Chin. Phys. B Vol. 23, No. 9 (2014) 098801

Structural properties of a-SiO,:H films studied by an improved
infrared-transmission analysis method*
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An improved method of fitting point-by-point is proposed to determine the absorption coefficient from infrared (IR)
transmittance. With no necessity of empirical correction factors, the absorption coefficient can be accurately determined
for the films with thin thicknesses. Based on this method, the structural properties of the hydrogenated amorphous silicon
oxide materials (a-SiO,:H) are investigated. The oxygen-concentration-dependent variation of the Si—O-Si and the Si-H

related modes in a-SiO,:H materials is discussed in detail.
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1. Introduction

The hydrogenated amorphous silicon oxide (a-SiO,:H)
material is one of the most promising candidates to be used
as the wide-gap absorber in the top cell to further improve the
efficiency of silicon-based thin film tandem solar cells.!"-?! In-
frared transmission has been used as an effective tool to an-
alyze the structural properties and the bonding configurations
of a-SiO,:H, ! as well as other silicon alloys.[*! In the early
stage, the transmittance T'(®) was commonly converted to the
absorption o/(®) by the BCC and the CL methods proposed
by Brodsky, Cardona, and Cuomo (BCC)®! and by Connell
and Lewis (CL),!”] assuming incoherent multiple reflections
in the film and the substrate. These methods remain suitable
under certain conditions. However, when the refractive index
differs distinctly from that of the c-Si substrate because of the
incorporation of O as well as other alloy elements such as C
and Ge, the transmittance usually shows broad and shallow
interference fringes in the baseline.’®-'3 This will cause no-
table conversion errors when applying the BCC or CL method,
especially when the thickness of the film is below a critical
value.['4]

Maley proposed a semi-coherent model to suppress the
interference fringes of the baseline of the spectrum.!'*15] Be-
cause of the lack of an analytical solution, the author converted
T (o) to a(w) by fitting the transmittance with Gaussian-like
absorption peaks in a-Si:H. However, it is difficult to do it in
this way when it comes to a-SiO,:H materials, in which the in-
frared (IR) absorption peaks are much more complicated than
those in a-Si:H. Thus, a method widely used is to fit the base-
line by the Maley method and then convert 7'(®) to o(®) by
the BCC method!'3!0] (which we call Maley—BCC or M—BCC
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method here). Although one can obtain a(®) with a flat base-
line by using this method, it does not make sense theoretically,
and it is necessary to reduce the errors by using films with
large thicknesses (usually thicker than 1 um). Maley also pro-
posed a correction factor for films thinner than 1 pum, but it is
effective only for a-Si films in theory.!'4]

In this paper, we present a fast method for fitting the
spectrum, point-by-point, to convert 7'(®) to a(®) accurately
based on the Maley model. With no necessity of correction
factors, it is effective even when the film is very thin. Based
on this method, the structural properties of a-SiO,:H films with

different oxygen concentrations are investigated in detail.

2. Experimental details

A series of a-SiO,:H thin films with different oxygen con-
centrations were deposited on single-crystal Si substrates by
very high frequency plasma enhanced chemical vapor depo-
sition (VHF-PECVD) with SiH4, Hy, and CO, as the reac-
tive gases at the heater temperature of 195 °C. The oxygen
concentration was modulated by varying the gas flow ratio
R, = [CO,]/[SiHy4] from O to 1.4. The deposition pressure and
the VHF power were fixed at 0.5 Torr and 10 W, respectively.
The IR transmittance was measured by a Fourier-transform
spectrometer (FT'S-6000 by Bio-Rad Inc., USA) from the layer
stack under normal light incidence, as schematically illus-
trated in Fig. 1. The thicknesses of all the films, measured

by a surface profiler, were around 300 nm.
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Fig. 1. Schematic diagram of layer stack in FTIR measurement.

3. Results

The transmittances of the layer stacks with different a-
SiO,:H films are shown in Fig. 2. Here the absorption in the c-
Si substrate is taken into account by dividing the transmittance
by that of the bare substrate, and then multiplying the non-
absorbing transmittance of the c-Si substrate, 0.54. Consis-
tent with the previous results,[!72 the baselines of the spec-
tra show stronger interference fringes with increasing gas flow
ratio R..
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Fig. 2. Measured IR transmittances of the layer stacks with a-SiO,:H
films with different R..

