(eV)

FIG. 3. Extinction coefficient k vs photon energy for nine
a-Si;_,C,:H films. Carbon contents as listed have been deter-
mined via the EMA (see text and Table I).

energy dependence of the index of refraction n. The con-
stant Br in the expression involving a is related to the
corresponding constant B, by By=(B, /fific)!’? where 7
is the average index of refraction in the energy region
where the Tauc plot is applicable (typically 3 to 5 eV for
carbon-rich samples and 2.5 to 3.5 eV for silicon-rich
samples). For comparison with the results of other work-
ers, our results for By obtained from the (aE)!/? plot are
also included in Table I. Values for B calculated direct-
ly from B; and 7 using the above expression are systemat-
ically lower by 20% to 100% than those listed in Table 1.
Also included in Table I are values for Eg,, the energy at
which the absorption coefficient a is equal to 10* cm ™.

E. Effective-medium approximation

An important goal of this research is to obtain informa-
tion concerning the types of bonding of carbon, silicon,
and hydrogen atoms in these films from the measured op-
tical constants. For this purpose we have used the Brug-
gemann effective-medium approximation (EMA) for com-
posite heterogeneous media.”* For the EMA to be valid,
the scale of the heterogeneity in the film (i.e., the dimen-
sions of the distinct regions corresponding to the various
components) must be much smaller than the wavelength
of light in the medium, yet large enough so that the indi-
vidual components have “bulklike” dielectric properties.
The use of the EMA has previously been shown to be



8094 K. MUI, D. K. BASA, F. W. SMITH, AND REED CORDERMAN 35
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E (eV)

FIG. 4. Real part €, of the dielectric constant vs photon ener-
gy for nine a-Si;_,C,:H films. Carbon contents as listed have
been determined via the EMA (see text and Table I).

applicable both to hydrogenated amorphous carbon films
(a-C:H) (Ref. 19) and also to Si-SiO, and Si-Si;N, mix-
tures,?? and its extension to these a-Si;_,C,:H alloy films
is a natural one. The EMA expression for €, the complex
dielectric function of the composite medium, is given by

2

i
zvi:l ’
i

where v; and €; are the volume fraction and complex
dielectric function of component i, respectively.

For a-C:H, a successful representation!® of the mea-
sured € was based on the existence of four components in
the films: amorphous polymeric, amorphous graphitic,
amorphous diamondlike, and void. The amorphous po-
lymeric component represented that fraction of the carbon
in the film which is hydrogenated, C—H,,, i.e., bonded in
configurations with m =2 or 3. The amorphous graphitic
component represented the threefold (trigonally) coordi-
nated carbon, and the amorphous diamondlike component
represented the fourfold (tetrahedrally) coordinated car-
bon. The manner in which the volume fractions of these
four components varied as the film was annealed was the
subject of a previous investigation.!” For Si-SiO, and Si-
Si3zNy mixtures, the fundamental units which determine

€, —€
V; =
e,~—f—26

>

(2)

T

6 9-Si_, CyH |
X \’\(
\
X

L x X=0.00 f i
o 0.16 /
12r o 0.28 1
€, |+ 0.38 / \
A X ]

0.54

FIG. 5. Imaginary part €, of the dielectric constant vs photon
energy for nine a-Si,_,C,:H films. Carbon contents as listed
have been determined via the EMA (see text and Table I).

a-Si _

T T

T T TTTTIT T T Ty

T T 1T

T T TTTTT

E (eV)

FIG. 6. Absorption coefficient a vs photon energy for nine
a-Si,_,C,:H films. Carbon contents 1: x=0.00; 2: x=0.16; 3:
x=0.28; 4: x=0.38; 5: x=0.54; 6: x=0.68; 7: x=0.83; 8:
x=0.96;9: x=1.00.
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the optical response of the films were taken to be Si-
centered tetrahedra,’? i.e., Si-Si,_,N, and Si-Si;_,O,
tetrahedra (v=0 to 4), respectively. This approach was
found to be successful in reproducing measured dielectric
function data for these mixtures.??

