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In this work, the development of plasma-enhanced chemical vapor deposition (PECVD) uc-SiO,:H(n) and its application to a-Si:H/a-Sis_,Ge,:H
tandem cells as the intermediate reflecting layer (IRL) and back reflector (BR) is presented. The n-type microcrystalline silicon oxide [uc-SiO,:H(n)]
was used as multifunctional layers in silicon thin-film solar cells owing to its wide bandgap and low refractive index. In the development of
pc-SiO,:H(n), increasing RF power increased film oxygen content, which widened the bandgap while reducing dark conductivity. Applying the
pc-SiOy:H to a-Si:H/a-Sis_Ge,:H tandem cells as IRL and BR significantly improved cell performance. The pc-SiO,:H(n) IRL increases the current
of the top cell, thus improving the light management in a-Si:H/a-Si1_,Ge,:H tandem cells. On the other hand, the pc-SiO,:H(n) can be used as the
BR replacing the n-type a-Si:H and ITO layers. The pc-SiOy:H increased cell conversion efficiency by 12.9% as IRL, and by 9.7% as BR, achieving

10.03% efficiency. © 2014 The Japan Society of Applied Physics

1. Introduction

Hydrogenated amorphous silicon (a-Si:H)-based thin-film
solar cells have the potential to be a cost-effective photo-
voltaic technology owing to its minimal material usage. To
stay competitive against other photovoltaic, the conversion
efficiency of silicon thin-film solar cells need to be further
improved. Typically, the multijunction structure is adopted
to improve the utilization of the solar spectrum while
increasing the stabilized efficiency of solar cells owing to
the decreased absorber thickness." a-Si:H/a-Si;_,Ge,:H
tandem cells were reported to have high stabilized con-
version efficiency in small scale and module level.>™ To
further improve the performance of the a-Si:H/a-Si;_,Ge,:H
tandem cells, an efficient light management in the cells is
necessary.

Conventionally, the light management can be improved by
adopting an intermediate reflecting layer (IRL) between the
top cell and the bottom cell or by employing an appropriate
back reflector (BR).*® As previously reported, IRL functions
to increase the current of the top cell without increasing
the thickness of the absorber.” ) This improves the current
balance between the component cells and thus increases
cell efficiency. On the other hand, the standard BR
comprising a transparent conductive oxide (TCO) layer
together with a Ag back contact exhibits an increased
reflectance.®) The increase is likely due to the reduction in
absorption loss at the dielectric/Ag interface owing to the
low-refractive-index TCO layer which shifted the excitation
of surface plasmon resonance to the higher-energy re-
gion.!®!Y However, the employment of IRL and TCO/Ag
BR requires an additional ex situ sputtering step for the
low-refractive-index TCO layer.

In recent years, n-type microcrystalline silicon oxide [uc-
Si0,:H(n)] has been reported as a promising material that
can fulfill multiple functions, for example, as the IRL, BR
and n-layer of the component cells in a-Si:H and a-Si:H/
nc-Si:H solar cells.'>'” The pc-SiO:H was found to be a
biphase material containing the conductive pc-Si:H region
embedded in the wide-bandgap a-SiOH tissue.'® The
refractive index can be reduced owing to the incorporation
of oxygen into the films, generating an amorphous silicon
oxide. The conductive crystalline region provides sufficient
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conductivity along the film growth direction, while the wide-
bandgap amorphous tissue offers optical transparency, which
reduces the parasitic absorption loss.!'”'® The uc-SiO,:H(n)
was reported to serve as the IRL in a-Si:H/pc-Si:H tandem
cells,'>!3 as BR in single-junction or tandem cells,'*!®) as
the shunt quenching layer on highly textured substrates,'®)
and as the window layer in n-side illuminated n—i—p pc-Si:H
solar cells.?”

