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We have prepared n-type hydrogenated microcrystalline silicon oxide [uc-SiO,:H(n)] films with oxygen contents from 0 to 37.3 at. % by varying the
CO,-to-SiH, flow ratio in a plasma-enhanced chemical vapor deposition (PECVD) system. By using pc-SiO,:H(n) as an effective replacement for
integrated pc-Si:H(n) and indium—tin oxide (ITO), pc-Si:H single-junction and a-Si:H/uc-Si:H tandem cells exhibited significantly improved
efficiencies of 6.35 and 10.53%, respectively. The improvement of the single-junction and tandem cells mainly arose from the enhancement of
long-wavelength optical absorption in pc-Si:H absorbers, which was confirmed by a quantum efficiency instrument showing a markedly enhanced
spectral response at wavelengths from 600 to 1100 nm. Moreover, all the PECVD processes, except the metal contact, had an advantage of in situ
deposition without breaking vacuum, thereby minimizing contamination of the interface. The simplified cell fabrication can enhance the fill factor,
which will benefit industrial production. © 2014 The Japan Society of Applied Physics

1. Introduction

Hydrogenated microcrystalline silicon (uc-Si:H) has been
developed and introduced as an intrinsic photovoltaic
absorbing material for silicon thin-film solar cell applica-
tion.””” Its enhanced absorption in the long-wavelength
region and low-light-induced degradation compared with
those of hydrogenated amorphous silicon (a-Si:H) are the
major advantages of integrating pc-Si:H into solar cells.
The common stacked cell configuration is the a-Si:H/pec-Si:H
tandem-junction cell, which consists of wider-bandgap
amorphous silicon (a-Si:H) as the top absorber and
narrower-bandgap pc-Si:H as the bottom absorber.>'!) The
a-Si:H absorber has to be kept reasonably thin to minimize
the impact of light-induced degradation.'®!? This makes
well-controlled light management essential for maintaining
or improving performance. Good light management can be
achieved by increasing the light path in the absorber,
allowing the use of thin active layers. To achieve adequate
top-cell current, the optical absorption in the top cell can be
increased using an intermediate reflecting layer between the
top and bottom cells.!*1®

Similarly, a relatively thick pc-Si:H absorber is generally
required to achieve adequate absorption, with consequences
of a decreased fill factor (FF) and an open-circuit voltage
(Voc) due to a weak internal electric field and an inefficient
carrier transport.”) To obtain sufficient bottom-cell current
when using thinner absorbers, an effective approach is to
enhance optical absorption using a back reflector to reflect
unabsorbed photons back to the absorber. This highly
reflective back reflector often consists of a transparent
conductive oxide (TCO) and a metal contact.'®?) The
insertion of TCO is proposed to improve the refractive-index
matching to silicon thin films and to reduce the parasitic
absorption loss by the suppressed excitation of texture-
mediated surface plasmonic resonance at the metal contact.??)
Nevertheless, the need for an ex situ TCO sputtering step
was inevitable in the past. As an alternative, studies’>>* have
shown that n-type hydrogenated silicon oxide can replace
back TCO as a back reflector to enhance the optical path in Si
thin-film silicon solar cells. In addition to the replacement of
back TCO, the use of n-type hydrogenated microcrystalline
silicon oxide [pc-SiO,:H(n)] as both n-type and back TCO
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layers in a-Si:H solar cells has been reported.?>2® However,
the optical reflection at long wavelengths (>700nm) by the
back reflector®® cannot be efficiently utilized in a-Si:H cells
owing to the low absorption at long wavelengths. Consid-
ering its dual function as the doped layer and back reflector,
in this work, we employed a pc-SiO:H(n) film as a
replacement for both n-type and back TCO layers in pc-
Si:H single-junction and a-Si:H/pc-Si:H tandem cells.