For the a-Si;_,C,:H alloy films under study here, we
propose that the following components will determine the
dielectric response: amorphous polymeric (a-CH,,,, m ~2,
with volume fraction v,,), amorphous graphitic (a-C, vg,),
amorphous tetrahedral (a-Si:C:H, v,,) and void (v,). This
approach is a natural extension of the one previously
used!® for a-C:H with the addition that the amorphous
tetrahedral component now contains both Si and C, along
with some hydrogen. We wish to emphasize that these a-
Si;_,C,:H films, although assumed to be heterogeneous
on a microscopic level, are nevertheless macroscopically
homogeneous.

In order to apply the EMA expressed by Eq. (2) to our
measured €; and €, spectra so that the volume fractions v;
of the proposed components can be obtained, we first need
the €; spectra for the individual components. For the
amorphous polymeric component we use the same €, and
€, as employed previously for a-C:H, based on smoothed
data® for polyethylene with a density of 0.92 g/cm?. For
the amorphous graphitic component we have chosen to
use our previously measured €, and ¢, spectra!® for an a-
C:H film annealed at 500°C, with a measured density of
1.47 g/cm’. The dielectric response of this annealed a-
C:H film is believed to more accurately reflect the local-
ized nature of the graphitic 7-like electrons than did the
evaporated C film previously used.

The dielectric response of the amorphous tetrahedral
component presents more of a challenge as there exist no
measured spectra for completely tetrahedrally-coordinated
a-Si:C:H. We have therefore developed in the preceding
paper?! a Si- and C-centered tetrahedron model in order to
calculate the €, and €, spectra for the a-Si:C:H tetrahedral
component as a function of its composition. These €; and
€, spectra have been obtained by scaling from our €, and
€, data for a-Si:H (this work), and, as a result, the dielec-
tric response of the amorphous tetrahedral component can
be considered to reflect the contribution of approximately
10 at. % hydrogen.

An additional aspect of the problem of obtaining ap-
propriate €; and €, spectra for the amorphous tetrahedral
component involves the issue of whether or not chemical
ordering occurs in the bonding between C and Si atoms.
The cases of no chemical ordering, homogeneous chemical
ordering, and phase-separated chemical ordering lead to
significantly different €, and €, spectra for the amorphous
tetrahedral component,?! particularly for compositions
near x =0.5. We will use our measured €, and €, spectra
in the EMA not only for the determination of the v;, but
also to provide information on whether or not the Si and
C atoms in the amorphous tetrahedral component?! have
a tendency to be chemically ordered.

Our experimental results for €; and €,, along with the ¢;
spectra for the proposed components specified as
described above, have been used in Eq. (2) for the EMA in
order to determine the volume fractions v; (i.e., Vg, Vgp,
Var, and v,) of the four components present in these a-

Si;_,C,:H films, as functions of film composition x. A
least mean-square fitting procedure, which involved
minimizing not only the real and imaginary parts of Eq.
(2), but also the difference between the measured film den-
sity (Table I) and the calculated film density (equal to
> vipi), where the p; are the densities of the individual
components), has been employed to obtain the best values
for the v;. As for the case of a-C:H,!° the measured film
densities have been crucial in setting constraints on the
possible v; of the various components. In this fitting pro-
cedure, the film stoichiometry x as well as the volume
fractions v; of the components have been allowed to vary
in order to obtain a best fit.

In addition to determining the film stoichiometry x and
the volume fractions v; the fitting procedure has also en-
abled us to test for the existence or absence of chemical
ordering in the amorphous tetrahedral component for
these a-Si;_,C,:H films. We illustrate the effect of
chemical ordering on €, and ¢, for the film which, accord-
ing to the Auger measurement, contained a carbon frac-
tion of 0.38. Assuming complete chemical ordering with
homogeneous dispersion in the amorphous tetrahedral
component, the best fit to the measured €, and €, was ob-
tained for a carbon fraction of 0.38+0.01, in excellent
agreement with the Auger result. This fit to the experi-
mental €, and €, is shown in Figs. 7 and 8, along with the
best fits to the data under the assumptions of complete
chemical ordering with phase separation and of no chemi-
cal ordering. It is clear from Figs. 7 and 8 that complete
chemical ordering with homogeneous dispersion gives the
best fit to the data for this sample.

