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Silicon oxide thin films prepared by a photo-chemical
vapour deposition technique
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Energy Research Unit, Indian Association for the Cultivation of Science, Calcutta - 700 032,
India

Wide band gap a-SiOy: H films have been prepared by the photochemical decomposition of
a SiH,4, CO, and H, gas mixture. Deposition parameters namely the CO, to SiH, gas flow ratio,
H. dilution and chamber pressure were optimized in order to achieve highly
photoconducting (1 x 10 ~¢ Scm ~ %) films with an optical gap of 1.99 eV. The optical gap was
found to increase with an increase in the CO; to SiH, flow ratio. A decrease in the
photoconductivity, refractive index, spin g-value and a simultaneous increase in the spin
density are attributed to an incorporation of oxygen into the films. Upon hydrogen dilution
the photoconductivity of a-SiO,: H films was observed to improve along with an increase of
the optical gap. The spin density of a-SiO,: H films was of the order of 10" cm ~°. The
optoelectronic properties of the films have been correlated with the bonding configurations

in the film, deposition parameters and the growth kinetics.

1. Introduction
Insulating silicon dioxide (SiO,) thin films are widely
used as the gate oxide for thin film transistors (TFT)
and as passivation layers in Very Large Scale Integra-
tion (VLSI) technology. Recently amorphous hydro-
genated silicon oxide (a-SiO,: H) has shown promise
for use as a widegap semiconducting material in
photovoltaic applications. Using a-SiO,: H as the p-
layer, single junction solar cells with an efficiency of
12.5% for a 1 cm? area have been reported [1]. In
order to explore the possible application of a-SiO,: H
films in photovoltaic devices it is necessary to under-
stand the growth process (or kinetics) and material
properties as a function of deposition parameters and
the method of film preparation. The majority of re-
ports in the literature [1-4] on the preparation of
a-SiO,: H films consider the plasma chemical vapour
decomposition (plasma-CVD) growth of films using
aSiH,, CO,, H, and CO, (used as a source of oxygen)
gas mixture. Unfortunately the plasma-CVD process
is accompanied by a bombardment of the growing
surface by energetic neutral and charged particles
which causes damage to the substrate, interface and
growing film. The photo-CVD method however does
not suffer from the above disadvantages since the
source gases are decomposed by either a UV light or
a laser source. The CO, gas decomposes into CO and
O (atomic oxygen) under irradiation by UV light [5]
and thus oxygen is incorporated into the film during
its growth. A careful examination of the infrared (IR)
absorption spectra of the grown film confirms the
absence of any contaminating carbon species.
Despite the above-mentioned advantages of the
photo-CVD method very few reports exist in the liter-
ature on the preparation of a-SiO,:H using the photo-
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CVD method [6,7]. In this study, we attempt to
optimize the deposition parameters for the develop-
ment of high quality a-SiO,:H films. An attempt is
made to correlate the optoelectronic properties of
these films with the deposition parameters and their
growth kinetics. Finally, a comparison of the proper-
ties of the grown a-SiO,:H films with conventional
wide bandgap silicon carbide is presented.

2. Experimental procedures

The preparation of the amorphous hydrogenated sili-
con oxide films (a-SiO,: H) was performed in a Hg-
sensitized photo-CVD system (SAMCO, Japan). The
gas mixtures of silane (SiH,), carbon dioxide (CO,)
and hydrogen (H,) were decomposed by the 185 and
254 nm wavelength UV light emitted from a low pres-
sure mercury vapour lamp. A detailed description of
the deposition system has been published else-
where [8]. Hydrogen gas was introduced into the
deposition chamber via a mercury pot which was
maintained at 70 °C, thereby carrying mercury vapour
into the reaction chamber. The substrate was main-
tained at a temperature of 250 °C while the UV light
entered the chamber through a suprasil window. For
each deposition, the chamber was degassed to a base
vacuum better than 2.666 x 10~ * Pa with a turbo-
molecular pump, prior to the introduction of the
source gases.

