J Electroceram (2014) 33:149-154
DOI 10.1007/s10832-014-9929-x

Characterization of microcrystalline silicon thin film solar cells
prepared by high working pressure plasma-enhanced chemical

vapor deposition

Sung-Do Lee - Young-Joo Lee - Kee-Seok Nam - Yongsoo Jeong -
Dong-Ho Kim - Chang-Su Kim - Sung-Gyu Park - Se-Hun Kwon -

Jung-Dae Kwon - Jin-Seong Park

Received: 6 March 2014 / Accepted: 9 May 2014 /Published online: 30 September 2014

© Springer Science+Business Media New York 2014

Abstract Using the high working pressure plasma-enhanced
chemical vapor deposition (HWP-PECVD) technique, the hy-
drogenated microcrystalline silicon (pc-Si:H) films for photo-
voltaic layers of thin film solar cells was investigated. The pic-
Si:H films were deposited on surface textured fluorine-doped tin
oxide (FTO) glass substrates at 100 Torr ina 100 MHz very high
frequency (VHF) plasma of gas mixtures containing He, H,, and
SiHy. It was found that an optimum ratio of the H,/SiH, flow-
rate existed for growing a homogenous microcrystalline through
the whole film without amorphous incubation layer. When an
intrinsic pc-Si:H thin film was deposited at n-i-p single junction
solar cell, the cell performances were dependent on with or
without an amorphous incubation layer. With an amorphous
incubation layer, the open circuit voltage (V,,.) of cell was 0.8 V,
which was typical cell property of hydrogenated amor-
phous silicon (a-Si:H). On the other hand, at the optimum
ratio of the H,/SiH, flow-rate, nc-Si:H single cell responding
an infrared light showed the V. of 0.4 V.
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1 Introduction

The thin-film silicon solar cell has been attracting considerable
attention as high conversion efficiency could be achieved at
relatively low manufacturing costs [1]. Hydrogenated micro-
crystalline silicon (uc-Si:H) cell responds mainly from red to
infrared light, and the optical absorption coefficients of pc-Si:H
at long wavelengths are almost identical to those of the Si
single crystal [2]. Because absorption coefficient of pc-Si:H
is relatively low, a thickness of 1~2 pm is usually required for
uc-Si:H photovoltaic-active layer. Therefore, for achieving a
short production time, or for industrializing the solar cell,
researches about plasma-enhanced chemical vapor deposition
(PECVD) process using very high frequency (VHF, 50~
150 MHz) at high pressure (10~750 Torr) have been reported
[3-5]. Meanwhile, control of the crystalline volume is crucial
because the Si crystallinity has a significant influence on the
optical gap, defect density, and conductivity of the materials
[6]. The commonest method for controlling the crystalline
volume fraction (Xc) of pc-Si is to adjust the dilution ratio of
silane (SiH,4) and hydrogen (H,) gases, or the plasma power.
Here, we fabricated the single junction pc-Si:H thin film
solar cells by using a high working pressure plasma-enhanced
chemical vapor deposition (HWP-PECVD) system at 100 Torr
with a cylindrical rotary electrode; this system is superior to
conventional PECVD because it has the following features: a
high deposition rate as a result of the high partial pressure of the
reactive gas and a high plasma density by the very high
frequency of 100 MHz; the ability to control the film unifor-
mity because of the homogeneous distribution of reactants by
the rotary electrode system; and low bombardment damage
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because of the lower kinetic energy [7, 8]. When an intrinsic
pc-Si:H thin film was deposited at n-i-p single junction solar
cell, the cell performances were dependent on with or without
an amorphous incubation layer. With an amorphous incubation
layer, the cell did not respond an infrared light. On the other
hand, when an intrinsic Si film was homogeneous microcrys-
talline through the whole film, the cell responded an infrared
light, and its performance was a behavior of pc-Si:H thin film
solar cell.