The results obtained from the EMA for the volume
fractions of the various components present in these a-
Si;_,C,:H films are listed in Table II and plotted in Fig.
9 as functions of film composition. For all the alloy sam-

E (eV)

FIG. 7. €, vs photon energy for a-Sig,Co 33:H. Curve 1: ex-
perimental points; curve 2: complete chemical ordering with
homogeneous dispersion; curve 3: no chemical ordering; curve
4: complete chemical ordering with phase separation.
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E (eV)

FIG. 8. €, vs photon energy for a-Sig ,Co 33:H. See Fig. 8 for
labeling of curves.

ples studied, the best possible fits to the data using the
EMA favored complete chemical ordering with homo-
geneous dispersion over no chemical ordering. Also listed
in Table II are the EMA results for x(EMA), the carbon
fraction in the film which gave the best fit in the EMA,
and x,, the corresponding carbon function in the amor-
phous tetrahedral component. We note that x, is less
than x(EMA) for films in which a fraction of the carbon
atoms are in the amorphous polymeric and graphitic com-
ponents.

Beginning with a-C:H (x=1.0), the major component
in the film is found to be the amorphous polymeric one
(67%), with significant amounts of amorphous graphitic
(17%) and amorphous tetrahedral or diamondlike (16%)
components also found to be present. These results are
quite consistent with previous results'® obtained for an a-
C:H film prepared via a dc glow discharge technique,
where corresponding percentages of 75%, 11%, and 14%
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FIG. 9. Volume fractions of the various components of the
a-Si;_,C,:H films as functions of 1—x (Si content). v,
represents amorphous tetrahedral, v,, represents amorphous po-
lymeric, v, represents amorphous graphitic, and v, represents
void.

for these three components were obtained. As Si is added
to the a-C:H film, it can be seen from Table II and Fig. 9
that the amorphous polymeric and amorphous graphitic
components gradually decrease essentially to zero at a Si
fractional content of 0.62 (x=0.38). At the same time,
the amorphous tetrahedral component increases, reaching
100% for x=0 (a-Si:H). These variations of v,,, vg,, and
v, are observed to be essentially linear in the Si content of
the films (see Fig. 9). A void component appears as Si is
added, reaching a maximum value of 26% for x=0.38 be-
fore falling to zero for x =0 (a-Si:H).

The carbon concentrations in the films determined via
the EMA, x(EMA), are in very good agreement with the
values obtained from the Auger measurements, with two

TABLE II. Results of EMA for volume fractions of film components.

x* x(EMA)P Vap© vagd Vg© Vyoid! Xge8
1.00 1.0(a-C:H) 0.67 0.17 0.16 0.00 1.00
0.96 0.96+0.01 0.68 0.15 0.17 0.00 0.90
0.84 0.83+0.03 0.52+0.04 0.12 0.27+0.03 0.09+0.04 0.65
0.68 0.68+0.04 0.31+£0.08 0.11 0.42+0.04 0.16+0.05 0.48
0.57 0.54+0.04 0.25+0.10 0.05 0.52+0.04 0.18+0.08 0.38
0.38 0.38+0.02 0.03+0.03 0.00 0.71+£0.02 0.26+0.04 0.365

0.28+0.01 0.00+£0.02 0.00 0.80 0.20 0.28
0.07 0.16+0.01 0.00 0.00 0.85+0.02 0.15+0.02 0.16
0.00 0.0(a-Si:H) 0.00 0.00 1.00 0.00 0.00

*Carbon fractional content of film determined from scanning Auger microprobe.
®Carbon fractional content of film determined using the EMA, see text.

“Volume fraction of amorphous polymeric component.

4Volume fraction of amorphous graphitic component.

“Volume fraction of amorphous tetrahedral component.

fVolume fraction of void component.