3.1. Improved fitting of the baseline

First, the interference fringes in the spectra are eliminated
by the semi-coherent model proposed by Maley.!'*! The equa-
tion for the baseline can be obtained when the extinction coef-
ficient of the a-SiO:H film (kgy,) is set to be zero. By fitting
the non-absorbing part of the transmittance spectrum with this
equation, the effective refractive index and the thickness of
the film, ngy and dgm, can be obtained. However, because of
the refractive index dispersion of c-Si and the possible exper-
imental error in the measurement, the results usually do not
fit well enough with only these two parameters. There are big
discrepancies between the measured and the fitted spectra, es-
pecially in the range of low wavenumbers, as shown in Fig. 3.
So a third parameter, the effective refractive index of the c-Si
substrate, n._g;, is introduced into the fitting, instead of being

fixed at 3.42 as in the Maley method. By incorporating the
third fitting parameter, the fitting quality is greatly improved,
as shown in Fig. 3. The effective refractive index n._g; does
not deviate much, but fluctuates around the value of 3.42 for
different samples, as shown in the illustrated graph in Fig. 3.
It can be treated as an indicator to evaluate the credibility of
the fitting results.
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Fig. 3. Comparison between the baselines obtained by 2-parameter (2p)
fitting and 3-parameter (3p) fitting. The inset shows the deviation of the
effective refractive index of substrate for different samples.

3.2. Improved conversion from T (o) to o (®)

Secondly, we propose a method for fitting the transmit-
tance at each wavenumber point-by-point (F-PbyP) to convert
T(w) to a(w). A flow chart of the procedure is shown in
Fig. 4. In order to obtain the fitting rapidly and avoid the prob-
lem of multiple solutions, the fitting starts with zero as the ini-
tial value of kg at the wavenumber of 4000 cm™—!, where no

start from ko(w,) =0, w, =4000 cm~!

—> calculate T(w,) with the ko(w,)

get k(wy) by fitting T(w,)
to measured Ty, (wy,)

use k(w,) as the initial value at next

wavenumber, ko(w,—1)

v

visiting all the wavenumbers

to get the whole spectrum

Fig. 4. Flow chart of the fitting point-by-point method to convert 7 (®)
to o(w), where o is the wavenumber, k is the extinction coefficient of
the a-SiOy:H film, and T;, is the measured transmittance.

098801-2



Chin. Phys. B Vol. 23, No. 9 (2014) 098801

640 R.=0 |

3000 |

—— evaluated from exp.
fitted by Gaussian peaks

730

Absorption coefficient a/cm~1!

500 700 900
w/cm™!

1000

— evaluated from exp.
o fitted by Gaussian peaks

2100

Absorption coefficient a/cm—1!

1900

2000 2100

w/ecm™!

2200

Fig. 5. Absorption coefficient spectra of a-SiOx:H films with different R, evaluated by the F-PbyP method in the regions of (a) 460—
1200 cm~! and (b) 18502300 cm™!. Each spectrum has been deconvoluted into probable satellite components by Gaussian peaks.

The rough positions of the components are labeled with arrows.

absorption exists in the spectrum. The result of kg, of the pre-
vious wavenumber is used as the initial value for the fitting at
the next lower wavenumber. By visiting all the wavenumbers
in the spectrum, the whole spectrum of kg, (@) can be ob-
tained, as well as i, (@) by @ = 4mk/A. The procedure can
be implemented easily by mathematical tools such as MAT-
LAB. The absorption spectra with different R. values, evalu-
ated by the F-PbyP method, are shown by the black solid lines
in Figs. 5(a) and 5(b).

