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Hydrogenated microcrystalline silicon (pc-Si:H) thin film for solar cells is prepared by plasma-enhanced chemical
vapor deposition and physical properties of the pc-Si:H p-layer has been investigated. With respect to stable efficiency,
this film is expected to surpass the performance of conventional amorphous silicon based solar cells and very soon
be a close competitor to other thin film photovoltaic materials. Silicon in various structural forms has a direct effect
on the efficiency of solar cell devices with different electron mobility and photon conversion. A Raman microscope
is adopted to study the degree of crystallinity of Si film by analyzing the integrated intensity peaks at 480, 510 and
520 cm ', which corresponds to the amorphous phase (a-Si:H), microcrystalline (pc-Si:H) and large crystals (c-Si),
respectively. The crystal volume fraction is calculated from the ratio of the crystalline and the amorphous phase. The
results are compared with high-resolution transmission electron microscopy (HR-TEM) for the determination of
crystallinity factor. Optical properties such as refractive index, extinction coefficient, and band gap are studied with
reflectance spectra.
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Introduction

Various silicon materials with different structures have been
studied for electron mobility, photon conversion and fabrication.
The diverse silicon forms for solar cells are mixed and hetero-
geneously grown to improve the efficiency for absorbing light
and operating lifetime. Amorphous silicon (a-Si) has defects
with dangling bond which is broken from the well-ordered sp
symmetry of silicon crystal (c-Si). These defects lead to undesir-
able electrical behavior, in which electrons recombine rather
than contribute to the electrical current. To reduce the disorder
and increase electric conductivity, the dangling bonds are often
passivated by hydrogen (a-Si:H) (Figure 1).

Among many Si materials in thin film solar cells, hydro-
genated microcrystalline silicon (pc-Si:H) thin film has att-
racted great interest for their potential applications due to low
expense, reliable output even at low light levels, absorption at a
broad spectrum of light, no feedstock limitation. "> The pc-Si:H
has a several nanometer-sized grains of Si crystalline within
a-Si:H domain plus grain boundaries, which increase the ab-
sorption of sunlight and electron mobility. This also has a good
resistance to light-induced degradation under prolonged light
exposure.’ The films are usually prepared from silane gas with
optimizing temperature, pressure, hydrogen dilution, and other
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Figure 1. Crystal structures of c-Si and a-Si:H.

parameters for deposition conditions.”® By increasing the silane
concentration in the hydrogen gas, the microstructure of ma-
terial can be changed from highly crystalline to amorphous.g’lo
Using plasma-enhanced chemical vapor deposition (PECVD)
the intrinsic layer can be prepared near the transition from cry-
stalline to amorphous growth.* '

During the fabrication process, the rapid and reliable charac-
terization is very important to monitor the structure and crystal-
linity of the Si thin film that has inevitable defects in the Si
substrate.” Here, Raman instrument is very powerful to analyze
the transition region from a-Si:H to pc-Si:H, thus for the cal-
culation of the crystalline volume fraction.*'*'° Complementary
studies using Raman spectra and high-resolution transmission
electron microscopy (HR-TEM) reveal the distribution of the
crystal size and the degree of crystallinity.

A non-destructive reflectance spectroscopy delivers the op-
tical properties such as refractive index, extinction coefficient,
and thickness in silicon films. When the film thickness is uni-
form, the reflected lights from ultraviolet to visible region show
specific spectra shape such as sine-wave pattern from the inter-
ference of the film depending on thickness and optical constants.
Sample thickness, refractive index (n) and extinction coeffi-
cient (k) can be determined from the reflectance spectrum. The
accuracy of the thickness measurement depends on the fitting
method and the optical #» and k values of underlying layers in
the process. From the absorption coefficient, a band gap energy
also can be determined where the absorbing layer control for
high efficiency is important in solar cells."*"”

Experimental
An intrinsic layer is prepared with PECVD method near the

transition from crystalline to amorphous growth according to
the previous reports.”’ The intrinsic structure is formed within
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a-Si:H absorbing layer onto the glass substrate. This sample
of yellow-reddish color is simply loaded into stage for optical
measurement such as Raman or reflectance spectra.

The home-made confocal Raman microscope is utilized for
a determination of the crystallinity of the Si thin film. The de-
tails are described elsewhere."® Briefly, a He-Ne laser (633 nm)
beam of 4 mW is delivered to a microscope (Zeiss, Axiovert-
40CFL) via a single-mode optical fiber after a narrow-band
interference filter. The Rayleigh scattered light is removed using
a Raman filter (Semrock, RazorEdge Raman Filter, LP02-
633RE) and the Raman signal is delivered into a spectrograph
(SpectraPro, 2300i) equipped with a TE-cooled CCD (Princeton
Instruments, PIXIS: 100B).