2 Experimental

The HWP-PECVD system used to produce pc-Si:H was based
onpreviously reported designs (see Fig. 1) [7, 8]. The diameter of
the cylindrical rotary electrode was 300 mm and the width was
240 mm. The HWP-PECVD of pc-Si:H was performed on 1.8-
mm-thick soda-lime glass (200 %200 mm) substrates at 200 °C,
with a deposition pressure of 100 Torr. Before deposition, the
base pressure of the chamber was reduced to 2 x 10~ Torr, using
dry and turbo molecular pumps. After closing the main valve
connected to the turbo molecular pump, helium (He), H,, and
SiH, gases were simultaneously injected into the chamber until a
pressure of 100 Torr was attained, and continuously supplied into
the reaction chamber during Si film deposition. The purity of the
gases was 99.999 %. The SiH4+H, concentration was 4 % and the
ratios of the H,/SiH, flow-rates was 13~35. The electrode rota-
tion speed was 1,000 rpm, and the deposition gap between the
electrode and the substrate was 0.5 mm. The substrate scan
distance was 150 mm and the scan speed was fixed at 10 mm/s.
An impedance matching unit supplied 100 MHz VHF power of
20 W/em? to the electrode.

The Si film thickness on surface textured fluorine-doped tin
oxide (FTO) glass [NSG TEC™ § of PILKINGTON] was
measured by o-step (TENCOR P-11). For confirmation of the
Si crystalline volume fraction, Raman spectra were measured
using a Jobin Yvon LabRam HR800 (Horibo, Ltd., Kyoto,

rotary electrode

substratex

e plasma

Si film

s

heating stage

Fig. 1 Schematic illustration of the experimental setup
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Japan) UV/micro-Raman spectrometer at room temperature.
The measurements were carried out at 632.8 nm using a HeNe
laser, below 50 mW to avoid thermally induced crystalliza-
tion. The microstructures of the films were observed by trans-
mission electron microscopy (TEM: JEM-2100F, JEOL,
Tokyo, Japan) at 200 kV. The TEM specimens for cross-
sectional observations were prepared by using Ar ion source
of 3.2 keV with precision ion polishing system (PIPS).
Secondary ion mass spectrometry (SIMS) depth profiles were
performed to determine the concentration of oxygen and
nitrogen in the pe-Si:H layer using magnetic sector instrument
(CAMECA, model: IMS 7f). Primary Cs" ions at near-normal
incidence with energies of 6 keV were used and negative
secondary ions were detected.

For the process of manufacturing the solar cells, the cell
structure was glass substrate/textured FTO/aluminum-doped
zinc oxide (AZO)/p-i-n/metal electrode. The 100 nm thick
AZO film was deposited by sputter system to protect FTO
from hydrogen plasma. Only the i-layer with thickness of
1 um was deposited by HWP-PECVD, and the p- and n-
layers with thickness of about 30 nm were formed by conven-
tional low-pressure PECVD. Thus, the p/i and i/n interfaces of
those cells were exposed to the air during the specimen
transfer. For the metal electrode, silver was thermally depos-
ited in a high vacuum chamber (~2x 10~° Torr) using a shad-
ow mask to define a cell active area of 0.25 cm”. The FTO
glass contained nine cells and the cell performance was con-
sidered to be the average value determined after measuring the
performances of nine cells. Current density-voltage (J-V)
characteristics were measured using a Keithley 2,400 source
meter under 100 mW/cm? (AM 1.5G) irradiation from a solar
simulator (Pecell Technologies Inc., PEC-L11). In addition to
the photovoltaic performance, external quantum efficiency
(EQE) of each photovoltaic device was obtained by using a
200 W Xe lamp and a grating monochromator, and the light
intensity was measured by a calibrated Si solar cell (PV
measurement).

