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Effect of CH, flow rate on the optical properties of
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Abstract : The effect of CH, flow rate on the structural and optical properties of boron-doped amorphous silicon carbon films
as window p-layer in the industrial hydrogenated amorphous silicon solar module was investigated. The p-layer amorphous
hydrogenated silicon carbon films were deposited from SiH,-CH, gas mixtures in the Applied Materials SUNFAB radio fre-
quency-plasma enhanced chemical vapor deposition GenS8. 5 system with dimensions of 2.2 m 2. 6 m. Infrared and transmit-
tance/reflectance spectra were employed to analyze the bond configurations and optical properties of the films associating
with structures of the p-layer films which are sensitive to the deposition condition. The optical band gap of the p-layer films
increased as the CH, flow rate ranged from 3000 sccm to 8850 scem with other deposition conditions unchanged. With in-
creasing CH, flow rate, the deposition rate of p-layer amorphous silicon carbon films decreased slowly, because of the re-
duction of SiH, radical in the SiH,-CH, plasmas. The uniformity of the hydrogenated amorphous silicon carbon films was al-
so investigated, by sampling and analyzing the deposition rate on four different locations of the large area films.
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Hydrogenated amorphous silicon (a-Si; H) solar
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modules have received considerable attention in the in-
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dustrial production market because of their large area
and low cost compared with wafer-based silicon solar
cells and modules. However, the efficiency of a-Si:H
solar cells and modules is very low due to the fabrica-
tion processes and light-induced degradation. The
monolithic integration of larger-area photovoltaic mod-
ules is an efficient way to reduce cost in industrial pro-
duction. Suntech Power Co. , Lid. introduced a prod-
uct line based on the Applied Materials SUNFAB tech-
nology of RF-PECVD and PVD Gen8. 5 system with
dimensions of 2.2 m x2.6 m'"’.

Amorphous hydrogenated silicon carbon ( a-SiC:
H) as the window p-layer in a-Si: H solar cells, has
been paid much attention because of its wide band gap

(2] The short circuit cur-

since 1981 by Tawada et al.
rent is increased considerably, as films with a wide op-
tical band gap introduces more incident photons into i-
layer than that of a-Si;H, and the barrier formed at the
p(a-SiC:H)/i(a-Si;H) interface blocks the electrons
in the p-layer inversely. The p(a-SiC:H)/i(a-Si:H)
heterojunction also increases the open circuit voltage
V.. of a-Si: H solar cells because of higher built-in volt-
age as a result of the wide band gap of a-SiC:H. The
structural and optical properties of a-SiC : H films are so
severely dependent on the fabrication method and
process conditions that some public results are contrary
with each other**’.
optical band gap related to the microstructure of a-SiC ;

(6731 " In the

mass-production-line, a-SiC:H is the most used win-

The origin of the increase in the
H films also requires more investigation

dow p-layer film material. The aim of the current paper
is to study the effect of CH, flow rate on the structural
and optical properties, such as bond configuration and
hydrogen content, optical constants and optical band
gap of the p-layer a-SiC: H films deposited in the SUN-
FAB Gen8. 5 RF-PECVD. The uniformity of the a-
SiC:H films is also investigated by sampling and analy-
zing the deposition-rate on four different locations of

the 2.2 m x2.6 m thin films.
1 Experimental

Using the gas mixtures of SiH,, B(CH;),, H,
and CH,, p-layer a-SiC: H films were deposited by
plasma enhanced chemical vapor deposition (PECVD)

operating at 13. 56 MHz on crystalline Si wafer for in-
frared, as well as on the large area dummy glass sub-
strate for optical characterization, such as reflectance/
transmittance spectra. The SiH,, B(CH,; ), and dilu-
ted H, flow rates denoted by F(SiH,), F(B(CH,);)
and F(H,) were 8850, 9000 and 42000 sccm, re-
spectively, for all the samples. The total gas pressure
in the PECVD chamber was controlled at 2. 0 torr. The
a-SiC; H films were deposited with the CH, flow rate F
(CH,) from 3000 to 8850 sccm under the radiofre-
quency power density of 50 mW/cm’ and substrate
temperature of 200°C. Sometimes the relative CH, con-
centration in the gas mixtures defined by R(CH,) =F
(CH,)/F(CH,) + F(SiH,) was applied instead of the
CH, flow rate. Four-group samples including the crys-
talline Si wafer and dummy glass substrate were ob-
tained to identify the uniformity of large area films,
with the sampling locations lying on the sites away from
the four corners 600 mm along the long side (2.6 m)
and 550 mm along the wide side (2.2 m) .