The pc-SiO,:H(n) material is a phase mixture of pc-Si:H
and amorphous silicon oxide (a-SiO,:H), where phosphorus
doping mainly affects the pc-Si:H phase.”’ 3D The n-type
pc-Si:H phase ensures sufficient electrical conductivity in
the direction of the current flow in the cell device, and the
a-SiO,:H phase with different oxygen contents supplies the
lower refractive index and optical transparency.?” Accord-
ingly, the electrical and optical properties of pc-SiO,:H films
significantly depend on the oxygen content and crystalliza-
tion. The bandgap (Ey4) can be changed from slightly less
than 2 to 2.9 eV, and the refractive index (n) determined from
the wavelength of 1 pum can be controlled from approx-
imately 3.8 (uc-Si:H) down to approximately 1.5, which is
closed to the n of silicon dioxide.?”**3) Depending on the
requirement of the devices, uc-SiO,:H films can be prepared
by considering the trade-off among crystallization, conduc-
tivity, n, and Eoq.

2. Experimental procedure

Doped and undoped silicon-based thin films were prepared
using a 27.12 MHz multi-chamber plasma-enhanced chemi-
cal vapor deposition (PECVD) system by a single-chamber
process and NF; in situ plasma cleaning. n-Type pc-SiO,:H
thin films were deposited from a gas mixture of silane (SiHy),
hydrogen (H,), phosphine (PH3), and carbon dioxide (CO,).
Optical and electrical characterizations were performed on
150-nm-thick thin films deposited on glass. The oxygen
content and crystalline volume fraction of pc-SiO,:H films
were examined by X-ray photoelectron spectroscopy (XPS)
and Raman spectroscopy (4 = 488 nm), respectively. Elec-
trical measurements were carried out to investigate the in-
plane conductivity. The optical bandgap (Ey4, the photon
energy at which the absorption coefficient is 1 x 10*cm™")
of pc-SiO,:H layers was obtained by ultraviolet—visible—
infrared optical measurement. 1.2-um-thick pc-Si:H single-

© 2014 The Japan Society of Applied Physics
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Fig. 2. Schematic diagram of the cell structure showing the replacement of

junction and a-Si:H/pc-Si:H tandem solar cells with a
thickness of 0.24/1.4um were fabricated on commercial
textured SnO,:F glass with a superstrate configuration. The
standard cells used for comparison consisted of sputtered
indium-tin oxide (ITO), which was subsequently deposited
on pc-Si:H(n) after being transferred in ambient. The solar
cells with a patterned area of 0.25cm? were characterized
using an AM1.5G illuminated current density—voltage (J-V)
measurement system and a quantum efficiency instrument.

3. Results and discussion

uc-SiO:H films with different oxygen contents have been
deposited by varying the CO,-to-SiHy flow ratio (Rcoy) in the
range from 0 to 3.5. Figure 1 shows the effects of Rco; on the
oxygen content ([O]), bandgap (Ey4), crystalline volume
fraction (X¢), and conductivity (o) of pc-SiO,:H(n) films. The
hydrogen dilution ratio (Ry», defined as the ratio of hydrogen
flow rate to the sum of silane and hydrogen flow rates) was
maintained at 98.5% with a fixed PH3 flow rate. As Rco»
increased from 0 to 3.5, [O] increased from 0 to 37.3 at. %.
The introduced CO, is suggested to react with hydrogen
to form an OH radical, which bonds to the film surface, thus,
O is incorporated into the films.*”) With an increase in the
amount of O incorporated, the increasing [O] decreased the
refractive index (1= 632nm) from 3.8 to 2.3 (not shown)
and increased Ey4 from 1.93 to 2.47¢eV. In contrast, X and
the conductivity both decreased as Rco, increased. Xc
decreased from 64 to 15%, and the corresponding con-
ductivity decreased from 14 to 3 x 107°S/cm. The decrease
in Xc was attributed to the increase in [O], which quenched
the crystallization in the pc-SiO,:H(n) films. By combining
the effects of X¢ and [O], the smaller amount of crystalline
phase and the higher [O] led to a decrease in conductivity.
The characteristics of pc-SiO,:H(n) films can be varied by
adjusting different deposition parameters to achieve a wider
bandgap and a lower refractive index, with acceptable
conductivity compared with that of pc-Si:H(n). For the
following solar cell applications, we employed a pc-
Si0,:H(n) film deposited under the following conditions:
Rco2 = 0.55, RH2 = 98.5%, and PH3/SiH4 = 0.45%. The
film properties are listed in Table 1. To investigate the effect
of pc-SiO,:H(n) in solar cells, we first employed pc-
SiO:H(n) to replace pc-Si:H(n) and ITO in a pc-Si:H
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pe-Si:H(n) and ITO by pc-SiO,:H(n) in pe-Si:H single-junction solar cells.
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Fig. 3. J-V characteristics of pc-Si:H single-junction cells with different
back-reflecting structures.

single-junction solar cell. The cell structure is shown in
Fig. 2.

