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We studied how the deposition of SiHj radicals, higher-order silane molecules, and clusters contributed to
the bond configuration of hydrogenated amorphous silicon (a-Si:H) films. In our experiment, the deposition of
three species was controlled using a multi-hollow discharge plasma chemical vapor deposition (MHDPCVD)
method using a cluster-eliminating filter. We reduced the incorporation of higher-order silane (HOS) molecules
into the films by increasing the gas flow velocity in the hollows from 1008 to 2646 cm/s. The results show that the
lower incorporation of HOS molecules into the films reduced the SiH,/SiH bond ratio, i.e., Isiyo/Isin. Moreover,
two-dimensional profiles of the Isiyy/Isig ratio and the surface morphology suggest that the surface migration of
HOS molecules is similar to that of the SiHj radicals, and the Ig;,/Isig ratio is localized by the deposition of HOS
molecules. Moreover, the results of optical emission spectroscopy show that HOS radical generation is irrelevant

to the gas flow velocity.
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1. Introduction

Because of the rapid expansion of the Internet of
Things (IoTs) technology, power supply for IoT devices
has become one of the major concerns limiting their ex-
pansion [1]. a-Si:H thin film solar cells have attracted con-
siderable attention as power supplies for IoT devices be-
cause of their thin, flexible, and light-weight features, as
well as their low production cost compared to other so-
lar cells[1]. However, to ensure a-Si:H thin film solar
cells remain highly efficient, it is necessary to suppress
light-induced degradation [2-10] by lowering the density
of the Si-H, bonds in a-Si:H films [6]. Therefore, for re-
ducing Si-H; bond density, we developed deposition meth-
ods [11-17].

A-Si:H films are extensively deposited via a SiHy dis-
charge plasma[2-17], which contains one major deposi-
tion species of SiHj3 radicals and two minor deposition
species: HOS molecules in the size range below 0.5 nm
and clusters in the size range above 0.5nm[12]. To re-
duce cluster incorporation, we adopted the multi-hollow
discharge plasma chemical vapor deposition (MHDPCVD)
method together with a cluster-eliminating filter. Accord-
ing to this method, clusters are transported from the dis-
charge region to the vacuum pump via a fast gas flow
[14—17]. In this study, we examined the effect of gas veloc-
ity on the SiH,/SiH bond density ratio of the a-Si:H films
using Raman spectroscopy, micro-FTIR (Fourier trans-
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form infrared) spectroscopy, and optical emission spec-
troscopy (OES).

2. Experimental

As shown in Fig. 1, we performed deposition exper-
iments using MHDPCVD with a cluster-eliminating fil-
ter [14—17]. We deposited a-Si:H films on a Scm X 2.5cm
Si substrate. The substrate was set in the upstream region
from the electrodes, and the substrate temperature was set
at 170°C. Pure SiH4 was fed from the bottom of the reactor
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Fig. 1 Multi-hollow discharge plasma reactor with a cluster-
eliminating filter.
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at 56- 147 sccm, and then passed through 89 holes in the
electrodes; moreover, the diameter and length of each hole
were 5.0 and 10.0 mm, respectively. The total pressure was
0.08 Torr. We applied high-frequency discharge voltage of
110 MHz to the powered electrode with a discharge power
of 20 W. Discharges were mainly sustained in the hollows,
where radicals and clusters were generated and transported
outside the hollows via diffusion or gas viscosity. Figure 2
shows the dependence of the diffusion velocity of particles
generated in the discharge on their size. The diffusion ve-
locity vq is expressed as follows:

g = Z’ (1)

where D is the diffusion coefficient of the particles and A
is the characteristic diffusion length. A was assumed to
be equal to the length of the hollows. For a gas velocity
of 1500 cm/s, particles with sizes >0.5 nm were driven to
the downstream region, while particles with sizes <0.5 nm
were transported toward the substrate set in the upstream
region because of their fast diffusion. For a gas velocity of
2646 cm/s, particles with sizes >0.36 nm were driven to the
downstream region; however, the size of the HOS radicals
ranged between 0.36 and 0.5 nm. Thus, by increasing the
SiH, gas velocity, we succeeded in suppressing the incor-
poration of HOS molecules into the films. We set a cluster
eliminating filter between the electrodes and the substrate.
The cluster transmission probability of the filter was <1%;
therefore, a-Si:H films without incorporated clusters were
deposited in the upstream region by combining the MHD-
PCVD reactor with a cluster-eliminating filter.