The distribution of crystal size has been confirmed with HR-
TEM (FEI-Model : TECNAI G2). The accelerating voltage is
kept at 300 kV and twenty five images are taken at multiple
locations.

For a spectroscopic reflectance, a ray of light, which is emitted
from the Tungsten-Halogen lamp is guided into the thin film on
the stage through a microscopic objective lens. The depth or the
thickness of the layer is determined with a Swanepoel method
by a Bruggemann Effective Medium Approximation (EMA)
model consisting of 20% voids and 80% of the underlying
uc-Si:H material with #, k and the reflectance spectra.

Results and Discussion

Figure 2 shows spherical shapes of crystallites (red circle in
Figure 2a and 2b) embedded within a-Si:H domain for two
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Figure 2. Representative HR-TEM images of (a) sample 1 and (b) sam-
ple 2 showing the spherical morphology of the pc-Si:H within the
thin Si films. (c¢) Distribution histogram of nanocrystals statistically
analyzed from 25 images of HR-TEM. (d) Cross sectional TEM pro-
jection of the sample with {111} surfaces. Only Si atoms cluster are
revealed in the images.
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samples and their distribution histogram (Figure 2¢). Cross-
sectional TEM image clearly presents a pc-Si:H layer deposited
on a-Si:H structure (Figure 2d). From the glass substrate, the
initial growth region (a-Si:H bottom layer) is followed by a pic-
Si:H phase. Many lattice points are observed in pic-Si:H domain,
while slight fractions are monitored in a-Si:H layer (inset), in-
dicating nanocrystals are still mixed in amorphous region. The
film thickness is estimated to be 230 nm, in which a-Si:H/pc-
Si:H transition occurs by a silane concentration change during
deposition process. "

Information about the size distribution of the nanocrystals
from the HR-TEM analysis is more important to understand
the quantum efficiency and stability of Si films. HR-TEM image
reveals that these nanoparticles are grown as pc-Si:H with fa-
ceted morphology presenting compressive spherical shape. The
d-spacing of 0.313 nm, which corresponds to the [111], planes
of the cubic Si phase view along to [111] direction according
to JCPDS card number 27-1402. We observe smaller lattice
distances from 0.29 nm to 0.30 nm than d-spacing of 0.313 nm,
because the small crystallite has the compressive stress in its
2-dimensional projection. In the case of the samples with [111]
surfaces only Si atoms cluster are revealed in the HR-TEM
images.

For crystallite-size evaluation, 25 images are taken from HR-
TEM micrographs for each sample. Large grain more than 10
nm can be assigned to the large crystal (c-Si) while small one to
the microcrystalline (uc-Si:H). The histogram of crystal-size
distribution tells that the average size increases as the distri-
bution becomes wider. We have observed the smaller lattice
distance and the compressive spherical shape in HR-TEM.
Sample 1 has more population of pc-Si:H with a maximum at
3.5 nm and c-Si species while sample 2 has a smaller size cry-
stalline around 2.5 nm.

Figure 3 illustrate the Raman spectra from 430 to 580 cm!
of two silicon films obtained with the Raman microscope using
a 50% objective. There are extra distincitive peaks at around
640, 880, and 2000 cm ', corresponding Si-H wagging mode,
bending scissor mode, and stretching mode."” But we will not
discuss the analysis of these bands since this is out of our in-
terest for the determination of Si crystallinity. The sharp phonon
peak near 520 cm ' indicates that the silicon material is c-Si
structure. The line width and shift of the pc-Si:H band in silicon
films indicates the size of the nano-crystals.B’15 Information
about the size of the nanocrystals in the silicon skeleton is
important to understand the role of quantum confinement of
electrons. Information of crystalline volume fraction of the
material is useful to monitor for stability of the films that are
light soaked at different energies and wavelengths. " The Raman
microscope characterizes the structural properties of the crystal
size and the degree of crystalline silicon films. The spectrum
consists of three main peaks, one centered at around 480 cm ',
the other centered at around 510 and 520 cm . The former peak
is attributed to the a-Si:H portion of film, while the latter peak
to the crystalline portion (puc-Si:H and c-Si) of film.">'® The
compressive stress of crystallite affects a mode of a-Si:H at
520 cm ' by ared shift. The bandwidth and shift of the pc-Si:H
peak indicates the size of the nanocrystals (as the crystallite size
increases the bandwidth becomes broader or shifts to lower
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Figure 3. Raman spectra of a mixed-phase silicon film excited at 633
nm. The three main peaks, large crystalline phase (c-Si, 520 cmﬁl),
small crystalline phase (pc-Si:H, 510 cm), and amorphous phase
(a-Si:H, 480 cmfl) are deconvoluted with three Gaussian functions.
The crystallinity factor can be calculated from the ratio of each inte-
grated intensity.

energy).