3 Results and discussion

The crystallinity of the Si films was confirmed by Raman
spectroscopy, as shown in Fig. 2. All the about 1 um thick Si
films were deposited on the textured FTO glass substrate
because the films peeled off on bare glass substrate
owing to the residual stress of pc-Si. The Si transverse
optical (TO) peaks were deconvoluted into their inte-
grated crystalline Gaussian peak (I, ~520 cm '), amorphous
Gaussian peak (I,, ~480 cm '), and intermediate Gaussian
peak (I, ~510 cm™") [9, 10]. Following this, the crystalline
volume fraction (X.) was calculated from the simple equation,
Xe = + L)/ + I, + I). The X, increased from 29 to 76 %
when the ratios of H,/SiH, flow-rates (R) increased from 13 to
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Fig. 2 Raman spectra of pc-Si:H
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20. It has been widely known that the increase in H»/SiH, flow
ratio leads to an increase in the crystalline volume fraction of
Si thin films. Basically, two kinds of mechanisms, namely
etching by hydrogen atoms and chemical annealing, have
been proposed to explain the growth of crystalline Si [11].

In order to fabricate the pe-Si:H n-i-p single junction solar
cell, intrinsic pc-Si layer was deposited by HWP-PECVD at
R=18. The thickness of i-layer was about 1 um by regulating
the number of substrate scanning on a large area (200 x
200 mm). We measured the cell performances of the J-V
characteristic, including short-circuit current (Jy.), open-
circuit voltage (V,.), and fill factor (FF), as shown in
Fig. 3(a). The conversion efficiency of 3.3 % (Js.: 6.9 mA/
cm?; Voe: 0.8 V; and FF: 58 %) has been achieved. Specially,
the open circuit voltage (0.8 V) of the cell is higher than that of
previous reports (0.5 V) in pc-Si thin film solar cell [3, 12].
The ¥, of hydrogenated amorphous silicon (a-Si:H) single
cell is usually 0.8~0.9 V [13, 14]. T. Matsui et al. reported that
Ve of nc-Si single solar cell increased from 0.4 to 0.5 V as the
crystalline volume fraction in intrinsic Si layer decreased from
80 to 50 % [15]. However, the Xc of HWP-PECVD pc-Si:H
single cell with V. (0.8 V) was 60 %. To investigate the
microstructure of the deposited HWP-PECVD pic-Si thin film,
cross-sectional TEM observations was performed as shown in
Fig. 3(b). The film exhibited that 800 nm thick microcrystal-
line Si grew on the initial 200 nm thick amorphous incubation

Raman Shift (cm™)

layer on the textured FTO glass. The inset shows the diffrac-
tion patterns of each layer. The diffraction pattern in the pc-
Si:H layer indicated peaks corresponding to cubic polycrys-
talline phase Si in the (111), (220), and (311) lattice planes,
however the diffraction pattern for a-Si:H layer exhibited
fuzzy rings and was shadowy. According to the growth dy-
namics of pe-Si:H, it nucleates from within the growing a-
Si:H phase after a critical phase-transition (amorphous to
crystalline) thickness that decreases with increasing H, dilu-
tion ratio [16]. Thus, it seemed that the high V. of 0.8 V was
generated by intrinsic amorphous incubation layer.