The films deposited onto 7059 Corning glass sub-
strates for subsequent electrical and optical measure-
ments were 300-500 nm thick. Films grown onto a
¢-Si wafer for IR and onto Al-foil for electron spin
resonance studies were ~1 um thick, as measured
by a Talystep. The reason for the large thickness of

4895



the film for IR measurements was to avoid the
previously reported thickness dependence of IR vibra-
tional absorption [9]. The dark- and photoconductiv-
ity (under a 100 mW cm ~ 2 white light illumination) of
the samples annealed in vacuum at 150 °C for 1 h were
measured in a gap cell geometry under a vacuum of
1.33 x 10~ Pa. The refractive indices and the optical
absorption values, corrected for surface reflection,
were calculated from transmission spectra taken on
a UV-VIS double beam spectrophotometer (Hitachi
330, Japan). Infrared (IR) vibrational spectra were
obtained using a Fourier transform infrared (FTIR)
spectrophotometer (Perkin Elmer 1700, UK) as the
average of 100 scans obtained at a resolution of
4 cm ™. The spin densities were calculated from elec-
tron spin resonance (ESR) spectra taken on powder
samples at room temperature. The gas mixtures were
characterized in terms of: Y, the ratio of the CO, to
SiH, gas flows i.e., Y = CO,/SiH, and Z the hydro-
gen dilution given by Z = H,/(CO, + SiH,).

3. Results
3.1. The effect of varying the oxygen
concentration
3.1.1. Optical and electrical properties
Hydrogenated amorphous silicon oxide films (a-
SiO,:H) were grown at a constant hydrogen flow
while Y was varied from 0 to 10.2. The chamber
pressure was maintained at 1.333x 10> Pa using
a throttle valve. The optical bandgap of the films, E,,
was estimated following the method of Davis and
Mott [10] by extrapolating the linear section ob-
served in the high absorption region (o > 10* cm ™ 1)
of a (ahv)!/? versus hv plot to oo = 0 where o is the
absorption coefficient and hv is the proton energy. The
refractive index (n;) was measured from the fringe
pattern of the transmission spectra in the near infrared
(NIR) region. Fig. 1 depicts the variations of the op-
tical gap (E,), refractive index (1), photoconductivity
(opn), dark conductivity (o4) and its activation energy
(E,), as a function of the CO, to SiH, gas flow ratio.
The optical gap increases monotonically from 1.8 to
2.44 eV with an increase in the molar fraction ratio of
CO, to SiH, and hence the oxygen content in the film.
The refractive index n; decreases consistently from 3.2
to 1.92 with Y. Both the dark- and photoconductivity
values decrease with Y but the dark conductivity
activation energy, E,, increases showing an inverted
replica of the o4 curve. Similar trends have been pre-
viously reported [11] but in our case, the photocon-
ductivity values are somewhat superior. The observed
deterioration in the photoconductivity value with in-
creasing Y is accompanied by a shift of the dark
condition Fermi level as revealed by the activation
energies of the dark conductivities. Considering that
the transport is mainly due to electrons, one may
conclude that as the amount of oxygen incorporation
increases, the optical gap expands and the dark Fermi
level is shifted to the mid-gap. The samples exhibit
photosensitivity, defined as the ratio of o,, to o4, in
the range of 10° to 107. It should be noted that the film
prepared with a Y value of 1.4 displays a white light
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Figure 1 (O) Optical gap E,, (@) refractive index n;, ((J) photocon-
ductivity 6, (W) dark conductivity 64 and (A) its activation energy
E, as function of molar fraction of CO, to SiH, in the gas phase (Y).

photoconductivity value of 1.4 x10"*Scm ™! and an
E, of 1.89¢eV. Such a high photoconductivity value
has not been previously reported for either a-SiC: H
or a-SiO,: H films.