The properties of the a-SiC:H films were studied
by infrared absorption, reflectance /transmittance. IR
transmission spectra were measured by a commercial
Fourier transform infrared spectrometer IFS 66 v/s with
KBr beamsplitter at room temperature. The IR absorp-
tion spectra related to the structural properties were ob-
tained from the transmission spectra applying the BCC
method with baseline correction. FilmTec 3000, with
characterization software based on the kinds of material
models was used to measure and analyze the transmit-
tance/reflectance to obtain the thickness, optical band

gap and optical constants of films.
2 Results and Discussion

A. Variation in the deposition rate

The incident photons absorbed by the p-layer are
sensitive to the thickness of the a-SiC:H. The reason
is that thicker p-layer absorbing more photons results in
more loss of available photons, leading to a smaller
current. However, the open circuit voltage V,, increa-
ses with the increase in p-layer thickness and becomes
saturated until the thickness reaches about 20 nm. U-
niformity of thin films is very important for large-area

solar modules because of the current match for each
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cell in a series and the voltage match between each se-
ries-cell isolated by the hot-spot lines. We took four
samples near the four corners of each sample, as illus-
trated in section II. The deposition-rate was calculated
from the thickness of a-SiC: H films as a function of
relative CH, concentration R (CH, ) as shown in Fig.
1. Symbols A to D denote the four sites near the cor-
ners of the large-area glass and the corresponding sites
in the PECVD chamber. The gas pump is located be-
side the A/B side several inches away from center,
with the line of A to B parallel to the 2. 2m direction.
Clearly, the deposition-rate at site A/B is higher than
that at C/D, and the deposition-rate at each site is a
monotonic decreasing function of R(CH,). Bullot et
al. ! reported that deposition-rate is independent of
the gas phase composition before the R( CH, ) reaches
0.8 for the low power density region. For the high
power density region, the deposition-rate increases dra-
matically with the increase in carbon concentration.
However, Ambrosone and Coscia '*! and Akaoglu et

(] reported the inverse trend for the deposition rate

al.
as a function of the relative CH, concentration R
(CH,). The result measured in the current paper a-
grees with that of the latter’ , except that the deposition
rate is at least 2 times higher than that presented in
their studies, in which the maximum deposition rate is
about 0.3 nm/s. The growth mechanisms of a-SiC:H
films are very complex and far from completely under-
stood yet. In the silicon-rich region, the deposition can
be explained by the incorporation of SiH, radical to the
hydrogen terminated on the growing surface under ionic
bombardment suggested by Akaoglu et al. !>/, For
the gas pump near the A/B site, the mixture update is
faster than that at C/D site, so the SiH; radical con-
centration in the plasma is higher thus increasing the
deposition rate of films. When the pressure is identical
to the total plasma in the chamber, the more the CH,
concentration in the mixture is, the less SiH; radical in
the plasma, leading to a smaller deposition rate. Both
can be explained by the single radical procedure deter-
mined in the growth mode. The dependence of the dep-
osition rate on the relative CH, concentration R(CH,)
was also investigated. The linear fitting of deposition-

rate versus R(CH,) is shown in Fig. 1. The slope val-

ues are 2. 51 for the A/B site and 1. 94 for the C/D
/C. +

atom atom

site. The slope values normalizing to R = C
Siatﬂm

Ref. 3 and Ref. 6 are presented in the inset of Fig. 1

in the mixtures calculated from the data given in

for comparison. The slope values of 3. 46 and 1. 89
corresponding to the high-power density of 90 mW/cm®
and low-power density of 30 mW/cm’, respectively, in
Ref. 6 are similar to the data we obtained at the power
density of 50 mW/cm”. The slopes at the power densi-
ty of 10 mW/cm” and 60 mW/cm” are less than 0.5 in
Ref. 4 corresponding to a weak dependent.