&Carbon fractional content of amorphous tetrahedral component.
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FIG. 10. Atomic fractions of the three elements present in
these a-Si;_,C,:H films, as functions of 1— x (Si content).

films requiring additional comment. An Auger analysis
of the composition of the x(EMA)=0.28 film was not un-
dertaken, so that no comparison is possible for this sam-
ple. In addition, the sample for which a carbon fraction
of x=0.07 was determined via Auger was prepared under
somewhat different discharge conditions (higher dc bias
voltage on powered electrode) than the sample for which
optical measurements were made and for which
x(EMA)=0.16 was determined. The carbon content of
the amorphous tetrahedral component, x,,, shows the ex-
pected decrease from x, =1.0 for a-C:H to x,=0.0 for
a-Si:H, see Table II.

In addition to obtaining the volume fractions v; for the
various components in the films from the EMA, we can

44 T . T T T T T T |2
L a-Si,_,C,:H ]
421 x=0.68 41.0
+ expt. theory 4
aof € Hos
€ | € X €,
38 / 40.6
3.6r H0.4
3.4 40.2
t—+—f‘+’T/ n i ) s
3'2| 2 3 4 50'O

FIG. 11. € and €, vs photon energy for a-Sig3,Copes:H.
Comparison between experiment and theoretical prediction of
EMA for complete chemical ordering with homogeneous disper-
sion.

FIG. 12. €, and €, vs photon energy for a-Sij34Co 16:H.
Comparison between experiment and theoretical prediction of
EMA for complete chemical ordering with homogeneous disper-
sion.

also obtain information about the fractional atomic con-
centrations of carbon, hydrogen, and silicon in the films
by combining the EMA results for the v; with the bonded
hydrogen concentrations obtained from the ir measure-
ments. For x =0 (a-Si:H) we found about 8 at. % H in
the film and have used this for the hydrogen content of
the amorphous tetrahedral component for all composi-
tions 0<x <1. For x =1 (a-C:H) we found 54 at. % H,
which, when attributed to the amorphous polymeric com-
ponent (a-CH,,) with volume fraction of 0.67, is
equivalent to a stoichiometry of approximately CH, 5 for
this component. For consistency with our use of the
smoothed polyethylene spectrum for the amorphous po-
lymeric component, we have chosen instead to use CH, as
its stoichiometry.

In Fig. 10 we show the resulting Si, C, and H fractions
in the films as functions of the Si content (excluding hy-
drogen). For x =1, a-C:H, the film is found to have a
composition corresponding to 54 at. % C and 46 at. % H,
which is in reasonable agreement with our ir determina-
tion of (54+14) at. % H. It is clear from Fig. 10 and our
ir results that the C-rich films contain three to four times
as much hydrogen as the Si-rich films. In Figs. 11 and 12
we show both the measured €; and €, and also the results
of the EMA for €; and ¢,, assuming complete chemical
ordering with homogeneous dispersion, for the x=0.68
and x=0.16 samples, respectively.

IV. DISCUSSION

Film composition is a critical parameter for under-
standing and developing a model for the optical constants
of these a-Si;_,C,:H alloy films. The carbon concentra-
tions determined via Auger, x, and via the EMA,
x(EMA), have been found to be in very good agreement
with each other, to within +0.03 (see Table I), thus
strengthening the conclusions which we have reached
based on the results of our EMA model.
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In addition to quantitative agreement on composition,
the Auger and optical results have also both been found to
be sensitive to film inhomogeneity in that both gave evi-
dence for an enhancement of the C concentration at the
film-substrate interface in the Si-rich films. This initial C
buildup may be due to an enhanced initial breakdown of
C,H, in the discharge relative to SiHj,.

Hydrogen also plays a crucial role in the properties of
these films, and we have used our ir results along with the
results of the EMA model to determine the atomic frac-
tions of the three elements present in these films, Si, C,
and H. These results, presented in Fig. 10 as functions of
Si content (1 — x), indicate that the hydrogen atomic frac-
tion decreases from about 0.5 for x =1 (a-C:H) to about
0.1 for x =0 (a-Si:H). The ir modes observed are con-
sistent with a considerable amount of the hydrogen in the
a-C:H film bonded in CH, and CH; groups. These ir re-
sults for the amount of H bonded and the presence of CH,
and CH; groups in a-C:H are consistent with the presence
of a significant amorphous polymeric component,'®3*
with composition given approximately by a-CH,. In the
a-Si:H film, most of the hydrogen is bonded in SiH,
groups.