We performed Raman spectroscopy using a Raman
spectrometer (JASCO NRS-3100) equipped with the sec-
ond harmonics of CW Nd:YAG laser light (1 = 532nm)
excitation. The exposure time was 100s, and the integra-
tion number of scans was 3. The diameter of the probe
laser was 1 um. We measured seven positions on each sam-
ple. The Raman spectrum of the films was in the range of
1800-2300cm™". It was deconvoluted into two Gaussian
profiles with peaks at 2090 and 2000 cm™!, corresponding
to Si-H; bonds and Si-H bonds in a-Si:H films. Using the
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Fig. 2 Dependence of diffusion velocity on the size of the parti-
cles generated in the plasma.

intensities of these two peaks, we calculated the SiH,/SiH
bond density ratio Isigo/Isiy-

Moreover, the ratio Isjyo/Isiy was measured with a
microscopic FTIR spectrometer (IRT-7200). The spec-
tral resolution was 4cm™', and the integration number of
the scans was 64. Using this method, we obtained two-
dimensional profiles in a 1.5mm X 1.5 mm square region
from the transmission spectra of the samples. The spatial
resolution was 50 pm X 50 um, and a total of 900 points
were measured in 30 rows and 30 columns. The sur-
face morphology of the films was characterized using an
atomic force microscope (AFM, Bruker Dimensionlcon).
The scanned surface area was 1 x 1 um?. The AFM im-
ages were analyzed using the image processing software
Gwyddion.

3. Results and Discussion

Figure 3 shows the gas velocity dependence of
Isimo/Isin, which was confirmed using the Raman spec-
troscopy results. The ratio decreased from 0.18 for the
gas velocity of 1008 cm/s to 0.1 for the gas velocity of
1500 cm/s, which suggests that the lower incorporation
of HOS molecules into the films resulted in lower Si-
H, bond concentration in the films. For a gas veloc-
ity of >1512cm/s, the ratio decreased slightly to 0.086
at 2646 cm/s, indicating that few HOS molecules are
deposited on the films when the gas velocity exceeded
1512 cm/s. Furthermore, such a high gas velocity re-
duced the gas residence time in the discharge space and
suppressed the formation of clusters and HOS molecules.
Eventually, such a contribution of clusters and HOS
molecules to film formation reduced Igjyo/Isiy at high gas
velocity.

Figure 4 shows the spatial distribution of the SiH,/SiH
bond density ratio depending on the gas velocity. The
ratio significantly decreases with increase in gas velocity
from 1008 to 2646 cm/s. Furthermore, the in-plane unifor-
mity is improved at a higher gas velocity. Figure 5 shows
the frequency distribution of the spatial distribution of the
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Fig. 3 Gas velocity dependence of Isiuy/Isiy of a-Si:H films.
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Fig. 4 Spatial distribution of SiH,/SiH bond density ratio for a
gas velocity of (a) 1008 cm/s and (b) 2646 cm/s.
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Fig. 5 Frequency distribution of SiH,/SiH bond density ratio for
a gas velocity of (a) 1008 cm/s and (b) 2646 cm/s.
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Fig. 6 AFM images of a-Si:H films for a gas velocity of
1008 cm/s and 2646 cm/s (scan size: 1 wm X 1 pm).

SiH,/SiH bond density ratio at 1008 and 2646 cm/s, ob-
tained from the results shown in Fig. 4. The frequency dis-
tribution range decreases with increasing gas velocity. The
results suggest that the incorporation of HOS molecules
are localized, leading to an in-plane uniformity peak shift
and peak broadening in the frequency distribution of the
SiH,/SiH intensity ratio.