3.1.2. Bonding configuration

In a multicomponent material, the mixing of the con-
stituent atoms is expected to affect the optoelectronic
properties of the films. The mixing of the constituent
atoms is generally investigated by means of photo-
electron spectroscopy. However this method requires
sputter-etching (in order to avoid any surface con-
tamination) which often changes the structure near the
film surface. To overcome this problem IR absorption
measurements have been performed and the data ana-
lysed to gain an insight into the bonding configura-
tions and the mixing of the constituent atoms. The IR
absorption spectra measured in the range 900-
1250 cm ™! for four different films prepared with
Y values of 1.4,2.6,6.5, and 10.2 are shown in Fig. 2.
According to the random-bonding model (RBM) [12],
a-Si0, (with x < 2) films are composed of five basic
Si—O,-Si,_, (n = 0-4) bonding configurations with
four of them (n = 1-4) being IR active. The basic
configurations along with bonding unit and peak
position of the SiO stretching absorption (vg;o(n)) are
presented in Table 1. The positions of the basic config-
urations are also indicated on the curves of Fig. 2. The
curves may be deconvoluated into Gaussian profiles
about the assigned peaks. It is clear that with an
increase in the value of the deposition parameter Y,
there is an increase in the oxygen content in the
bonding unit. In other words, oxygen becomes incorp-
orated into the film with an increase in the value of Y.
It can be seen from Fig. 2 that with an increase in the
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Figure 2 The IR absorption spectra, in the Si—O stretching region
of a-SiO, : H films prepared at different CO, to SiH, ratios (Y ): (1)
Y=14,2Y=26,(3) Y =6.5and (4) Y = 10.2. The inset repres-
ents the hydrogen content Cy (in at %) as a function of Y.

TABLE I Basic configurations and bonding units on the basis of
the RBM of a-SiO. vg;io(n) is the calculated peak frequency of the
SiO stretching absorption [25]

n Basic Bonding unit (Vsio(n))
configuration (cm™!

1 Si—O-Si; Si;0 980

2 Si—0,-Si, SiO 1025

3 Si-03-Si Si,0, 1055

4 SiO, SiO, 1076

value of Y the area under the curve increases and the
peak shifts to higher wavenumbers. The oxygen re-
lated bridging bond (Si—-O-Si) centred around
1000 cm ™! gradually shifts [13] towards higher
wavenumbers and for a Y value of 10.2 a shoulder at
~1120 cm ! can be observed. The shift of peak posi-
tion (wg) with oxygen content i.e., an empirical linear
relation of w with oxygen content was verified by Pai
et al. [14]. The bonded hydrogen content (Cy), in
atomic per cent, was evaluated from the integrated
stretching absorption peak area around 2000 cm ~ L. It
should be noted that the accuracy of this method is
limited by possible variations in the oscillator strength
with the oxygen content in the films. It is interesting to
observe from the inset of Fig. 2 that the hydrogen
content (Cy) initially increases and then decreases as
Y increases. However the integrated absorption area
of the SiO band is found to gradually increase with Y.

3.1.3. Spin density

Table IT summarizes the spin defect density, Ng, and
g-values along with the optical gap and photoconduc-
tivity values for films at two different Y values. The
spin density increases from 2.6 x 10!7 to 3.4 x 107
with an increase of Y from 2.6 to 10.2. The spin
g value, estimated by using an Mn?* marker, is found
to decrease with Y. These results are similar to those
previous reported in the literature [15,16].

3.2. Effect of chamber pressure

The chamber pressure plays a significant role in
changing the quality of a film produced by the photo-
CVD process. Thus in order to optimize the film
properties films were grown at different chamber pres-
sures keeping Y and Z fixed at 2.7 and 1.1 respectively.
The variation of optical gap (E,), refractive index (n;),
photoconductivity (c,;) and dark conductivity (54) as
a function of the total chamber pressure (p,) are shown
in Fig. 3. One can see that E, systematically decreases
with an increase of p, whereas n; increases. The in-
crease in the n; value at higher p, values is an indica-
tion of a compact structure containing few voids. Both
the conductivities bear a positive correlation. Evident-
ly the film grown at a p, value of 1.333 x 10? Pa ex-
hibits an impressive photoconductivity of 1x 107°
Scm™! at a reasonably high E, value of 1.99 eV. At
1.995x10*Pa a photoconductivity value of
2.33x 107 °Scm ™! with a band gap of 1.93 eV is ob-
served.