The observed increase in film density from 1.36 g/cm?
for a-C:H to 2.07 g/cm?® for a-Si:H is consistent with a
decrease in the volume fraction of the low-density amor-
phous polymeric component and the incorporation of in-
creasing amounts of Si into the higher density amorphous
tetrahedral component as a-Si:H is approached. Our
measured low value for the density of a-Si:H, 2.07 relative
to 2.33 g/cm® for crystalline Si, results from the porous
nature of the film, as evidenced by the predominance of
dihydride, SiH,, groups in the film as observed via ir.
The use of Ar to dilute the SiH, in the glow-discharge
deposition of a-Si:H, as we have employed, is known to
result in the production of porous films.*

The optical constants n and k, €; and €, show a sys-
tematic variation with film composition from a-C:H
(x =1) to a-Si:H (x =0). The index of refraction » is low
for a-C:H, ~ 1.7, and increases as the Si concentration in-
creases, see Fig. 2. This increase in n, which is consistent
with the observations of previous workers,>!33% can be at-
tributed to the decrease in the average energy gap parame-
ter E;, which is related to n via the expression

n*—1=A(fiw,/Eg)?, 3)

where w, is the plasma frequency (proportional to the
square root of the valence electron concentration in the
film), and A is a constant. According to the Si- and C-
centered tetrahedron model presented in the preceding pa-
per,?! E, decreases from 13.62 to 4.76 eV as x decreases
from 1 to O in the a-Si,_,C,:H alloy series (i.e, from a-
C:H to a-Si:H). This decrease in E, is also responsible for
the increasing dispersion observed in n as the Si content
increases from a-C:H to a-Si:H, see Fig. 2.

The imaginary part of the index k initially shows a
small decrease, about 15% at 4.75 eV, as Si is added to a-
C:H (see Fig. 3). This decrease in absorption results from
the replacement of strongly absorbing graphitic C—C
bonds by Si—C bonds which absorb at higher energies.
At higher Si concentrations, k increases again as Si—C

bonds are replaced by Si—Si bonds which absorb at lower
energies. The dependences of €,=n*—k? and €,=2nk on
x (see Figs. 4 and 5) essentially reflect the previously dis-
cussed dependences of n and k on x.

Comparisons between the €; and €, spectra predicted by
the EMA and the measured spectra are presented in Figs.
7, 8, 11, and 12. In Figs. 7 and 8 the measured €, and ¢,
spectra for the film with a carbon fraction of 0.38 are
compared with three separate predictions’! of the EMA,
each corresponding to a different form of chemical order-
ing between the carbon and silicon atoms in the amor-
phous tetrahedral component: (1) complete chemical or-
dering with homogeneous dispersion, (2) complete chemi-
cal ordering with phase separation, and (3) no chemical
ordering. The latter two predictions both yield spectra
with peaks in €, and €, at energies which are too low by at
least 0.5 eV when compared to the measured €, and e¢,.
This stronger absorption at lower energies for predictions
(2) and (3) can be attributed to the presence of highly ab-
sorbing Si-Siy tetrahedra in the amorphous tetrahedral
component. In particular, for this film with a carbon
fraction of x,,=0.365 in the amorphous tetrahedral com-
ponent (see Table II), the fraction of all tetrahedra which
are Si-Si, tetrahedra is only 0.021 for complete chemical
ordering with homogeneous dispersion, 0.103 for no
chemical ordering, and 0.270 for complete chemical or-
dering with phase separation.?! It is clear that the mea-
sured spectra are quite consistent with the low fraction of
Si-Si, tetrahedra as given by complete chemical with
homogeneous dispersion.