As shown in Fig.6, to examine the effects of the
HOS molecules on film growth, we obtained AFM im-
ages of a-Si:H films deposited on Si substrates for 1008
and 2646 cm/s. The root-mean-square (RMS) roughness
of the films is slightly decreased from 0.75 nm for a gas
velocity of 1008 cm/s to 0.56nm for a gas velocity of
2646 cm/s. This indicates that the deposition of HOS
molecules does not have a significant impact on the RMS
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Fig. 7 Height-height correlation function calculated from the
AFM images for a gas velocity of (a) 1008 cm/s and
(b) 2646 cmy/s.

roughness. Figure 7 shows the height-height correlation
function (HHCF) of the AFM images for gas velocities of
1008 and 2646 cm/s. HHCF analysis is a useful method for
analyzing surface morphology. The HHCF function H(r) is
expressed as follows [18-20]:

Cr* (r< &)

22 @E> &) 2

H() ~ {
where r is the distance between two positions in the AFM
image, C is a constant, « is the local roughness exponent,
£ is the correlation length, and w is the surface roughness.
Note that £ is the length at which the HHCF functions
shows an inflection point, and it is considered a measure of
the surface diffusion length [21,22]. The results in Fig.7
show that the correlation lengths for gas velocity values
at 1008 and 2646 cm/s are 0.018 and 0.017 um, respec-
tively. This means that SiH; radicals and HOS molecules
have similar surface mobilities; however, according to the
present experimental results, the SiH,/SiH bond ratio of
a-Si:H films with HOS molecules is higher, and the contri-
bution of such HOS molecules is reduced at a higher gas
velocity.

To obtain information on the gas velocity dependence
of HOS generation, we performed OES measurements be-
cause Si* (1 = 288.2nm, 4s'P°-3p?'D) and SiH* (1 =
414 nm, A’A-X?IT) emission intensities tend to be propor-
tional to the SiHy radical generation rate. Moreover, we
analyzed their ratio Si*/SiH*, which is correlated with elec-
tron temperature [23, 24]. The results are shown in Fig. 8.
There is no significant change in the emission intensities of
Si* and SiH* as well as in the intensity ratio Si*/SiH* with
increase in gas velocity from 1008 to 2646 cm/s, i.e., elec-
tron temperature and radical generation do not change con-
siderable when the gas velocity exceeds 1008 cm/s. There-
fore, the generation of HOS molecules in plasma is irrele-
vant to the gas velocity.
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Fig. 8 Gas velocity dependence of emission intensity of Si* and
SiH* and the intensity ratio Si*/SiH*.

Table 1 Deposition of particles for three conditions and relation
between precursors and SiH,/SiH bond density ratio of

a-Si:H films.
SiH; higher-order | clusters
radicals | silane (HOS)

Conventional method O O O

MHDPCVD method | v (1008 cm/s) O O X

cluster-eliminating filter v, (2646 cms) 0 < <
SiHy/SiH bond density ratio of a-Si:H low high highest

films

4. Conclusions

In this study, we examined whether the deposition of
SiHj; radicals contributed to the bonding configuration of
hydrogenated amorphous silicon (a-Si:H) films. The re-
sults are summarized in Table 1. Overall, we deposited
a-Si:H films on Si substrates by controlling the gas ve-
locity with a MHDPCVD reactor coupled with a cluster-
eliminating filter. We examined the SiH,/SiH bond density
ratio of the a-Si:H films using Raman spectroscopy and mi-
croscopic FTIR spectroscopy. We succeeded in suppress-
ing the incorporation of clusters and HOS molecules into
the films and obtained an extremely low SiH; bond density
film by increasing the gas velocity from 1008 to 2646 cm/s.
Finally, increasing the SiH4 gas velocity was confirmed to
be effective for suppressing SiH, bond formation in a-Si:H
films.
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