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ABSTRACT: Epitaxial growth of a high-quality thin Si film is essential for the application to low-cost thin-film Si solar cells. A
polycrystalline Si film was grown on a SiO; substrate at 450°C by a Al-assisted crystal growth process. For the purpose, a thin Al layer
was deposited on the SiO, substrate for Al-assisted crystal growth. However, the epitaxial growth of Si film resulted in a rough surface
with humps. Then, we introduced a thin amorphous Si seed layer on the Al film to minimize the initial roughness of Si film. With the
help of the Si seed layer, the surface of the epitaxial Si film was smooth and the crystallinity of the Si film was much improved. The grain
size of the 1.5-x m-thick Si film was as large as 1 mm. The Al content in the Si film was 3.7% and the hole concentration was estimated
tobe 3 x 10" /em®, which was one order of magnitude higher than desirable value for Si base layer. The results suggest that Al-doped
Silayer could be use as a seed layer for additional epitaxial growth of intrinsic or boron-doped Si layer because the Al-doped Si layer has

large grains.
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1. Introduction

Saving the fabrication cost of crystalline silicon is one of the
important tasks to reduce material costs in Si solar cells. One
possible approach to reach this goal might be epitaxial growth of
thin Si film on glass substrate so that the fabrication cost of Si
wafer by crystal growing, slicing, and polishing can be eliminated.
Solid phase crystallization (SPC) of an amorphous Si film has
been approached to grow a polycrystalline silicon (poly-Si) film
for low-cost solar cells"?. But the grain size of the Si film with
the SPC process is too small. Al induced crystallization (AIC) of
a-Si film was employed to increase the grain size of Si film**.

However, the thickness of Si film grown by the process
ranges from 50 to 100 nm, which is too thin to be used for Si

solar cells™®

. We need thicker film with a large grain sizes. For
the thick film, a poly-Si film grown by AIC process was used as
seed layer and an epitaxial Si film with a thickness of 2 to 6 um

was grown at 1,130°C by hot wire chemical vapor deposition on
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alumina substrate””. The highest conversion efficiency of the Si
solar cell with the film was close to 11%”'”.

We utilize the same AIC process for the growth of epitaxial
Si. We grow an epitaxial Si film at low temperature (450°C)
instead of high temperature (1,100°C). For the epitaxial growth,
Si source is continuously supplied from SiH, gas, not from a-Si.
The Si supplied from SiH4 gas will be dissolved in the Si-Al
solid solution layer and precipitated on the existing Si crystal.
As a result, it is expected that a thick epitaxial Si film can be
grown at low temperature by Al-assisted crystal growth.

It was found that the epitaxial growth of Si film on Al metal
layer resulted in a severe surface roughness with uncontrollable
Al contamination. To reduce the surface roughness, we introduced
a thin a-Si layer on the Al metal layer as a crystal Si seed layer.
As a result, the surface roughness was much improved and the

crystallinity of the film was also greatly improved.
2. Experimental
A SiO;-grown p-type Si (100) wafer and Corning glass was

used as substrates. The silicon oxide was grown by wet

oxidation at 1,050°C to a thickness of 500 nm to prevent
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any crystalline orientation effect of the Si substrate. After
an RCA cleaning process, the substrate was placed in a DC
sputtering chamber. An aluminum layer with various thicknesses
in the range of 20 and 250 nm was deposited. The substrate
temperature and chamber pressure were kept at room temperature
and 5 mTorr, respectively. After the Al deposition, the samples
were removed from the sputtering system and loaded into
a hot wire CVD (HWCVD) system. Epitaxial Si films with
a thickness of 1.5 um were then grown on the substrates by
HWCVD at 450°C for 1 h. The flow rate of Ar-diluted 20%
SiH; was fixed at 10 sccm and the growth rate was 0.42
nm/s. A w-shaped tungsten wire of 0.5 mm diameter was
positioned 4.5 cm away from the substrate and was heated
to approximately 1,900°C. The base pressure was maintained
at 5x10” Torr and the Si deposition was carried out at a constant
working pressure of 100 mTorr. In order to improve the surface
roughness of Si film, a thin a-Si layer with thickness ranging
from 20 to 150 nm was also deposited by the HWCVD at
room temperature.