Figure 4 shows the crystallinities of the about 200 nm thick
Si films, confirmed by Raman spectroscopy to exclude the
effect of amorphous incubation layer. It was revealed that an
amorphous Si film was formed when the 200 nm thick intrin-
sic Si was deposited at R=20, as shown in Fig. 4(a). Although
the X, of 1 pum thick intrinsic Si layer was 76 %, the 200 nm
thick Si exhibited an amorphous phase. The penetration depth
of the excitation light used in Raman spectroscopy is less than
0.2~0.3 um; thus the obtained X.=76 % value should reflect
the pc-Si:H just adjacent to the film surface. In the case of
200 nm thick Si films, a peak at around 520 cm ™' being
attributed to the crystalline Si phase is clearly observed at
R=25. And the X increased from 35 to 69 % as the ratios
of H,/SiH, flow-rates (R) increased from 25 to 35. It was
confirmed that the high R=25 was required to decrease the
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In order to fabricate the pc-Si:H n-i-p single junction solar
cell without the amorphous incubation Si layer, we performed
the two-step intrinsic Si deposition process in which a 200 nm
thick pc-Si:H film was deposited at R=30, and then the ratio
of H,/SiH, flow-rates was changed to 20. The two-step pro-
cess was to prevent excessive Si grain growth which may
induce the increase of defect density and decrease of
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photosensitivity [17]. Figure 5(a) shows the two-step intrinsic
pe-Si:H cell performances of the J-V characteristic. The open
circuit voltage was 0.4 V, which was typical cell property of
pc-Si:H n-i-p single junction solar cell. By injecting a high
hydrogen gas at the initial Si film growth, the amorphous
incubation layer was not observed through the cross-
sectional TEM image, as shown in Fig. 5(b). Figure 5(c)
shows the EQE spectra for two pc-Si:H single junction solar
cells, which were intrinsic Si thin films deposited by R=18,
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and two-step intrinsic Si deposition process by R=30—20.
The cell prepared at R=18 shows a typical spectral response
for a-Si:H cells to absorb in spectral range (350~700 nm)
[14]. However, the pc-Si:H single cell without amorphous
incubation layer responded from red to infrared light (700~
900 nm). Thus, it was confirmed that the pc-Si:H solar cell
fabricated by HWP-PECVD at a high pressure of 100 Torr
operated well in the long wavelength range. On the other
hand, the cell performance was inferior to that of cells fabri-
cated by low pressure PECVD processes. The conversion

1E24 T
pc-Si:-H i ZnO
1E23 5

1E22

1E21 4 Oxygen
1

Concentration (atom/cm3)

T v T v T v — .
0 250 500 750 1000 1250
Depth (nm)
Fig. 6 Oxygen and nitrogen SIMS depth profiles of solar cell with pc-

Si:H i-layer deposited by HWP-PECVD at the ratio of H,/SiH, flow-rates
of 30—20

efficiency was 1.3 %, and specially short-circuit current (Jy.)
was 7.3 mA/em® which is very lower than that of previous
reports [3, 12, 15]. One prerequisite for high-efficiency tic-
Si:H solar cell is a low contamination level of impurities in the
intrinsic Si absorber layer. Oxygen and nitrogen impurities in
pc-Si:H behave like donor states, especially the incorporation
of oxygen causes an increase in dark conductivity, charge
carrier density and spin density. In order to prevent deteriora-
tion of cell performance, the critical oxygen and nitrogen
impurities level should be below 2x10' atom/cm® and 8x
10'® atom/cm” [18]. Figure 6 shows the oxygen and nitrogen
SIMS depth profile of pec-Si:H single cell without amorphous
incubation layer. The measured oxygen and nitrogen concen-
trations in the HWP-PECVD pic-Si:H layer was about 2 x 10%°
and 3x10'® atom/cm®, respectively that was increased by one
order of magnitude compared with critical impurity level. We
guess that the impurities could be originated from the deposi-
tion chamber and/or ZnO layer, which is comprised of com-
plex mechanism for moving the stage and the device structure.

4 Conclusions

The intrinsic pe-Si:H films for photovoltaic layers of thin film
solar cells successfully deposited by using the high working
pressure plasma-enhanced chemical vapor deposition (HWP-
PECVD) technique. The crystalline volume fraction of Si
could be controlled by changing the ratio of H,/SiH, flow-
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rate. When the pc-Si:H n-i-p single junction solar cell was
fabricated at the ratio of 18, the intrinsic pc-Si:H films
contained the 200 nm thick amorphous Si incubation layer,
that resulted in the V. (0.8 V) of a-Si:H single cell perfor-
mance. On the other hand, when the two-step intrinsic Si
deposition process by R=30—20 was carried out, homoge-
nous pc-Si:H films responding from red to infrared light
through the whole film without amorphous incubation layer
could be obtained.
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