Figures 11 and 12 show comparisons between the mea-
sured €; and €, for films with carbon fractions of 0.68 and
0.16, respectively, and EMA predictions for the case of
complete chemical ordering with homogeneous dispersion
in the amorphous tetrahedral component. For the C-rich
sample with x=0.68, the agreement between experiment
and the EMA prediction is good for €, but not as satisfac-
tory for €,. The higher €, at low energies of the predicted
spectrum as compared to that of the measured spectrum
is due to the amorphous graphitic component in the EMA
with a volume fraction v,, =0.11 for this film (see Table
II). Clearly the spectrum we use in the EMA for amor-
phous graphitic component is too highly absorbing at low
energies. This was also observed previously!? in the case
of an g-C:H film and remains an area for improvement in
the EMA. In Fig. 12 the measured spectra for €, and €,
are both seen to be in very good agreement with the pre-
dictions of the EMA. The spectra of films with such a
low carbon content of only 0.16 are not, however, very
sensitive to the degree or type of chemical ordering
present in the film.

The addition of Si to a-C:H leads to an initial increase
in E,, and from Tables I and II and Fig. 13, where E,
is plotted as a function of the volume fraction of the
amorphous graphitic component v, it can be seen this
increase in E,, is associated with a decrease in v,,. Also
included in Fig. 13 are previous results for an annealed a-
C:H film," where it was found that E,, goes to zero
when v, reaches a value of 0.75. The increase in E, as
Si is added to a-C:H reaches a maximum value of 2.68 eV
for a Si fraction of 0.32, in good agreement with the re-
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FIG. 13. Optical energy gap E,, vs volume fraction vg, of
amorphous graphitic component for two sets of samples: a-
Si;_,C,:H (this work) and a-C:H (Ref. 19).

sults of other workers.h>2* E, then decreases as the Si
concentration increases further. This decrease in E, for
Si fractions greater than 0.32 starts at the point where the
amorphous tetrahedral component becomes Si-rich (i.e.,
x4 <0.5; see Table II), and hence, even for the case of
complete chemical ordering, Si—Si bonds must be present
in the film. Since Si—Si bonds absorb at lower energies
than either Si—C or tetrahedral C—C bonds, their pres-
ence in the films shifts the absorption edge to lower ener-
gies, leading to lower values of E,, for a Si fraction
greater than 0.32.

It is important to note that the observed increase in
E,, from 2.24 to 2.68 eV as the Si fraction increases
from O to 0.32 is associated with only very small changes
in absorption, i.e., small decreases in k and ¢,, see Figs. 3
and 5. In addition, the film with the highest E;, of 2.68
eV actually has higher absorption for all energies in the
measured range, 1.5—4.75 eV, than does the film with Si
fraction of 0.16 which has E,,=2.38 eV. The higher
E,, for a Si fraction of 0.32 clearly results from a
sharper absorption edge rather than from lower overall
optical absorption. We conclude that the increase in E
with Si concentration results not from shifts of the band
edges (E, or E,), but from changes in the regions of the
localized tail states where the energy levels of the local-
ized  electrons associated with the amorphous graphitic
component are located. These localized tail state bands
will become narrower as Si is added and v,, decreases.
This picture is consistent with the observed increase in the
slope parameters B; and By (see Table I) with increasing
Si concentration.

E also increases as C is added to a-Si:H, which can
be understood as due to the replacement of weaker Si—Si
bonds by stronger Si—C bonds in the amorphous
tetrahedral component. Ultimately, as the C content in-
creases further, graphitic C—C bonds appear in the film
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and E,, begins to decrease. The slope parameters B,
[from E(e;)!'”? versus E] and By (from VaE versus E)
both decrease (see Table I) as C is added to a-Si:H, signal-
ing increasing widths for the bands of localized tail states.
This increase in width arises from increased composition-
al disorder in the films. Si—C bonds are much shorter
(1.88 A) than Si—Si bonds (2.35 A), and so bond-angle
distortions will be enhanced in a-Si,_,C,:H as composi-
tional disorder is added to the topological disorder already
present in a-Si:H.*® Note that the low values of B, and
By for a-Si:H result from the predominantly dihydride
(SiH,) bonding for hydrogen in this film.