The surface morphology and uniformity of the epitaxial
Si films were observed by scanning electron microscopy (SEM).
The crystal structure and crystallinity were determined by x-ray
diffraction (XRD) and Raman spectroscopy. Transmission electron
microscopy (TEM) was used to confirm the microstructure and
interface roughness at the epitaxial Si interface, and energy-
dispersive spectroscopy (EDS) was employed to investigate
the distribution of metal impurities such as Al and O in the

epitaxial Si films.

3. Results and Discussion

Fig. 1(a) shows the tilted view SEM image of epitaxial
Si grown on 50 nm thick Al metal film which was deposited
on SiO;, substrate. The epitaxial Si film with a thickness of
1.5 wm was grown by HWCVD at 450°C for 1 h. The
surface morphology of the Si film was very rough with many
Si humps. It was also observed that the surface morphology
was strongly affected by the substrate temperature. As the
substrate temperature increased above 450°C, the number of
Si humps decreased and the size of the humps increased. The
Si humps or islands have a negative effect on the Si epitaxy
and should be removed. Van Gestel proposed the removal

of Si humps by plasma etching of Si'’.
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Fig. 1. Tilted-view SEM images of the epitaxial Si film (a) on Al
(50 nm) and (b) on a-Si (50 nm)/Al(50 nm)

In our experiment we propose an introduction of a thin
a-Si layer on the Al metal layer to avoid Si humps and
reduce the surface roughness. The a-Si layer also acts as seed
layer of the growth of epitaxy Si layer. Fig. 1(b) shows the
tilted view SEM image of epitaxial Si grown the 50 nm thick
a-Si seed layer that was deposited on the 50 nm thick Al
film, deposited at 450°C. The epitaxial Si film grown on the
a-Si/Al layer shows a relatively flat and smooth surface and
the surface morphology was not changed with different
substrate temperatures.

To determine the Al content in the epitaxial Si film, an
EDS analysis was carried out. Fig. 2 shows the EDS spectra
at the areas A, B, and C in Fig. 1. From the EDS spectra,
large intensity of Si and some Al and O X-ray signals were
observed. The concentration of Al, Si, and O are listed in
Table 1 for each figure. The O signal may originate from
the substrate. It is observed that there is a non-uniform
distribution of Al in the poly-Si film deposited without an
interlayer. The Al concentration at area A is about three
times larger than that in the area B. In the poly-Si film with
an interlayer, the Al distribution was relatively uniform; the
concentration of Al ranged between those of areas A and B.
Therefore, the presence of the a-Si interlayer prevents the
diffusion and segregation of aluminum in poly-Si film and
control the Al distribution uniformly.

Fig. 3 shows micro-Raman spectra of the epitaxial Si
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films in the areas A, B and C in Fig. 1. A Raman spectrum
of single crystal Si wafer was also added for the comparison.

The Raman peak at 480 cm” traces from the amorphous state
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Fig. 2. EDS composition spectra of Si films; the areas A, B, and
C are seen in Fig. 1

Table 1. Weight % of Al, Si, and O in the epitaxial Si film in the
areas A, B, and C in Fig. 1

Area Si (%) Al (%) 0 (%)
A 89.8 7.6 2.6
B 86.9 2.5 10.6
C 93.3 3.7 3.0
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Fig. 3. Raman spectra of epitaxial Si films in the areas A, B, and
C, shown in Fig. 1

of Si and that at 520 cm™ is from the crystalline phase of
Si'. At area A, a strong and sharp peak appears at 519 cm’
and a fairly strong and broad peak at 480 cm™ indicate that
both crystalline state and amorphous state exist in the Si
film. It suggests that the portion of amorphous state is fairly
large in area A even though we cannot quantitatively determine
at this time. At area B, a strong crystal peak is shown and
a trace of amorphous peak is noticed, suggesting that the Si
film is almost crystalline state. It appears that the existence
of large portion of amorphous state at area A is due to a
lower Al concentration, as seen in EDS data, which suppresses
the Al-assisted crystal growth.