Fig. 4 shows the IR absorption profiles of the SiH
stretching mode in the range 1950-2350cm ™! for
films deposited at p, values of 6.65x 10!, 1.33 x 10?
and 1.995x 10%> Pa. The Si—O stretching modes of
these samples are indicated in the inset of Fig. 4. It
can be seen that IR absorption related to the Si—O
stretching mode decreases and the peak shifts to-
wards lower wavenumbers with an increase in p,
which indicates relatively less Si—O bonding occurs
at higher chamber pressure. It has been suggested that
in a-Si0, : H films, oxygen and hydrogen are bonded
to the same Si atoms in the configuration H-Si
(Si3-,0,) for n=1-3, with peaks appearing at
2115,2200 and 2260 cm ™! for n = 1,2,3, respectively.
Curve 1 exhibits all the above three absorption peaks
while the remaining curves show smaller absorptions
at 2200 and 2260 cm ™~ '. A feature of particular im-
portance in all the curves is the appearance of a shoul-
der at 2020 cm ! for a p, value of 1.995 x 10? Pa. This
peak is the SiH stretching peak normally at
2000 cm ~ ! that has been shifted due to the presence of
the oxygen.

TABLE 11 Optical gap, photoconductivity, dangling bond density and g value for a-SiO,:H films prepared under different conditions

Y Optical gap Photoconductivity Dangling bond density g
E, (eV) opn (Sem™1) Ngx10'7(cm™3)
2.6 1.99 9.66x 1077 2.6 2.005 15
10.2 2.44 512x10°° 34 2.004 78
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Figure 4 IR vibrational spectra over the wavenumber range
1950-2300 cm ! for a-SiO,:H films grown at different chamber
pressures: (1) 6.65 x 10! Pa, (2) 1.33 x 102 Pa, (3) 1.995 x 10? Pa. The
inset represents the Si—O stretching region for the same films.

3.3. Effect of hydrogen dilution

In order to gain an insight into the effect of hydrogen
dilution (Z), defined in the experimental section, on
the properties of the samples, the films were deposited
under various hydrogen dilutions, with a constant
CO, to SiH, flow ratio (Y) of 2.6. The properties and
the deposition rates of the a-SiO,: H films grown at
different hydrogen dilutions are summarized in Table
IIL. It can be seen from this table that E, increases
monotonically with increasing Z values which is in
contrast to the case of a-SiC:films where E, decreases
with an increase in the hydrogen dilution [17]. The
photoconductivity of the films improves from
2.89x107 7 to 1.06 x 10~ ¢ Scm ™~ ! when the hydrogen
dilution is increased from 0.28 to 2.2 although the
band gap (E,) increases from 1.96 to 2.06 eV. The
photosensitivity of the sample is 10° when prepared
with a high hydrogen dilution.

3.4. Comparison of the properties of
a-SiO,: H with that of a-SiC,:H

As a wide bandgap material amorphous silicon car-
bide finds application in a-Si solar cells. In a-SiC,: H
films unbonded carbon contamination can be high.
This problem can be circumvented by a higher hydro-
gen dilution which encourages bond formation be-
tween hydrogen and carbon. A comparison of the
optoelectronic properties of the grown a-SiO, : H films
(curve 1) with that of a-SiC.:H (curves 2 and 3) is
shown in Fig. 5. The films represented by curve 2 were
deposited without any hydrogen dilution whilst those
represented by curve 3 were deposited under a hydro-
gen dilution ratio of 10 [18]). The room temperature
photoconductivity of an «-SiO,:H film has been
measured with a photon flux of 103 cm~™2s™! and
a photo energy of 2.38 ¢V. Fig. 5 shows the variation
in photoconductivity for two materials — a-SiC,:H
and a-SiO, : H; with optical gap. It can be seen that for
optical gaps upto 2.0 eV both materials show the same
photoconductivity but at higher optical gaps the
photoconductivity of the oxide sample is higher than
that of the carbide sample. It has been observed
[16,18] that the increase in the optical gap is greater
for a-SiO, : H than for a-SiC, : H for the same increase
in x (anion content). This could be due to the fact that
the bond strength of Si—O is stronger than that of
Si—C. The incorporation of oxygen or carbon leads to
an increase in the density of defects, depending on the