Figure 3 shows the J-V characteristics of pc-Si:H single-
junction cells with different back-reflecting structures. The
thickness of a pc-Si:H absorber was kept at 1.2 pum.
Compared with the cell using pc-Si:H(n)/Ag back-reflecting
structure, the cell using the pc-Si:H(n)/ITO/Ag structure had
an apparent enhancement of short-circuit current density
(Jsc) from 15.16 to 16.48 mA/cm? with only a slightly
decreased fill factor (FF). The enhanced Jsc can be attributed
to the refractive-index difference between silicon films and
Ag that induced the optical reflection back into the absorber.
One possible reason for the slightly decreased FF might be
the ion bombardment damage during ITO sputtering and the
degraded pc-Si:H(n)/ITO interface due to vacuum breaking
and sputtering damage. Soderstrom et al. have also made a
similar discussion regarding the interface damage issue.>®

Compared with the cell using pc-Si:H(n)/ITO/Ag, the cell
using pe-SiO,:H(n)/Ag for replacing both pc-Si:H(n) and
ITO showed an increase in FF and Vg, with further increase
in Jsc from 16.48 to 17.74mA/cm’ The significantly

© 2014 The Japan Society of Applied Physics
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Table Il. Performance parameters of a-Si:H/pc-Si:H tandem-junction solar cells with different back-reflecting structures.
Bottom-cell Back TCO Voc Jsc FF Eff. Top Jsc Bot. Jsc Total Jsc
n-layer V) (mA/cm?) (%) (%) (mA /cm?) (mA/cm?) (mA /cm?)
pe-Si:H(n) None 1.35 9.33 72.6 9.15 11.22 9.50 20.72
pe-Si:H(n) ITO 1.35 10.06 74.2 10.08 11.37 10.47 21.84
ne-SiO,:H(n) 1.36 10.08 76.9 10.59 11.42 11.13 22.55
100 T T T 100 T T T T T T T
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Fig. 4. Quantum efficiencies of pc-Si:H single-junction cells with
different back-reflecting structures.

increased Jsc can be attributed to enhanced optical absorption
in absorbers, as confirmed by a quantum efficiency instru-
ment. This may arise from the additional optical reflection
at the i/n interface due to the refractive-index difference
between the pe-Si:H and pc-SiO,:H(n) films. The increased
Voc may be due to the wider bandgap of pc-SiO,:H(n) than
of pc-Si:H(n), while the increased FF might be ascribed to
in situ deposition in the PECVD chamber without breaking
the vacuum, minimizing the contamination of the interface.
The result showed that pc-SiO,:H(n) can be an effective
replacement for the integrated n-layer and ITO. It also has the
advantage of process simplification and better interface
quality without breaking vacuum. The conversion efficiency
of the pc-Si:H single-junction cell using pc-SiO:H(n) as a
replacement for pc-Si:H(n) and ITO improved to 6.35%, with
Jsc = 17.73mA/cm?, Voc = 0.52'V, and FF = 69.5%.

As shown in Fig. 4, the marked increase of Jsc in pc-Si:H
single-junction cells was investigated by a quantum effi-
ciency instrument. Compared with that of the cells using the
pc-Si:H(n)/Ag and pc-Si:H(n)/ITO/Ag structures, that of
the cells using the pc-SiO,:H(n)/Ag structure showed a
significant increase in the long-wavelength region of 600—
1100 nm. This can be ascribed to the suppression of parasitic
absorption loss in the n-type layer compared with the
pc-Si:H(n) films and the refractive-index difference at the
i/n interface to enhance the long-wavelength optical
absorption in the absorber. As a result, the Jsc of quantum
efficiency was enhanced to 17.35mA/cm? using the pc-
SiO,:H(n)/Ag as a replacement for the pc-Si:H(n)/Ag or
pc-Si:H(n)/ITO/Ag Dback-reflecting structures. All the
PECVD processes, except the metal contact, can simplify
the cell fabrication and result in comparable or even better
device performance.