At area C, where the Si was grown on the a-Si/Al bilayer,
the Raman spectra shows a very strong crystal Si peak and
a trace of amorphous peak that is hardly noticeable. The full
width at half maximum (FWHM) value of the Raman peak
at areas C was 7.9 cm”, which was slightly larger than that
of a single crystalline Si wafer (6.5 cm™). Therefore, it can
be concluded that the Si grown on the a-Si/Al bilayer has
a high crystal quality’. T Also, there is a small shift of the
peak position compared to a Si wafer. This could indicate
a compressive stress state'.

The Raman spectra at different positions of the epitaxial
Si surface showed the same result, indicating that the uniformity
of the crystallinity was also very good. From the Raman
spectra, it can be concluded that the crystallinity and its
uniformity of epitaxial Si film were improved by introducing
a Si seed layer on Al metal layer.

Fig. 4 shows the XRD patterns of the Si films grown on
the 50 nm thick Al metal layer (a) and on the 50 nm thick
a-Si/S0 nm thick Al bilayer (b). The XRD patterns of all
samples show the diffraction peaks of Si (111), (220), and

Si(111)
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Fig. 4. XRD patterns of the epitaxial Si film grown on 50-nm
thick Al layer (a) and on 50 nm a-Si/50 nm Al bilayer (b)
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(311). The sharp peak of Si (111) indicates that the Si films
consist of high-quality crystalline silicon and are preferentially
(111) oriented. The (111) peak intensity of Si film grown
on the a-Si/Al bilayer is 1.5 time higher than that of the Si
film grown on the Al metal layer. It appears that this difference
in the peak intensity is due to change of crystalline fraction
in the Si film. In other words, the Si film contains, in part,
amorphous Si state. It was also found that the ratio of the
main peak to the second peak is greater than that in case
of the Si deposited on Al.

Fig. 5 shows the change of the Si (111) peak area in the
Si film grown on the a-Si/50 nm thick Al bilayer with various
a-Si thicknesses. It is found that the intensity area of the Si
(111) peak increases as the thickness of the interlayer increases
from 0 to 75 nm. Assuming that the intensity area of (111)
peak is the indication of the degree of Si crystal fraction,
a fully crystallized film can be achieved when the thickness
of a-Si seed layer is in the range of 50 to 75 nm. However,
the peak area decreases as the thickness of a-Si layer increases
more than 75 nm. The reason for this decrease is due to the
suppression of Al supply by the thick a-Si layer, preventing
the Al-assisted crystal growth.

Fig. 6(a) shows the cross-sectional TEM image and selective
area diffraction patterns (SADP) of the epitaxial Si film
grown on the 50 nm thick Al metal layer at 450°C. The grain
sizes in Figs. 6(a) are as larger as 1 um order and it is much
large than that of epitaxial Si film by direct deposition
(typically much less than 100 nm). Note that a thin Si
interlayer with a thickness ranging from 0 and 180 nm was
found between thick epitaxial Si film and SiO- film, marked
as D in Fig. 6(a). From an EDS analysis, it was confirmed

that the thin Si interlayer has a higher Al content. At area
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Fig. 5. Change of the Si (111) peak area as a function of the
a-Si seed layer thickness

I in the Si film, where no thin Si interlayer exists, the SADP
shows both spot patterns and ring pattern, where the ring
pattern is caused by an amorphous state. At area II in the
Si film, where a thin Si interlayer exists, the SADP shows
only a spot pattern, which is originated form crystalline Si.
It can be seen that the epitaxial Si film in area II has a high
crystalline quality with the help of the thin Si interlayer that
contains more Al. The TEM results are in well agreement
with the results of the Raman analysis in Fig. 3.