TABLE III Variation of optical gap E,, photoconductivity c,,, dark conductivity 64 and the integrated absorption intensity of SiO

stretching mode I3, with hydrogen dilution

Z Optical gap Dark conductivity Photoconductivity Integrated intensity
E, (eV) 6gx 10712 (Sem™ 1) 6 x 1077 (Sem™?) o (cm™?)

0.28 1.96 4.48 2.89 —

0.56 1.97 8.21 3.61 —

0.84 1.98 0.376 2.77 200

1.12 1.99 1.31 9.66 292

2.24 2.08 0.973 1.01 719
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Figure 5 Variation of the photoconductivity (under a photon flux of
105 cm~2S™ 1) with the optical gap for () curve 1 a-SiO,: H, (A)
curve 2 a-SiC:H prepared without H, dilution and (O) curve
3 a-SiC: H prepared with H, dilution.

amount of incorporation. For effective utilization of
solar radiation, the optical gap of the window layer of
the solar cell should be around 2.0 eV.

4. Discussion

In the mercury sensitized photo-CVD process, frag-
ments of the gaseous molecules (SiH,, CO, and H,)
are produced by the excited Hg atoms. The gases are
photo-dissociated, resulting in many new species and
radicals [5,19] such as:

SiH, + Hg* —» SiH; + H + Hg (1)
or

SiH, + 2H + Hg (2

CO, + Hg* - CO + O + Hg (3)

H, + Hg* - 2H + Hg 4)

It has been reported that the oxygen content in
a-Si0, : H films has an almost linear relationship with
the CO, to SiH, gas flow ratio. Thus a positive cor-
relation between the optical gap and the molar frac-
tion of CO, to SiH, is surely due to the incorporation
of more oxygen into the film. This in turn is due to the
point that the Si—O bond is stronger than an Si—Si
bond due to the high electronegativity of oxygen. The
increase in the optical gap is accompanied by a de-
crease in the value of the refractive index which gives
a qualitative idea about the film composition. The
decrease of the refractive index may be reasoned to be
due to an increase in the number of voids, microstruc-
tural defects and disorder in the film following the
incorporation of the oxygen. In fact, the oxygen incor-
poration results in an increase in the structural and
electronic disorder as a result of the difference in the
bond length between 0-0 (0.146 nm) and Si-Si
(0.235 nm). Recently, experimental evidence showing

an increase in the spin defect densities with increasing
oxygen content [2,16] was found for this hypothesis.
Thus the observed deterioration in the photoconduc-
tivity with incorporation of oxygen may be due to an
increase in the electronic and structural disorders and
also the spin defect density in the film. An apparent
disagreement between the observed peak position of
the SiO stretching absorption curve and the indicated
peak position of the bonding configuration is at-
tributed to the aggregated effect of the component
absorptions when the curves are properly decon-
voluted. It has been suggested in the literature that the
observed shift of the SiO stretching mode peak is the
direct consequence of the increased oxygen content in
the film [14,20]. This increase in the oxygen content
with CO, molar fraction in the cause of the enhance-
ment of the spin density and hence the decrease in the
photoconductivity value. Moreover the g value de-
creases with increasing oxygen content in the film. The
variation of Cy can be correlated with the increase in
SiO bonds produced by an increase of Y by the
following argument. At low concentrations of oxygen
in the reaction chamber the Si sites may be taken up
by either oxygen or hydrogen. Initially as Y increases,
then the SiO content increases. As the partial pressure
of hydrogen decreases, the hydrogen coverage of the
surface decreases and more SiH bonds are formed.
With a further increase in Y (Y > 5.2), the number of
Si—-O bonds increases, however the deficiency of
H atoms means that the density of Si—-H bonds con-
tinues to decrease.