05FV08-3
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Fig. 5. Quantum efficiencies of a-Si:H/pc-Si:H tandem solar cells using
different back-reflecting structures.

For a-Si:H/pc-Si:H tandem solar cells, we have also
applied the pc-SiO:H(n)/Ag back-reflecting structure to
achieve an improved light management. The a-Si:H/pc-Si:H
tandem cell with a superstrate configuration consisted of a
0.24-pm-thick a-Si:H top cell and a 1.4-um-thick pc-Si:H
bottom cell. Table II shows the performance of an a-Si:H/
pc-Si:H tandem solar cell using different back-reflecting
structures. With the same a-Si:H top cell, the tandem cell
using the pc-SiO,:H(n)/Ag and pc-Si:H(n)/ITO/Ag struc-
tures exhibited observable improvements in Jsc, FF, and
conversion efficiency as compared with the cell using the
pe-Si:H(n)/Ag structure. Compared with the cell having
the pc-Si:H(n)/ITO/Ag structure, the cell with the pc-
SiO,:H(n)/Ag structure showed slightly improved Ve
and FF, accompanied by a notable improvement in Jgc,
which was confirmed by the quantum efficiency result shown
in Fig. 5. No differences in the quantum efficiency were
observed at short wavelengths, whereas a strong enhance-
ment was obtained at wavelengths higher than 630 nm. In the
pc-SiO,:H(n)/Ag back-reflecting structure, the bottom-cell
Jsc obtained from the quantum efficiency instrument increas-
ed from 10.47 to 11.13mA/cm? as compared with that
observed in the cell using the pc-Si:H(n)/ITO/Ag structure.
The significant enhancement of the spectral response at
wavelengths from 630 to 1100nm was likely due to more
enhanced long-wavelength optical reflection. The total
current, defined as the sum of the top-cell current and
bottom-cell current, increased from 20.72 to 22.55 mA /cm?.
The results indicate that pc-SiO,:H(n) can be an effective
replacement for both n-type and back TCO layers in the
a-Si:H/pc-Si:H tandem cell. The conversion efficiency of
the a-Si:H/pc-Si:H tandem cell using the pc-SiO,:H(n)/Ag
back-reflecting structure was improved to 10.59%, with
Jsc = 10.08 mA/cm?, Voc = 1.36V, and FF = 76.9%.

© 2014 The Japan Society of Applied Physics
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5
4. Conclusions 6;
Phosphorus-doped hydrogenated microcrystalline silicon 7)
oxide [uc-SiO,:H(n)] films with different oxygen contents
have been prepared by varying the CO,-to-SiH4 flow ratio in 8)
a PECVD system. The oxygen content can be adjusted from 9)
0 to 37.3at.%, but is accompanied by a decreased
conductivity from 14 to 3 x 107°S/cm. By using pc-
SiO.:H(n) as an effective replacement for integrated pc- 19
Si:H(n) and ITO, the conversion efficiency of the pc-Si:H 11)
single-junction cell was improved to 6.35%, with Jsc= 12
17.73mA/cm?, Voc = 0.52'V, and FF = 69.5%. The a-Si:H/  13)
pc-Si:H tandem cell using a puc-SiO,:H(n)/Ag back-reflecting 14)
structure exhibited a 10.59% initial efficiency, with Jsc =
10.08 mA /cm?, Voc = 1.36V, and FF = 76.9%. The major  15)
improvement of the single-junction and tandem cells arose
from the enhancement of the long-wavelength optical 16)
absorption in pc-Si:H absorbers, which was confirmed by 47y
the quantum efficiency instrument showing a significantly
increased spectral response at wavelengths from 600 to  18)
1100nm. By using the pc-SiO:H(n)/Ag back-reflecting 19)
structure, the enhanced fill factor in pc-Si:H single-junction
and a-Si:H/pc-Si:H tandem-junction solar cell also showed  20)
the advantage of in situ deposition without breaking the
vacuum, minimizing the contamination of the interface. All 2
the PECVD processes, except the metal contact, simplified  22)
the cell fabrication, which will benefit the industrial
production. 23)
24)
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