Additional confirmation for the existence of complete
chemical ordering with homogeneous dispersion in the
films comes from the observed experimental variation of
E,p, with carbon fraction x, shown in Fig. 14 along with
the predictions?! of the EMA assuming the amorphous
tetrahedral component to be the only component present
in the films. The observed values of E,, up to x =0.4
are in much better agreement with the predicted values as-
suming complete chemical ordering with homogeneous
dispersion than with the predicted values assuming either
phase separation or no chemical order. Deviations be-
tween the model and experiment begin for x > 0.4, the
carbon concentration above which the amorphous graphi-
tic component begins to appear in the film (see Table II
and Fig. 9). Again, it is the appearance of this amorphous
graphitic component which limits E, as the carbon frac-
tion x increases in the films.

Our use of the EMA to describe the optical spectra of
these a-Si;_,C,:H films has provided useful information
on the variations of the volume fractions of the four pro-
posed components (amorphous polymeric, amorphous
graphitic, amorphous tetrahedral, and void) as functions

FIG. 14. Optical energy gap E,, vs carbon fraction x both
for experiment and theory. Curve 1: prediction for complete
chemical order with homogeneous dispersion; curve 2: complete
chemical order with phase separation; curve 3: no chemical or-
der.
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of film composition. Although clearly an oversimplifica-
tion for the structure of these films, our model is a suc-
cessful first approximation to the local bonding and has
provided a useful framework for understanding the prop-
erties of this technologically important alloy series. Im-
provements to the model should focus on a better treat-
ment of the optical absorption due to the localized m-like
electrons associated with the amorphous graphitic com-
ponent and explicit calculations of the effects of hydrogen
incorporation on the optical response of the amorphous
polymeric and tetrahedral components.

There exists additional experimental evidence support-
ing our use of amorphous polymeric, graphitic, and
tetrahedral components in the EMA. ir studies,®~*' in-
cluding our own results, have indicated that the majority
of the hydrogen in these films is bonded to C, as opposed
to Si, thus supporting the use of an amorphous polymeric
component with approximate composition CH, and an
amorphous tetrahedral component with a much lower H
content, ~ 10 at. %. We note here that an additional im-
provement to our model would be to allow the hydrogen
content of the amorphous tetrahedral component to in-
crease as the C content of this component increases.
NMR studies*? also point to the existence of two
hydrogen-containing phases in a-Si;_,C,:H alloys:
heavily hydrogenated C clusters (the amorphous polymer-
ic component) and a weakly hydrogenated a-Si lattice (the
amorphous tetrahedral component).

The EMA indicates that a void component appears in
these a-Si;_,C,:H films from the Si-rich end as C is add-
ed to a-Si:H and also from the C-rich end as Si is added
to a-C:H. The increased compositional disorder®® in the
films as a result of alloying leads to the generation of
voids due to the inability of the various components to fit
together perfectly. The maximum void volume fraction
of 0.26 occurs for a C fraction of 0.38, the composition at
which the volume fraction of the amorphous polymeric
component drops to a very low value (0.03). The amor-
phous polymeric component is thus proposed to be effec-
tive in helping to relax the amorphous network so that the
components fit together better, with less of a tendency for
the presence of voids.

Relaxation of the amorphous network by the
hydrogen-containing amorphous polymeric component
can also be understood in terms of the average coordina-
tion number Z for a particular alloy, e.g., a-Si,C,H,.
Here w +y +z =1 and the carbon fraction can be written
as the sum of tetrahedral (y,) and graphitic (y,) parts, i.e.,
Y =y +y,. With this notation we have Z=4—y, —3z.
Using our results for the volume fractions (Table II) and
atomic fractions (Fig. 10), we calculate Z=2.4+0.2 for
a-C:H and Z=3.75%0.1 for a-Si:H, with Z increasing
smoothly between these two limits as the Si content in-
creases. This result for a-C:H is very close to the value
Z =V'6=2.45 given by Phillips*’ as the average coordina-
tion number for an alloy in which all bond-length and
bond-angle constraints are satisfied, thereby reducing the
strain in the alloy.

