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Abstract

N-type microcrystalline silicon carbide layers prepared by hot-wire chemical vapor deposition were used as window layers for micro-
crystalline silicon n–i–p solar cells. The microcrystalline silicon intrinsic and p-layers of the solar cells were prepared with plasma-
enhanced chemical vapor deposition at a very high frequency. Amorphous silicon incubation layers were observed at the initial stages
of the growth of the microcrystalline silicon intrinsic layer under conditions close to the transition from microcrystalline to amorphous
silicon growth. ‘Seed layers’ were developed to improve the nucleation and growth of microcrystalline silicon on the microcrystalline
silicon carbide layers. Raman scattering measurement demonstrates that an incorporation of a ‘seed layer’ can drastically increase
the crystalline volume fraction of the total absorber layer. Accordingly, the solar cell performance is improved. The correlation between
the cell performance and the structural property of the absorber layer is discussed. By optimizing the deposition process, a high short-
circuit current density of 26.7 mA/cm2 was achieved with an absorber layer thickness of 1 lm, which led to a cell efficiency of 9.2%.
� 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Silicon carbide with wide optical bandgap has been con-
sidered as a good window layer material for solar cell appli-
cations. Recently, hot-wire chemical vapor deposition
(HWCVD) process was developed for growing highly
transparent and conductive hydrogenated microcrystalline
silicon carbide (lc-SiC:H) films at low substrate tempera-
tures (around 250 �C) [1–3]. Based on this development,
the application of lc-SiC:H in thin film silicon solar cells
on cheap glass substrates was realized. N-side illuminated,
high efficiency microcrystalline silicon (lc-Si:H) n–i–p solar

cells with a cell configuration of lc-SiC:H(n)/lc-Si:H(i)/lc-
Si:H(p) were fabricated [4]. The n–i–p cells benefit from the
high transparency of the lc-SiC:H window layers, showing
high short-circuit current densities (JSC). It is known that
the performance of lc-Si:H solar cells depends strongly
on the phase composition of the intrinsic lc-Si:H absorber
layers [5], which is very sensitive to the substrate property
as well as to the deposition conditions applied [6–12]. In
the case of depositing lc-Si:H layer on a foreign substrate
such as amorphous silicon (a-Si:H), an incubation period
can occur after which nucleation of crystallites takes place
[10]. The amorphous incubation layers hinder the transport
of the photo-generated charge carriers in lc-Si:H solar cells
and in turn deteriorate the cell performance [13]. A ‘seed
layer’ technique has been reported, which is able to reduce
the thickness of the incubation layer [12]. The key charac-
teristic of the ‘seed layer’ is its (very) high crystallinity.
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Such highly crystalline ‘seed layers’ are usually deposited at
a high plasma excitation frequency or/and a high hydro-
gen-dilution. The ‘seed layer’ acts as a nucleation layer
allowing a local-epitaxial growth of the lc-Si:H i-layer. It
should be noted that in the n–i–p lc-Si:H solar cells, the
lc-Si:H i-layers were deposited on the lc-SiC:H window
layers [4]. It is known that an epitaxial growth of Si on a
SiC substrate is possible only if the substrate has a 3C poly-
type [14]. However, the lc-SiC:H layer deposited by
HWCVD consists of various polytypes [3]. It is therefore
not an easy task to grow high-quality lc-Si:H i-layer
directly on such lc-SiC:H layers. This work describes the
preparation of ‘seed layers’, which enables us to grow lc-
Si:H i-layers on the lc-SiC:H layers with improved quality.
The effects of the ‘seed layers’ on the structural properties
of the subsequently deposited lc-Si:H i-layers and the per-
formance of the resultant n–i–p lc-Si:H solar cells were
investigated. By optimizing the deposition conditions of
the solar cells and by implementing ZnO:Al back reflectors
at the p-side of the devices, cell efficiency as high as 9.2%
was obtained with a 1 lm-thick absorber layer.

2. Experimental

The n–i–p solar cells were deposited on textured glass/
ZnO:Al substrates [15] in a multi-chamber deposition sys-
tem described elsewhere [16]. The lc-SiC:H n-layers were
prepared by HWCVD at a substrate temperature of
275 �C [4]. The lc-Si:H i-layers and the ‘seed layers’ were
grown from a silane–hydrogen gas mixture using plasma-
enhanced chemical vapor deposition (PECVD) at a very
high frequency (VHF) (95 MHz). A shower-head type gas
inlet was employed for the deposition to achieve high uni-
formity. To study the effect of the deposition condition on
the nucleation of lc-Si:H, the silane concentration (SC) for
the ‘seed layer’ (hereafter labeled SCseed) deposition was
varied from 1% to 4%. Here, SC (=[SiH4]/([SiH4]+[H2]))
is defined by the flow ratio of the process gases. The subse-
quent lc-Si:H i-layers were deposited at a constant
SC = 5%. The deposition times were adjusted such that
the thicknesses of the ‘seed layers’ and the subsequent lc-
Si:H i-layers were about 100 and 900 nm, respectively.
The active area of each cell is 1 cm2 as defined by the geom-
etry of the Ag back contact. For better light trapping,
ZnO:Al/Ag back reflectors were implemented in some
cases. The detailed cell structure is given in Fig. 1.

Raman scattering measurements were performed from
the p-sides of the solar cells. The excitation wavelength of
the laser source is 647 nm, which corresponds to the prob-
ing depth of about 1 lm. The Raman intensity ratio
IRS

C ¼ ðI500 þ I520Þ=ðI480 þ I500 þ I520Þ based on the inte-
grated intensities of Gaussian peaks fitted to the Raman
signals originated from crystalline grains (at 500 and
520 cm�1) and disordered phases (480 cm�1), was used as
a semi-quantitative measurement of the crystalline volume
fraction [17]. The J–V characteristics of the n-side illumi-

nated solar cells were measured under AM1.5 illumination
at 25 �C.

3. Results

Fig. 2(a) shows the Raman spectra of lc-Si:H i-layers
deposited on lc-SiC:H n-layers at SC = 5% with or with-
out incorporating a ‘seed layer’. Without a ‘seed layer’,
the Raman spectra of the lc-Si:H film consists of a strong
broad peak at �480 cm�1 and weak signals �500 and
520 cm�1, which are ascribed to the amorphous and crys-
talline silicon phases, respectively. Fitting the spectrum
with three Gaussian peaks, the Raman crystallinity ðIRS

C Þ
is determined to be 16% (see in Fig. 2(b)). By comparison,
a much higher IRS

C (�60%) was obtained for the lc-Si:H

Fig. 1. Structures of the n–i–p cells with and without ‘seed layer’.

Fig. 2(a). Raman spectra of lc-Si:H i-layers grown at SC = 5% on various
‘seed layers’. The measurements were done using a red laser with an
excitation wavelength of 647 nm.
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