B. Optical band gap and optical constants

The optical band-gap is very important for the a-
SiC:H which is the window layer in p-i-n type solar
cells. More photons, with energy between the smaller
band gap and the wider band gap, are absorbed by the
active i-layer and contribute to the current for the wider
band gap a-SiC:H than to the smaller band gap a-SiC
H. Moreover, the p(a-SiC;H)/i(a-Si;: H) hetero-
junction with wider band gap a-SiC: H increases the
open circuit voltage V,, of solar cells. However, the in-
corporation of carbon to increase the optical band gap
results in more defects and disorder that degrade the e-
lectronic properties of the p-layer, and a heavier lattice
mismatching between the p-layer and i-layer or buffer

layer. All of these things will lead to severe recombina-
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Fig. 1 Deposition rate of the a-SiC:H films as a function of rel-
ative concentration R(CH, ). Each series notes the same site in
the large-area glass. The dotted lines are the linear fits for the
A/B site and C/D site. The inset shows the slopes of the linear
fits and slopes calculated from the results in Ref. 4 and Ref. 6
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Fig.2 Optical band gap E,,,.(a) and Ey (b) (see text for
definition) are plotted as a function of CH, relative concentra-
tion. Photon energy dependences of optical constants refractive
index n and extinction coefficient k are also shown in panel (c)
and panel (d)
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tion at the interface. Two methods of determining the
optical band gap were applied to show the CH, flow
rate effect on the optical properties as presented in pan-
el (a) and panel (b) of Fig. 2. Tauc optical band-

rase 15 determined by extrapolating a linear part of
(anE)"* =B, (E - E
function of photon energy £ to o =0. Another widely

gap E

) for @ >10° em ™' as a

Tauc Tauc

used measure of optical band-gap £, is determined by
the energy corresponding absorption coefficient of 10*
em ™. From panel (a) and panel (b) of Fig. 2, note
that both optical band gaps are proportional to the rela-
tive CH, concentration in the gas mixtures with a simi-
lar factor of 0. 14. Spectral dependences of optical con-
stants refractive index n and extinction coefficient k de-
rived from the transmittance/reflectance by the FilmTec
3000 sofiware for different CH, flow rate, are also
shown in panel (c¢) and panel (d) of Fig. 2. Over
most of the energy band, the n and k decrease as the
CH, flow rate increases. Note that, the extinction coef-
ficient below the optical band gap is unreliable because
the TL model used by the software does not contain the
parts of defect absorption and Urbach tail absorption at
low energy. Optical properties are related to the struc-
ture of a-SiC; H films, such as compositions, micro-
crystalline, hydrogen content and bond configurations,
and void density. In a-Si:H films, the increase in op-
tical band gap is primarily caused by the alloying effect
and improving order for hydrogen incorporation'’’.
However, Raman spectrum ( not presented here )
shows that the degree of disorder increased weakly as
the CH, flow rate increased, which could be duo to the
carbon incorporation leading to the enhancement of the
bond angle distortion, as Si-C bonds are much shorter

than Si-Si bonds'®’.

effects of the microcrystalline phase and void density on

As Akaoglu et al. reported, the

optical properties are insignificant'®. Thus the wide-
ning of the optical band-gap may be resulted from the
alloying effect, i. e. , the incorporation of hydrogen and
carbon, through the replacement of weaker, strained
Si-Si bonds by stronger Si-H, bonds and/or Si-C
bonds'”*! | as confirmed by the IR spectra in the next
subsection. Decrease in refractive index and extinction
coefficient is attributed to the increase in atomic carbon
fraction in the films.

The lattice mismatching is not serious in the prep-
aration of the amorphous silicon solar module with a
thin buffer layer inserted between the p-layer and i-lay-
er. Thus the CH, flow rate of 8850 sccm, with the wi-
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dest optical band gap in the flow rates studied may be a
good choice for the p-layer a-SiC:H. Considering the
deposition rate and material cost, a larger CH, flow
rate is not necessary.

C. IR spectra analysis

IR spectroscopy, a simple and nondestructive
technique, was used to obtain the information of hydro-
gen content and bonds configuration. Most of the bond
vibration modes were identified (for more details, see
Ref. 6. ). Fig. 3 presents the IR absorption of the a-
SiC:H thin films deposited at four different CH, flow
rates from 3000 sccm to 8850 scem, with the wavenu-
mber ranging from 600 cm ' to 800 em ™', 1900 ¢cm '
to 2200 cm ™', and 2800 cm ™' to 3000 ¢cm ', The rel-
ative IR absorption in Fig.3 (a) shows that the vibra-

', i.e., Si-C stretching or

tion mode around 770 cm”~
Si-CH, wagging mode enhances obviously as the CH,
flow rate increases, indicating the enhancement of Si-C
bonds density. The stretching modes of C-H,, which
were distributed in the energy range of 2800 c¢cm ™' to
3000 cm ™', containing three peaks of 2850, 2920,
and 2960 ecm ™', are shown in panel (b) of Fig. 3.
The increase in the CH, flow rate results in an en-
hancement of these modes densities. Owing to the
higher electronegativity of the carbon atom, the peak at
2000 c¢m ' shifts toward the higher wave number band