In this work, the development of n-type pc-SiO,:H and
its application to a-Si:H/a-Si;_,Ge,:H tandem cells as both
IRL and BR were investigated. The optical and electrical
properties of pc-SiO,:H(n) at different RF powers are
presented and discussed. The effect of pc-SiO,:H(n) as IRL
and BR on cell performance is discussed in detail.

2. Materials and methods

Silicon-based thin films were prepared in a 27.12 MHz
single-chamber plasma-enhanced chemical vapor deposition
(PECVD) system with a load-lock transfer chamber. SiHa,
GeHy, CO,, B,Hg, PH3, and H, were used as source gases.
The n-type pc-SiO,:H layer was prepared at an RF power in
the range from 30 to 150 W and a CO,-to-SiH4 flow ratio
of 0.4. The a-Si:H/a-Si;_,Ge,:H tandem solar cells were
deposited on the SnO,:F-coated glass substrates in a p—i—n
superstrate configuration. A bandgap-graded absorber was
employed in the a-Si;_,Ge,:H bottom cell. The preparation
and details of bandgap-graded absorber was reported in our
previous work.?! The photo conductivity of the bandgap-
graded layers decreased from 1.2 x 107 to 3.1 x 107°S/cm,
while the dark conductivity remained at approximately 4 x
107'1°S/cm with decreasing bandgap of a-Si;_Ge:H from
1.75 to 1.53eV.

The structural variation of pc-SiO,:H was characterized
by Raman spectroscopy using a probe laser at a wavelength
of 488 nm. Film oxygen content was characterized by X-ray
photoelectron spectroscopy (XPS) with precleaning for
each sample. The optical bandgap Eys (the photon energy
at which the absorption coefficient is 10*cm™") was obtained
by UV-vis spectroscopy. Coplanar conductivity was meas-
ured at an electrode spacing of 0.8 mm. External quantum
efficiency (EQE) was characterized under short-circuit
condition. The current density—voltage (J—V) characteristics
of a-Si;_,Ge,:H single-junction solar cells were obtained by

© 2014 The Japan Society of Applied Physics
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Fig. 1. Raman spectra of n-type pc-SiO,:H films prepared at different RF
powers. The film oxygen content (x) is also shown.

J-V measurement under illumination by an AM1.5G light
source with an electrode area of 0.25 cm?.

3. Results and discussion

3.1 Effect of RF power on the optoelectrical properties of
n-type pc-SiOy:H films
To study the structural variation of n-type pc-SiO,:H [pc-
SiO,:H(n)] prepared at different RF powers, Raman analysis
was conducted. The normalized Raman spectra of pc-
SiO,:H(n) prepared at different RF powers are shown in
Fig. 1. As can be seen, the film prepared at 30 W exhibited a
predominant c-Si peak at 520 cm™!, a tail containing a broad
a-Si:H peak centered at 480 cm ™', and a defective c-Si peak
centered at 510 cm~'.?? As the power increased from 30 to
150 W, a relative increase in the a-Si:H peak compared with
the c-Si peak was observed, indicating that the crystalline
volume fraction decreased. On the other hand, the film
oxygen content (x) increased from 3.1 to 12.3% as the power
increased. This may be due to the higher-energy plasma that
enhanced the dissociation of CO, in the gas phase, which in
turn enhanced oxygen incorporation.?®) Since pc-SiO,:H was
reported to be a biphase material consisting of the conductive
pc-Si:H region embedded in the a-SiO,:H tissue, the
incorporation of oxygen into the film enhanced the a-SiO:H
phase and also the structural disorder, which decreased the
crystalline volume fraction.!”!® As a consequence, the
increase in power increased film oxygen content while
reducing the crystalline volume fraction of puc-SiO,:H(n).
To determine the correlation between the structural
variation and the electrical properties of pc-SiO,:H(n)
prepared at different powers, dark conductivity was meas-
ured. The dependence of the dark conductivity o4 and optical
bandgap Ey4 of pc-SiO,:H(n) films on different powers is
shown in Fig. 2. As the power increased from 30 to 150 W,
the dark conductivity decreased substantially from 2.23 x
10! to 421 x 107*S/cm, accompanied by the increase in
Ey4 from 2.05 to 2.18eV. The increase in Eyy was due to
the enhanced a-SiO,:H phase arising from the increased
film oxygen content (Fig. 1). On the other hand, the decrease
in dark conductivity was due to the reduced crystalline
volume fraction, the widened bandgap, and the enhanced
a-Si0,:H phase having a low doping efficiency as the film
oxygen content increased (Fig. 1). As a result, increasing
the power enhanced the incorporation of oxygen into the
film, which widened the bandgap while reducing the
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Fig. 2. Dark conductivities and optical bandgaps (Ey4) of n-type
ne-SiO,:H films prepared at different RF powers.
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Fig. 3. EQE of a-Si:H/a-Si;_,Ge,:H tandem cells fabricated employing
n-type pe-SiO,:H IRL prepared at different RF powers. The EQE of a tandem
cell without IRL is shown for comparison.