When the chamber pressure is increased while the
gas flow ratio is kept constant, the residence times of
the gas molecules increases. This facilitates the frag-
mentation of molecules and that of SiH, will be
greater than that of CO, because of the higher
quenching cross-section of the former [21]. Moreover,
Saxena et al. [22] have shown, by a model gas phase
calculation that the increase in the flux of SiH; and
SiH, radicals at the growth surface increases with an
increase in the chamber pressure. Thus it may be
concluded that with an increase of pressure the film
becomes oxygen deficient. This accounts for the ob-
served decrease in the optical gap with chamber pres-
sure. The observed decrease in SiO absorption inten-
sity in conjunction with the shift of the peak towards
lower wavenumbers is also a signature of the decrease
of oxygen content in the film with an increase of the
chamber pressure. The improvement in photoconduc-
tivity with chamber pressure is evidently due to a de-
crease in the oxygen content and a consequent better
structural ordering with less voids and defects. One
may assume that the films prepared at high pressures
are Si-rich while those at lower pressures are oxygen
rich. It has been proposed [23] that the silicon oxide
films may be thought of as a mixture of two structures:
the oxygen-rich phase is effective in increasing the
optical gap while the photo-generated carriers mainly
travel through the silicon-rich phase.

An increase in hydrogen dilution leads to the cre-
ation of more atomic hydrogen which is believed to
cover the growing surface. Thus the decrease of film
growth rate with hydrogen dilution is clearly due to
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depletion of precursors namely SiH; and SiH, and
hydrogen coverage. Unlike a-SiC : H, the most striking
result for a-SiO,: H is the increase in the optical gap
with hydrogen dilution. The enhancement of the op-
tical gap is corroborated by the increase in the integ-
rated SiO peak area and hence the incorporation of
oxygen. With the increase of hydrogen dilution, gas
phase secondary reactions are expected. As a result,
the dominant film growing precursor SiH; is removed
from the reaction by combining with atomic hydro-
gen. This paves the way for atomic oxygen to be
incorporated into the film due to the relatively low
SiH; flux at the growth surface with hydrogen dilu-
tion. The increase in the spin density from 2.68 x 107
to 3.75x10'7 due to an increase in the hydrogen
dilution (Z) from 1.12 to 2.24 is an endorsement of the
increase in oxygen content. The improvement in the
photo-current with hydrogen dilution can be at-
tributed to a better relaxation of the network of the
film produced by a decrease in the growth rate. More-
over, with an increase in the hydrogen dilution, the
hydrogen coverage of the growth surface enables en-
ergy relaxation of the absorbed precursors [24] lead-
ing to a denser network structure and hence improved
optoelectronic properties.

5. Conclusions

Amorphous silicon oxide films have been prepared by
photo chemical vapour decomposition of a SiH,, CO,
and H, gas mixture. The optical gap was found to
increase with an increase in the CO, to SiH, flow ratio
i.e., with the incorporation of oxygen. The optoelec-
tronic and structural properties of the films are sensi-
tive to the chamber pressure. At higher pressures the
formation of lower order oxides predominates. An
increase in the hydrogen dilution increases the oxygen
incorporation into the films and as a consequence the
band gap increases. A decrease in the photoconductiv-
ity and refractive index and a simultaneous increase in
the spin density with oxygen incorporation have been
attributed to an increase of structural and electronic
disorder. Finally a-SiO, : H films have better optoelec-
tronic properties compared to a-SiC,:H at E, > 2.0eV.
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