The Raman crystallinity is calculated as X, given by ">

Xe = Us10+ I520)/(Lago + I510 + I520), Xamorphous = 1 = Xc

where /; denotes an integrated intensity at i cm |, and (Is10 +
Is20) is equal to the volume fraction of the crystalline phase.
The crystallinity and other optical properties are summarized
in Table 1. Our fabricated solar cell displays the onset of the
pc-Si:H growth with X, = 61 and 66%. Each film has a mixture
of'a-Si:H and pe-Si:H. It is apparent that sample 2 has less a-Si
content than sample 1 (fitting curves in Figure 3a and 3b). From

Table 1. The optical properties of Si thin film such as refractive index
(n), extinction coefficient (k) at 633 nm, and band gap determined by
thickness of silicon films from reflectance data in Figure 4

Thickness n (633 nm) Band Gap Crystallinity,

Sample Substrate (om)  k(633nm) (V) X,
3.68
#1 Glass 243 0.029 2.08 0.61
#2 Glass 234 3.86 1.96 0.66
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Figure 4. (a) Spectroscopic reflectance and fitted result of sample.
(b) Absorption Spectra of Si thin film vs Energy (eV).

Raman spectra, the sample 2 has more crystallinity factor as
the X, are determined from the ratio between amorphous and
crystalline. The difference is that sample 2 has more population
of small-sized (2.5 nm) pc-Si:H and much less density of a-Si
than sample 1.

Figure 4a shows a reflectance spectrum and fitted line of
sample 1, which shape looks like sine-wave with successive
maxima and minima. This is caused by interference effects of
Fresnel reflection when film thickness is uniform. Sample thick-
ness, refractive index (n) and extinction coefficient (k) can be
calculated (Table 1) from the simple reflectance spectrum using
the Swanepoel method.'” This method is applied to thin films
deposited on transparent substrates. The thickness is measured
around 240 nm for both samples, which gives a good correla-
tion to the value from TEM cross-section image. The # value
of sample 1 is slightly lower than that of sample 2. As the n of
large silicon crystalline (n = 3.45) is smaller than hydrogenated
silicon phase (7 = 3.73),”**' high concentration of pc-Si:H
species relative to c-Si in sample 2 gives a higher n value than
sample 1.

The optical band gap can be evaluated using the Tauc-Lo-
rentz’s relation”** with the absorption coefficient (o) and the
incident photon for an indirect semiconductor given by:

(ahv)'? oc (hv - Ey)
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From the intersection point of linear fit with the abscissa
(Figure 4b), a band gap (E,) of 1.96 to 2.08 eV is acquired. The
optical E; also decreases with an increment of & value. The
results indicate that sample 2 with more pc-Si:H population
can absorb more light than sample 1.

From sample 1 to sample 2, the intrinsic absorbing layer is
investigated near the transition from crystalline to amorphous
growth. The pc-Si:H has from 3.5 nm to 2.5 nm-sized grains of
Si crystalline within the amorphous phase plus grain boundaries,
which increase the absorption efficiency of photons.

We believe the shape and magnitude of Raman bands are
useful when optimizing temperature, pressure, hydrogen dilu-
tion, and other parameters for deposition conditions. They are
also useful to monitor for stability of the films that are light
soaked at different energies and wavelengths.

Conclusion

We have investigated the intrinsic layer on glass. The reliable
structure analysis of pc-Si:H was confirmed by combining the
Raman Spectra with HR-TEM images. Distribution and struc-
tural characterization via a Raman microscope can be achieved
as a bulk probe at a few micron scales. HR-TEM as a micro-
probe is also useful for the analysis of the Si thin film. The ob-
served crystal-size distribution in HR-TEM images is strongly
correlated with the intensity variations for Raman signal. Sam-
ple 1 shows most of pe-Si:H with a maximum at 3.5 nm with a
regular strong intensity while sample 2 has a crystalline around
2.5 nm. However, sample 2 gives a higher crystallinity factor
than sample 1 because of more population of pic-Si:H.

In the Raman scattering and spectroscopic reflectance, the
optical properties, such as refractive index, extinction coeffi-
cient, and thickness in Si films are also strongly correlated evi-
dence with crystal sizes and distributions. Increasing the pc-Si:H
results in higher » and £, thus increases the absorption of photons
for pc-Si:H absorber layer.
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