crystalline volume fraction and thus decreasing the dark
conductivity.

3.2 Effect of yc-SiOy:H intermediate reflecting layer
prepared at different RF powers on the performance of
a-Si:H/a-Siy_,Gey:H tandem cells

In this section, the influence of pc-SiO:H IRL on the
performance of a-Si:H/a-Si;_,Ge, H tandem cells was
investigated. Figure 3 shows the EQE of the tandem cells
with pc-SiO:H IRL prepared at different RF powers. The
tandem cell without IRL (solid line) is also shown for
comparison. In the case of using the uc-SiO,:H IRL prepared
at 90 W, the EQE of the top cell increased while the EQE
of the bottom cell decreased accordingly compared with that
of the cell without IRL. This can be due to the pc-SiO,:H
having a lower refractive index than adjacent layers,
reflecting photons back to the top cell.'>'? The internal
reflection due to the refractive index difference transferred
the current from the bottom cell to the top cell and thus
improved the current matching between the component cells.
In contrast, in the case of using the puc-SiO,:H IRL prepared
at 150 W, the EQE of the top cell decreased while the EQE of
the bottom cell increased, as compared with that of the cell
with pc-SiO:H IRL prepared at 90 W. The larger refractive
index contrast arising from the higher oxygen content (x =
12.3%) of pc-SiO,:H prepared at 150 W (Fig. 2) seemed to

© 2014 The Japan Society of Applied Physics
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Fig. 4. Performance of a-Si:H/a-Si;_,Ge,:H tandem cells fabricated
employing n-type pc-SiO,:H IRL prepared at different RF powers. The
dotted line denotes the performance of the tandem cell without IRL.

result in no significant increase in the EQE of top cell. The
reduced EQE in the top cell can thus be attributed to the low
conductivity (4.21 x 107*S/cm) of pc-SiO,:H prepared at
150 W (Fig. 2), which obstructed the electron transport from
the top cell. This led to the lower EQE in the top cell. On the
other hand, the higher EQE in the bottom cell can be ascribed
to the larger bandgap (2.18¢V) of pc-SiO,:H IRL, which
reduced the parasitic absorption loss in the doped layer. As a
result, the a-Si:H/a-Si;_,Ge,:H tandem cell with pc-SiO,:H
IRL prepared at 90 W (x = 8.5%) exhibited sufficient internal
reflection and improved the light management.