From our use of the EMA for the €, and €, spectra we
have clear evidence for a strong tendency for homogene-
ous chemical ordering of the C and Si atoms for our Si-

rich samples where the amorphous tetrahedral component
is dominant. The situation on the C-rich side of the alloy
series is complicated by the presence of the amorphous
polymeric and graphitic components. Still, we do see a
tendency toward at least partial chemical ordering both
from our €, and €, results. The driving force for chemical
ordering, i.e., the presence of the maximum number possi-
ble of Si—C bonds in a film, is likely to be a lowering of
the free energy. The Si—C bond is more stable than the
average of the Si—Si and C—C bonds.** In a particular
a-Si; _,C,:H sample, however, the degree of chemical or-
dering present will be critically dependent on the deposi-
tion conditions.

In this regard, a variety of different claims have been
made previously concerning the existence of chemical or-
dering in amorphous silicon-carbon alloy films. Raman
studies*’ have shown that chemical ordering is not com-
plete in some Si-rich alloy films as C—C bonds have been
observed. A careful analysis’® of the ir spectra of a-
Si;_,C,:H films has led to the conclusion that the com-
positional dependences of the Si—H, C—H, and Si—C
modes are all consistent with no chemical ordering, i.e., a
random distribution of C and Si atoms. X-ray photoemis-
sion spectroscopy results* have also been stated to be con-
sistent with no chemical ordering. However, the observed
constancy of the energy of the C 1s core level in Si-rich
alloys is consistent with chemical ordering, i.e., C atoms
bonded only to four Si atoms.**® A recent study® using
electron energy-loss spectroscopy and electron diffraction
on an a-Sig 3Co 32:H film has led to the conclusion that C
atoms tend to be surrounded by four Si atoms, thus indi-
cating that chemical ordering is present in the film.

Some very recent experimental studies*’*® of a-
Si;_,C,:H alloy films using x-ray diffraction and electron
energy-loss spectroscopy have also provided evidence for
the domination of the tetrahedral component in Si-rich
films, with the appearance of graphitic C—C bonding
arising as the C content increases.

In addition to providing results for the variations of the
volume fractions of the various components present in
these a-Si;_,C,:H films with composition and for the ex-
istence of chemical ordering of the Si and C atoms, the
use of the EMA has also shown that the C- and Si-
centered tetrahedron model?' successfully describes the
optical response of the amorphous tetrahedral component.
Thus, this model presented in the preceding article has
been shown to be a useful method for calculating the €,
and €, spectra of disordered tetrahedral materials. A
remaining problem is to directly include in the tetrahed-
ron model the effect of hydrogen on the optical response.

V. CONCLUSIONS

We have undertaken an experimental determination of
the optical constants (n, k, €;, and €,) for the entire a-
Si;_,C,:H alloy series, from a-C:H to a-Si:H. We have
successfully employed the EMA based on four com-
ponents (amorphous polymeric, graphitic, tetrahedral, and
void) to model the measured €; and €, spectra. The result-
ing volume fractions for these four components show sys-
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tematic variations with film composition and provide a
very useful framework for understanding the properties of
this technologically important alloy series. In particular,
the use of the EMA has provided a convincing demon-
stration that it is the appearance of the amorphous gra-
phitic component which limits the optical energy gap E
as the carbon content of the film increases. The use of a
Si- and C-centered tetrahedron model (presented in the
preceding paper) has been shown to successfully represent
the optical response of the amorphous tetrahedral com-
ponent. Our experimental results for €, and €, are con-
sistent with complete homogeneous chemical ordering in
the amorphous tetrahedral component for Si-rich films, in
which every C atom is surrounded by four Si atoms. Al-
though the question of chemical ordering is complicated
in the C-rich films due to the added complication of the
presence of amorphous polymeric and graphitic com-
ponents, there still appears to be a tendency for at least
partial chemical ordering. We can clearly exclude chemi-

cal ordering with phase separation in these as-deposited
a-Si;_,C,:H films.
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