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Abstract

We investigate the structure distribution of solution-processed (Sol. P) hydrogenated
amorphous silicon (a-Si:H) films along a thickness direction and the effect of
hydrogen-radical treatment (H-treatment) by Raman spectroscopy. Sol. P a-Si:H films
have a stress distribution along the thickness direction, and the degree of the distribution
depends on annealing temperature and duration. H-treatment affects stress and
short-range order (SRO) of a-Si:H films. These results give us a suggestion about the
formation mechanism of Sol. P a-Si:H films through network reconstruction and

H-treatment.
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1. Introduction
Thin-film solar cells have advantages over bulk crystalline Si solar cells in ease of large
area module production, more cost-effective manufacturing and a variety of applications
[1]. In particular, hydrogenated amorphous silicon (a-Si:H) solar cells is an attractive
candidate because a lot of efforts have been done in materials research, device physics,
and process engineering [2-6]. But the reduction of fabrication cost is still not sufficient
in views of the utilization of large-sized and costly apparatuses. The use of a solution
process would solve this problem since it needs no expensive vacuum-based equipment
[7, 8]. We have previously reported that a-Si:H films can be formed by spin-coating and
annealing of “Si ink”, consisting of polydihydrosilane (-(SiH,),-) and organic solvent [9,
10]. We have so far fabricated superstrate-type solar cells by using p-type, intrinsic, and
n-type a-Si:H films all formed by the solution process, and confirmed actual cell
operation [11]. We have also reported the result of Raman spectroscopy in the entire
solution-processed (Sol. P) a-Si:H films, and revealed that annealing at higher
temperature leads to the formation of a-Si:H films with higher short-range order (SRO)
[9]. In the formation of Sol. P a-Si:H films, large amount of gas molecules are released
from the surfaces of the films during annealing [12]. This can lead to the formation of
structural distribution along a thickness direction of the Sol. P a-Si:H films.
Hydrogen-radical treatment (H-treatment) to Sol. P a-Si:H films can improve their
electrical property and solar cell performance [11]. One of the reasons for the
improvement in the electrical property of Sol. P a-Si:H films by the H-treatment is a
significant decrease in dangling bond density, evaluated by electron spin resonance
(ESR), from 5 x 10" to less than 2 x 10'® cm™ [12]. It is expected that the H-treatment

might also affect the structure of Sol. P a-Si:H films.



In this study, we evaluate the structure distribution of Sol. P a-Si:H films along a
thickness direction by Raman spectroscopy. We also investigate the effect of

H-treatment on the vertical structural distribution of Sol. P a-Si:H films.

2. Experimental
We used Si ink consisting of cyclooctane, acting as solvent, and polydihydrosilane as
precursor for a-Si:H. Polydihydrosilane was synthesized by the photo-induced
ring-opening polymerization of cyclopentasilane (CPS: SisHi) [13] employing the
Kipping method [14, 15], and was dissolved in cyclooctane at a concentration of 20-25
Wt.%. The molar mass of polydihydrosilane ranges broadly from 102 to 10° g/mol [13].
We produced a-Si:H films by spin-coating the Si ink onto quartz substrates and
annealing them in a globe box, in which O, concentration and dew point were kept at
less than 0.5 ppm and -75 °C, respectively. After annealing, the thickness of the a-Si:H
films were 160-200 nm. Annealing temperature (Tp) and duration (t,) strongly affect
film property, and were thus systematically varied. For the investigation of T,
dependence, the a-Si:H samples were prepared by annealing at T, = 360, 390, and
420 °C for a fixed annealing duration of t, =15 min. In order to check the effect of high
Tp, we carried out an additional annealing at 500 °C for 15 min on the a-Si:H sample
prepared at T, = 420 °C. We also investigated the influence of annealing duration on the
Sol. P a-Si:H film structure. Annealing duration was varied from 20 sec to 30 min at a
fixed T, = 390 °C.

Next, we investigated the structural change of Sol. P a-Si:H films by H-treatment
in a catalytic chemical vapor deposition (Cat-CVD) chamber. A tungsten wire with a

diameter of 0.5 mm and a length of 100 cm was used as a catalyzer and heated at



1850 °C. Hydrogen gas (99.9999% purity) was introduced into the chamber at a flow
rate of 16 sccm for 15 min. The chamber pressure and the substrate temperature during
the H-treatment were maintained at 0.15 Pa and 220 °C, respectively.

Raman spectroscopy is a powerful tool to investigate network structure of a-Si:H
[16-21]. We used three lasers in Raman spectroscopy: He-Cd laser (1 = 442 nm), Ar*
laser (A = 488 nm), and He-Ne laser (A = 633 nm). He-Ne laser has a long penetration
depth for a-Si:H (= 300 nm), and the results obtained by using this laser reflects the
property of entire films. The other two lasers have much shorter penetration depth (= 30
nm), and surface-sensitive Raman spectra can be obtained. In order to measure the
internal structure of films by lasers with short penetration depth, we repeated reactive
ion etching (RIE) using Ar gas. This approach can reveal more precise structural
distribution of a-Si:H films than that reported previously by Morell et al., using lasers
with different penetration depths [22].