Fig. 6(b) shows the cross-sectional TEM image and SADP
of the epitaxial Si film grown on the 50 nm thick a-Si/50
nm thick Al bilayer at 450°C. Note that a thin Si interlayer
with a uniform thickness of 150 nm was observed between
thick epitaxial Si film and SiO, film, marked as E in Fig.
6(b). The thickness of the thin layer was 1.5 times thicker
than the sum of the initially deposited a-Si and Al layers.
The brightness change of the interlayer suggests the film has
polycrystalline Si grains with different orientations. The observation
by TEM suggests that the thin Si interlayer was first grown
by intermixing of a-Si and Al with high Al content. After
then, a thicker top Si film was grown by the Al-assisted crystal
growth. In area III, where a thick epitaxial Si was grown,
the SADP shows only spot-like pattern and no ring pattern
is observed. This indicates that the epitaxial Si film grown

on a-Si/Al bilayer has a high crystallinity.

Fig. 6. Cross-sectional TEM image and SADP of the epitaxial Si
films grown on Al metal layer (a) and on a-Si/Al bilayer (b)
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Fig. 7 shows the Si (111) peak area of the epitaxial Si film
grown on a-Si ( 50 nm)/Al (50 nm) bilayer as a function of
the Al thickness. The thickness of the epitaxial Si film was
1.5 um which was grown at 450°C for 1 h. As seen in Raman
spectroscopy in Fig. 3, the epitaxial Si film grown on Al
metal layer contains some amorphous state due to non uniformity
of Al content in Si film, decreasing the crystalline fraction.
The change of Si (111) peak represents the change of the
crystal fraction in the epitaxial Si film. As the thickness of
the Al film increases, the intensity of Si (111) peak is increased
and becomes saturated. The Si film is completely crystalline
Si state at the saturation point. Note that the epitaxial Si film
grown on the a-Si/Al bilayer is in complete crystalline state
when the Al thickness is around 50 nm, as seen in Fig. 3.
Therefore, the minimum thickness of the Al layer for crystalline
Si film is reduced from 90 to 50 nm by introducing of the
a-Si seed layer on Al metal layer.

The Al content in the epitaxial Si film grown on the a-Si
(50 nm)/ Al (50 nm) was 3.7% in Table 1. The resistivity
and Hall mobility of the Si layer are 0.1 Q-cm and 50 cm’/s,
respectively. From the resistivity value, the hole concentration
in the Si layer is estimated to be 3 x 10" /em®, which is one
order higher than the desirable base concentration of pn
junction (~1 x 10'® /em®). The Al content could be further
reduced by reducing the Al thickness in the a-Si/Al bilayer.
Then the Al-doped Si layer should be served as seed layer
for the epitaxial growth of undoped or boron-doped Si film
at higher temperature than 450°C because the Al-doped Si
layer has a large grains. Gordon et al reported 11% efficiency
in the thin-Si film solar cell by growing a boron-doped Si
layer on the Al-doped Si seed layer at 1,130°C'”. But the

temperature is too high to utilize glass as a substrate. We
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Fig. 7. Change of the Si(111) peak area of the Si films grown on
50 nm thick/Al bilayer as a function of the Al layer
thickness

need to develop an epitaxial growth technology of boron-doped
Si layer below 600°C in near future.

4. Conclusions

We developed an epitaxial growth method to grow a 1.5
um thick epitaxial Si film with large grains by an Al-assisted
crystal growth process for thin Si film solar cell. The epitaxial
Si film grown on an Al film had a rough surface by SEM
observation. EDS analysis and Raman spectra revealed that
the rough surface morphology and non-uniform composition
were due to uncontrollable Al content. A thin a-Si seed layer
was introduced on top of the Al film as a Si seed layer. Then
a Si film with smooth surface and uniform composition was
grown on the seed layer. Furthermore, a cross-sectional TEM
analysis confirmed the existence of uniform seed controlled
the Al content uniformly. The Al content in the Si film was
3.7% and the hope concentration was estimated to be 3 x
10" /em®, which was one order higher than the desirable
hole concentration (~1 x 10'® /em®). It is necessary to use
this Al-doped Si film as seed layer for the epitaxial growth
of B-doped Si base layer at higher temperature because the

Al-doped Si layer has large grains.
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