4. Discussion
4.1. Error analysis

The effectiveness of the F-PbyP method will be discussed
in this section. A set of parameters, ngm, = 3.1, ne_s; = 3.42,
and dgjm = 300 nm, the typical values for this series of a-
SiO,:H layers, is assumed. The dependence of kg, on @ is
arbitrarily assumed to be composed of three Gaussian peaks
at 1000 cm~"!, 2000 cm~!, and 3000 cm™!, respectively, and
treated as the “real” k(w) as shown in Fig. 6. The transmit-
tance 7 (@) of this film is calculated by the Maley model. Then
T(w) is converted to k(@) by the BCC method, the M—BCC
method, and the F-PbyP method respectively, as also shown
in Fig. 6. The k(@) obtained by the F-PbyP method agrees
with the real value very well. However, the k(®) obtained by

the BCC method shows obvious coherent fringes and even has
negative values in some regions.
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Fig. 6. Extinction coefficient evaluated from the transmittance spectrum
by different methods. The transmittance spectrum is calculated by the
semi-coherent model with assumed 7y, 7c—si, dfim, and extinction co-
efficient of the film, kg, . The black solid line presents the assumed real
kfitm.

No coherent fringes are observed in the k(@) obtained by
the M-BCC method. However, it has relatively big errors in
the low wavenumber region in this case. To further clarify the
dependence of the errors on the film parameters of the M—BCC
method, the relative error E; = (kvm—pcc — kreal) /krear 18 calcu-
lated by varying the refractive index and the thickness of the
film. The k., is the assumed real extinction coefficient and

km—pcc 1s the extinction coefficient evaluated by the M—BCC
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method. As shown in Fig. 7(a), when the thickness of the film
is fixed at 300 nm, the k(®) obtained by the M—BCC method
shows positive errors for most wavenumbers. The error can
even be as big as +70% at around 640 cm™! when the refrac-
tive index of the film equals 4 (possible for a-SiGe:H films).
This will cause big errors when the hydrogen concentration is
estimated from the Si—H rocking mode at this wavenumber.
Figure 7(b) shows the dependence of the relative error on the
thickness of the film when the reflective index is fixed at 3.1.
When the film is as thin as 300 nm, there are errors up to +20%
in the region of 500-2400 cm~!, where most of the absorption
peaks in silicon-based films exist. The error decreases with in-
creasing film thickness and can be constrained within +10%
when the film is thicker than 900 nm. However the fabrication
of this kind of thick layer is quite time-consuming for the lay-
ers with low deposition rates. In contrast, none of these errors
exist when applying the F-PbyP method.
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Fig. 7. Relative error between the real values and those from the M-
BCC method for the films with (a) different refractive indexes and (b)
different thicknesses.

4.2. FTIR analysis of a-SiO,:H films

By means of the accurate F-PbyP method, the structural
properties of the a-SiO,:H films with different CO; to SiHy ra-
tios are investigated. Two IR absorption bands in the regions of
460-1200 cm™! and 18502300 cm ™! are deconvoluted into
several possible satellite components by Gaussian fitting and
shown in Figs. 5(a) and 5(b), respectively. An overview of
the possible components used in the deconvolution is listed in
Table 1. Most of them are confirmed by both the theoretical
calculation and the experimental results of the previous stud-

—1is not

ies. However, the origin of the peak at around 730 cm
so clear. It may come from the carbon-related stretching mode
suggested by Babel ez al.!?!! or the lower bending mode of H—
Si(Si0,) calculated on the basis of a random-bonding model
by He et al.!'3! However neither of them can be proved in our
studies. Further work on this peak in detail is necessary in the

future.

Table 1. Possible assignments of vibrational modes in a-SiO,:H films.

Peak position/cm ™! Bonds  Vibrational mode and configuration
4601221 Si-Si  stretching
5000231 Si-O-Si  rocking
630-640124] Si-H bending or rocking in SiH,
Sin, (Sin)n or SiH3
710-730 ? (not confirmed)
780-790132! Si-O-Si  bending
840-85013-231 Si-H  wagging in (SiHa),
or bending in H-Si(O, Si)
880-89013-231 Si-H  scissor in SiHyor (SiH3),
or bending in H-Si(03)
940-105013-21,25 Si-O-Si  stretching in (Si—-O-Si)-Si
(single oxygen)
1135-1150121:26271 Si_0O-Si  stretching in O-Si(03)
(oxygen rich)
2000-2030124.231 Si-H  stretching (single)
2085-210021:24.231 Si-H  stretching in SiHyor (SiH>),
or on void surfaces
2140-2160121-2425] Si-H  stretching in H,—Si(SiO)
or stretching in SiH3
2190-22001321-231 Si-H  stretching in H-Si(0,Si)
2250-22601321-23] Si-H  stretching H-Si(03)