2,6
[2.6] " a5 shown

when the carbon atoms attach to silicon
in the Fig. 3 (c¢). The fitting curves with two Gaussi-
an functions centering at 2000 cm ' and 2060 ¢cm ' to
2100 ecm™' for the Si — H, and (Si-H, ), vibration
modes, are presented in Fig. 3(c). The peak at 2000
cm ™' is attributed to the Si-H stretching mode'®’.
While the peak at 2060 ~2100 cm ' range is contribu-
ted from Si-H, stretching and/or CSi-H stretching'®’.
Note that the peak positions of the fitting function at a
higher frequency is shifted from 2081 e¢m ™ to 2071
em'. No remarkable enhancement occurred in the
wave number range of 850 cm ™' to 900 cm™' corre-
sponding to the (Si-H, ), bending mode. Thus, the vi-
bration mode at a higher frequency could be enhanced
partly by the CSi-H stretching mode whose calculated

121 That is an

centering frequency was at 2054 cm
enhancement of carbon atom density in the film oc-

curred with the increase in CH, flow rate. Si-H, bond
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Fig.3 IR absorption bands of the a-SiC:H films in the wave
number ranges of (a)600 em™ to 800 em ™' and (b) 2800
cm 't0 3000 cm ™! and (¢)1900 ¢cm ™' to 2200 ¢cm ', The fit
with two Gaussian-shaped functions for the Si-H and ( Si-
H, ), stretching modes are also shown in (c)
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is generally considered a major cause of dangling
bonds, which are the origin of light-induced degrada-
tion. In the window p-layer of p-i-n solar cells and
modules, the thickness is only about 10 nm, thus,
light-induced degradation can be negligible. Hydrogen
concentration can be calculated from the integrated ab-
sorbance through N, =A| (/w) dw in the band range
of the wagging or stretching vibration mode, with A, =
9.0 x10" ¢m™? and A,=2.2x% 10*° em ™2
subscripts s, and s, denote the Si-H stretching mode at

2000 cm ™' and the Si-H, stretching mode at 2060

, where the

em ' to 2100 ecm ', respectively. For simplicity, the
hydrogen content of at. % is normalized to the crystal-
line Si density of 5.0 x 10? ¢m >

inset of Fig. 4. The relative CH, concentration in-

; it is plotted in the

crease in the gas mixtures resulted in the increase in
hydrogen content from 16 at. % to 25 at. % . The re-
sults confirm that the origin of the increase in optical
band-gap is the incorporation of carbon and hydrogen
through the replacement of weak Si-Si bonds by Si-H,
and Si-C bonds. However, the part contributed by Si-
H decreases slowly from 6% to 2% , as shown in the
inset of Fig. 4. The ratio of hydrogen concentration re-
lated to Si-H and Si-H,/SiC-H is also presented in
Fig. 4, which is a monotonic decrease as a function of

the relative CH, concentration in gas mixtures.
3 Conclusions

The uniformity, deposition-rate, and structural
and optical properties of a-SiC:H deposited at a CH,
flow rate in the range of 3000 sccm to 8850 scem by
Gen8.5 PECVD in SiH,-CH, gas mixtures were inves-
tigated. The deposition rate at the site near the pump is
slightly higher than that at the site distant away from
the pump, leading to a uniformity of about 10 % . The
increase in the CH, flow rate results in the reduction of
the deposition rate because of the decrease in SiH; rad-
ical ratio in the SiH,-CH, plasma in the single radical
procedure frame. The optical band gap, determined by
Tauc plot and absorption coefficient, increases with the
increase of CH, relative concentration because more
weak Si-Si bonds are substituted by the stronger Si-H,
and Si-C. Moreover the optical constants, refraction

index, and extinction coefficient decrease in most of
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Fig.4 Peak position of fitting Gaussian function in the energy
range of 2050 cm ™' to 2010 cm ™" and ratio of hydrogen content
contributed to Si-H Is, and Si-H,/SiC-H Is, are plotted as a
function of relative CH, concentration. The inset reports the e-

volution of total hydrogen content as well as the contributions

related to the Si-H and Si-H,/SiC-H
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the photon energy band.
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