In the Raman spectra of the Sol. P a-Si:H films, a transverse optical (TO) peak,
whose peak position is around 470-480 cm™, is an important parameter to evaluate SRO
and film stress. The full width at half maximum (FWHM) of TO (/7o) is related with

SRO [23-25]. TO peak position (w1o) is associated with stress [26, 27]. In order to

obtain /1o and wro accurately, the Raman data was fitted to a Gaussian function.

3. Results and Discussion

3.1. Annealing temperature dependence

Figure 1 shows the Ar" laser Raman spectra of Sol. P a-Si:H films prepared at T, =
390 °C for t, =15 min. TO peak monotonically shifts to higher by repeating RIE and

reducing film thickness. This means that wo is smaller near the surface than near the



bottom. Figures 2(a) and (b) show the wro and /o in various T, as a function of
remaining film thickness, respectively. All the samples shown in this figure were
annealed for 15 min and measured with Ar* laser. One can see clear tendency of wo
increasing from the surface to the bottom of the films in all the samples. It is also
confirmed that, at higher Ty, not only the value of wo but also the gradient of wro from
surface to bottom region become smaller, and wro reaches a constant value at high T.
On the other hand, we can see no clear tendency of I'to against remaining film thickness,
as shown in Fig. 2 (b). Tsu found that not only I'to but also wro is associated with SRO
[28]. But their result does not conflict with the case of ref. 27 and the Sol. P a-Si:H films,
which are formed under different fabrication condition.

These facts mean that there is no significant difference in SRO between the surface
and bottom region, while the vertical distribution of tensile stress exists. The stress
distribution is probably because of gas release from the surface of Sol. P a-Si:H films
during annealing. At low Ty, gas release occurs more severely near the surface region,
resulting in the larger gradient of tensile stress along the thickness direction. On the
contrary, large amount of gas molecules are released also from the interior of the Sol. P
a-Si:H films at high Tp. This leads to the generation of large and relatively uniform
tensile stress through the entire a-Si:H films, resulting in less stress distribution along a
thickness direction.

Figure 3 shows the Raman spectra of the Sol. P a-Si:H films prepared at T, =
390 °C for t, = 15 min, measured with He-Cd and He-Ne lasers. These spectra exhibit
the properties of the surface region and the entire film, respectively. As mentioned
above, wto near the film surface is smaller than that in the entire film, which is

consistent with the result shown in Fig. 2(a). /7o in the entire film is larger than the film



surface. This is probably because of the significant wro distribution along a thickness
direction and resulting apparent broadening of the spectrum.

3.2. Annealing duration dependence

Figure 4 shows the He-Ne laser Raman spectra of the Sol. P a-Si:H films prepared at T,
= 390 °C for t, varied from 20 sec to 30 min. At t, = 20 sec and 1 min, the Raman
spectra are far different from that of a-Si:H, indicating that the films are not fully
converted to a-Si:H. I'to dramatically decreases and wro shifts to smaller wavenumber
for longer t,, which means that the SRO of films is significantly improved, and the
a-Si:H films have larger tensile stress at longer t,. Figures 5 show the wro for various t,
as a function of remaining thickness. We employed He-Cd laser for this measurement.
wTo tends to be lower near the surface and higher near the substrate. For longer t,, the
value of wto becomes small, and reaches a constant value. The gradient of wro along a
thickness direction becomes largest at t, = 4 min. The tendency of wro variation can be
considered as an increase in tensile stress due to enhanced gas release for longer t,,
similar to the effect of increased T,. For t, < 1 min, a-Si:H network is not formed
sufficiently, and no significant tensile stress exists. At t, ~ 4 min, a-Si:H is formed along
with gas release, and the gradient of tensile stress becomes large. For longer t,, large
amount of gas molecules are released also from interior of films, resulting in larger
tensile stress and smaller stress distribution along thickness direction.

3.3. Effect of H-treatment

Figures 6(a) and (b) show the He-Cd laser Raman spectra of the Sol. P a-Si:H films
prepared at T, = 390 °C for t, = 15 min before and after H-treatment. \We can see a clear
peak shift to higher wto and a reduction in /o after H-treatment on the surface of the