4.2.1. Si—-0O-Si related modes

The absorption coefficient spectrum of the sample with-
out oxygen (R. = 0) contains only three components at
460 cm~!, 640 cm™!, and 880 cm™!, as shown in Fig. 5(a).
They correspond to the Si-Si stretching mode, the Si—H bend-
ing (rocking) mode, and the Si—H scissor mode in SiHj, re-
spectively. When the oxygen is incorporated into the film,
the O-related components at 500 cm~! (Si—-O-Si rocking),
790 cm~! (Si-O-Si bending), and 940-1150 cm™! (Si-O-Si
stretching) appear and the absorption intensities increase with
increasing R.. Because the measured IR spectra show a high
level of noise below 500 cm ™!, only the 790 cm~! mode and
the 9401150 cm ™! mode will be further discussed here.

Figure 8(a) shows the very good linear relationship of the
integrated absorption between the 940-1150 cm~! mode and
the 790 cm ™! mode. This confirms that these two absorption
modes arise from the same group of atoms. The oxygen con-
centration of the sample is estimated by integrating the absorp-
tion of the 940-1150 cm~! mode with the oscillator strength
of 0.156 at.%/eV3! and is shown in Fig. 8(b) as a function of
the gas ratio of CO; to SiH4. The increase of R, effectively
enhances the oxygen concentration in the film.

Furthermore, the 940-1150 cm™—! mode is deconvoluted
The
1050 cm~! mode is regarded as the Si-O-Si stretching mode

into two components at 1050 cm~! and 1135 cm™!.

when the Si atom is bonded to a single oxygen atom and
1135 cm™! when bonded to more than one oxygen atom

(oxygen-rich).[>!] The dependence of the relative contribu-
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tions of the 1050 cm~! mode and the 1135 cm~! mode on
R, are shown in Fig. 8(c). It can be found that with increasing
R., although the total amount of oxygen keeps increasing, the
relative contribution of the 1050 cm ™! mode decreases, while
that of the 1135 cm™! mode increases. This suggests that, with
increasing oxygen concentration, it is more likely for multiple
O atoms to bond with a single Si atom, rather than O atoms pri-
marily bonding one-on-one with Si atoms dispersively. This is
consistent with the two-phase structure model!!>282%1 of the
a-SiO,:H materials deposited by PECVD using CO, as the
oxygen source: the film is composed of a silicon-rich phase

and an oxygen-rich phase.
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Fig. 8. (a) Relation between the integrated absorption of the 940-
1150 cm~! mode and that of the 790 cm~! mode. (b) The dependence
of the estimated oxygen concentration on R.. (c) The dependence of
relative contributions of 1050 cm™! and 1135 cm™! modes on R,.

4.2.2. Si—H related modes

The variation of Si—H related modes will be discussed in
this section. As shown in Fig. 5(a), the absorption intensity
of the 640 cm™! mode (Si-H bending or rocking in all kinds
of Si—H groups) varies only a little throughout the investigated
range of R.. This indicates that, in our case, the hydrogen
concentration is not affected much by the amount of O atoms
incorporated.

The R. dependence of absorption for the 2000 cm™!,
2100 cm™!, 2140 cm~!, 2190 cm ™!, and 2250 cm ™! modes is

shown in Fig. 9(a). The modes at 2140 cm™!, 2190 cm ™!, and
2250 cm ™! arise from Si—H stretching in the O-related groups
of H,-Si(Si0), H-Si(0,Si), and H-Si(03), respectively. They
are absent in the a-Si:H layer (R, =0) but appear and increase
as increasing oxygen is incorporated (see Fig. 5(b)). On the
other hand, the O incorporation also affects the configuration
of Si-H in the groups without oxygen. The 2000 cm™' mode
(single Si-H stretching) decreases while the 2100 cm ™! mode
(Si-H stretching in SiH,, (SiH3),, or voids) increases rapidly
with increasing R, till R. reaches 0.6, and then both of them
stay unchanged when R, is further increased. It is believed
that the 2100 cm™! mode corresponds to the stretching of Si—
H or SiH; at the surface of nano-scale voids, where it is likely
related to the defects in a-Si:H.[3%! So it suggests that the de-
fect densities increase with increasing O incorporation at first,
and become saturated when the oxygen concentration is higher
than a critical point (about 6% in our case). This trend is con-
sistent with the dependence of defect densities in a-SiO,:H
films on the oxygen concentration investigated by Bacioglu
et al. 3" with the constant current method (CPM).
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Fig. 9. (color online) (a) Dependence of the integrated absorption of the
2000 cm~!,2100cm ™!, 2140 cm™!, 2190 cm ™!, and 2250 cm™! modes
on Re. (b) Dependence of the integrated absorption of the 840 cm™~! and
880 cm~! modes on R..

The variation of the integrated absorption 840 cm ! mode
with increasing R, is shown in Fig. 9(b). No 840 cm ™! mode
is found in the a-Si:H sample, but it increases with increas-

ing R. throughout the investigated range. As listed in Table
1, the 840 cm~! mode is argued to represent either the Si-H
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wagging in (SiHy),, the Si—H bending in H-Si(O;Si), or both.
The possible Si—H stretching of (SiHj), and H-Si(O,Si) can
be located at 2100 cm™! and 2190 cm™!, respectively. Conse-
quently, the integrated absorption of these two possible modes
and their summation are plotted versus the absorption of the
840 cm~! mode in Fig. 10(a). A good linear relation is found
only between the 2190 cm™~! mode and the 840 cm ™' mode.
Combined with the absence of the 840 cm ™! mode in the a-
Si:H (R. = 0) sample, we suggest that the 840 cm~! mode
is only from the Si—H bending in H-Si(0,Si) and no (SiHz),
group exists in our samples.
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Fig. 10. (a) Relation between the integrated absorption of the 840 cm™!
mode and that of the 2100 cm™! mode, 2190 cm™ ! mode and their sum-
mation. (b) Relation between the integrated absorption of the 880 cm ™!
mode and that of the 2100 cm ™! mode, 2250 cm™ ! mode and their sum-
mation.

As also shown in Fig. 9(b), the 880 cm ™! mode increases
with increasing R till 0.6, and then becomes saturated. It also
corresponds to two possible components: Si—H scissor in SiH»
and bending in H-Si(O3). The stretching modes of these two
possible groups are located at 2100 cm™! and 2250 cm ™!, re-
spectively. As shown in Fig. 10(b), the 880 cm~' mode lin-
early relates to both the 2100 cm ™! mode and the summation
of 2100 cm~! and 2250 cm~! modes. Since the stretching and
bending of Si—H in H-Si(03) should be reflected at 830 cm~!
and 2250 cm~! mutually, we suspect both SiH, and H-Si(O3)

contribute to the 880 cm~! mode in our case.

5. Conclusions

By reviewing the different methods used to analyze the IR
transmittance of thin film silicon alloys, an improved method
based on the Maley model has been proposed to convert the
transmittance to the absorption coefficient. It can be imple-
mented easily and will not introduce any extra errors in the
process. In particular, with no necessity of empirical correc-
tion factors, it is effective for the films with thin thicknesses
and other silicon-based alloys with different reflective indexes.

By means of this method, the structural properties of a-
SiO,:H materials that depend on the oxygen concentration
have been studied in detail. With increasing oxygen concen-
tration, it becomes more likely that multiple O atoms will bond
with a single Si atom. The intensity of the void-related mode
at 2100 cm~! increases with increasing O incorporation at
first, and becomes saturated when the oxygen concentration
is higher than a critical point. The origin of the 840 cm™!
and 880 cm~! modes has also been discussed. Based on our
results, we conclude that the 840 cm™! mode originates only
from the Si—H bending in the H-Si(O,Si) group and that the
Si—H absorption by both SiH, and H-Si(O3) is responsible for
the 880 cm ™! mode.
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