Sol. P a-Si:H film in Fig. 6(a). These are indications of improvement in the SRO and a



reduction in the tensile stress of the surface of the Sol. P a-Si:H film by H-treatment.
Two peaks at around 2000 cm™ and 2090 cm™ are seen in Fig. 6(b). In general, the
former peak is identified as monohydride (Si-H) configuration, and the latter is of
dihydride (Si-H,) configuration or hydride near voids, respectively [29, 30]. It can be
seen that a monohydride peak increases by H-treatment, while no significant change
occurs in a dihydride peak. One possible explanation of these phenomena is the
incorporation of H atoms into tensilely-stressed Si-Si bonds and the formation of
additional Si-H bonds. Of course, dangling bonds in the Sol. P a-Si:H films are
terminated by H, and Si-H bonds are also be newly created. The density of dangling
bonds (5x10%" ¢cm™®) [11] is, however, much far from a detectable level in our Raman
spectroscopy system, and the termination of dangling bonds cannot be the primary
reason of the increase in a Si-H signal shown in Fig. 6(b). It should be noted that the
Si-H,/Si-H peak ratio obtained by the Raman spectroscopy in this study is significantly
different from that of a Fourier-transform infrared (FT-IR) spectrum reported previously
[9]. At present, we have no proper explanation for the difference. This might be related
to the different sensitivities of the two peaks depending on the measurement method.
Figures 7(a) and (b) show the wto in the Raman spectra of the Sol. P a-Si:H films
prepared at various T, before and after H-treatment as a function of remaining film
thickness. H-treatment decreases the gradients of wro along thickness direction which
exists in the Sol. P a-Si:H before H-treatment. This probably means that H-treatment is
more effective on the surface region, and a decrease in tensile stress by H introduction
occurs selectively near the surface of the Sol. P a-Si:H films. Figure 8 shows the 7o in
the Raman spectra of the Sol. P a-Si:H films prepared at various T, before and after

H-treatment as a function of remaining film thickness. Small distribution of /7o along



the thickness direction can be seen for the Sol. P a-Si:H films before H-treatment, while
there is considerable I'to distribution after H-treatment. This phenomenon is consistent
with the previous consideration, that is, more incorporation of H atoms near the surface
of the Sol. P a-Si:H films. Si-Si bonds with high tensile stress may be reconstructed to
Si-H bonds by H incorporation, and as a result, the SRO of Si network is improved and
I'to decreases more effectively near the surface.

Figure 9(a) and (b) show the Raman spectra of the Sol. P a-Si film before and after
H-treatment, which are to observe Si-H stretching modes. No remarkable difference is
seen in the spectra for the Sol. P a-Si:H before H-treatment independent of remaining
film thickness. After H-treatment, a Si-H peak clearly increases in the Raman spectrum
measured near the surface, while the intensity of Si-H peaks is unchanged in the spectra
measured at deeper parts. These results fully support our consideration about the
variation of wto and I'ro by H-treatment. Similar H distribution has also been reported

previously from our group [31].

4. Conclusions

We have confirmed the existence of stress distribution in Sol. P a-Si:H films along the
thickness direction. The stress distribution can be consistently understood as a gas
release from the film surface. The idea of stress dependence on T, and t, give us a
suggestion of the formation mechanism of a Sol. P a-Si:H film: outgassing and Si
network reconstruction are critical for the film formation. We have also found that
H-treatment affects to reduce tensile stress and to improve SRO particularly near the
surface of Sol. P a-Si:H films as well as to decrease their defect density and to improve

their electrical property.
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Figure captions

Fig. 1 Raman spectra of the Sol. P a-Si:H films prepared at T, = 390 °C for t, =15 min.
The spectra were measured with Ar” laser. The values shown on left side of the data are

remaining a-Si:H thickness after (or without) RIE.

Fig. 2 (a) wto and (b) I'to in the Raman spectra of the Sol. P a-Si:H films formed at

various T, as a function of remaining thickness.

Fig. 3 Raman spectra of the Sol. P a-Si:H films prepared at T, = 390 °C for t, = 15 min.

The spectra were measured with He-Ne laser and He-Cd lasers.

Fig. 4 Raman spectra of the Sol. P a-Si:H films prepared at T, = 390 °C for t, = 20 sec

to 30 min. The spectra were measured with He-Ne laser.

Fig. 5 wo in the Raman spectra of the Sol. P a-Si:H films formed in various t, as a

function of remaining thickness.

Fig. 6 Raman spectra of the Sol. P a-Si:H films in the range of (a) 400-530 cm™ and (b)
1900-2200 cm™. The Sol. P a-Si:H films were prepared at T, = 390 °C for t, =15 min.
Both spectra are normalized with TO peak intensity. Broken and solid lines indicate the

spectra of the a-Si:H film before and after H-treatment, respectively.
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Fig. 7 wro in the Raman spectra of the Sol. P a-Si:H films formed at various T, (&)

before and (b) after H-treatment as a function of remaining thickness.

Fig. 8 I'to in the Raman spectra of the Sol. P a-Si:H films formed at various T, (a)

before and (b) after H-treatment as a function of remaining thickness.

Fig. 9 Raman spectra of the Sol. P a-Si:H films prepared at T, = 420 °C for t, =15 min
(@) before and (b) after H-treatment. The spectra were measured with He-Cd laser. The
values shown on right side of the data are remaining a-Si:H thickness after (or without)

RIE. Both spectra are normalized with TO peak intensity.

12



Fig. 1
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Fig. 5
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Fig. 6
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Fig. 8
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Fig. 9
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