The performance of a-Si:H/a-Si;_,Ge,:H tandem cells
with pc-SiO:H IRL prepared at different RF powers is
shown in Fig. 4. The dotted line represented the performance
of the tandem cell without puc-SiO,:H IRL. As can be seen
from the figure, the Vo exhibited a monotonic reduction
from 1.62 to 1.53V (average value) as the power increased
from 30 to 150 W. This can be due to the degraded carrier
recombination at the n/p junction resulting from worsened
carrier transport owing to the reduction in the conductivity of
uc-SiO:H IRL. On the other hand, an increased Jsc in the
range from 7.8 to 8.1 mA/cm? was observed for the cells
with pe-SiO,:H IRL prepared at powers in the range from
30 to 120 W, as compared with the cell without IRL where
the Jsc was limited by the top cell with a Jsc of 7.4 mA /cm?.
The increased Jsc due to the increased EQE in the top
cell came from the internal reflection by the pc-SiO,:H IRL
with a decreased refractive index (Fig. 3). The tandem cell
with pc-SiO,:H IRL prepared at a power in the range from
30 to 120 W exhibited an increase in efficiency by 0.7%
compared with the cell without IRL owing to the improved
current matching without an increase in the thickness of the
top cell.

Moreover, the Jgc exhibited an increase from 7.77 to
8.20mA /cm? as the power increased from 30 to 90 W. This
was due to the increase in EQE of the top cell (the current-
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Fig. 5. Cross-sectional structures of a-Si:H/a-Si;_,Ge,:H tandem cells
with (a) Ag, (b) ITO/Ag (standard cell), and (c) pc-SiO,;H(n)/Ag as BR.
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Fig. 6. EQE of a-Si:H/a-Si;_,Ge,:H tandem cells fabricated employing
different BR.

limiting cell) owing to the use of the pc-SiO,:H IRL with a
high oxygen content as well as low refractive index.!'®?¥
However, a further increase in the power to 150 W reduced
the Jsc to 7.13mA/cm? The reduction was due to the
decreased EQE in the top cell, as demonstrated in Fig. 3.
Consequently, by carefully tuning the optical and electrical
properties of the puc-SiO,:H layer, the pc-SiO,:H can function
well as the IRL. A higher efficiency of 9.26% was obtained in
the cell with uc-SiO,:H IRL prepared at 90 W than in the cell
without IRL (8.20%), which is a relative increase of 12.9%.

3.3 Tandem cells employing dual-function n-type uc-
SiO,:H as BR

In this section, the effect of puc-SiO,:H(n) as the BR on the
performance of the a-Si:H/a-Si;_,Ge,:H tandem cells was
investigated. Figure 5 demonstrates the cross-sectional struc-
tures of a-Si:H/a-Si;_,Ge,:H tandem cells with different BR.
The term BR was defined as dielectric/Ag bilayers in this
work. The refractive index (at a wavelength of 650 nm) and
Eo4 of pe-SiO:H(n) were 3.2 and 2.2 eV, respectively. The
pc-SiO,:H(n) served as the replacement for the n-type a-Si:H
layer and the subsequent ITO layer in our standard tandem
cell.

The EQE of the tandem cells with different BRs are
illustrated in Fig. 6. As the ITO layer was inserted at the
interface of a-Si:H(n)/Ag, the EQE at wavelengths from 650
to 900 nm significantly increased with respect to the cell with
a-Si:H(n)/Ag as BR. The increase was possibly due to the
shift of the plasmonic resonance peak to the higher-energy
region owing to the lower refractive index of ITO layer,

© 2014 The Japan Society of Applied Physics
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Fig. 7. J-V characteristics and performance of a-Si:H/a-Si;_,Ge,:-H
tandem cells with different BRs.

which reduced the optical absorption loss at the a-Si:H(n)/Ag
interface.!’ On the other hand, as the pc-SiO,:H(n)/Ag
was employed, the EQE at wavelengths from 600 to 900 nm
substantially increased compared with the EQE of the cell
with a-Si:H(n)/Ag as BR. This suggests that the pc-
SiO,:H(n)/Ag can function well as BR with a similar effect
to the ITO/Ag. Moreover, in comparison with the cell
with a-Si:H(n)/ITO as BR, the cell with pc-SiO:H(n)/Ag
exhibited a higher EQE at wavelengths from 600 to 750 nm.
This can be ascribed to the reduced parasitic absorption loss
in the n-type pc-SiO,:H layer with a larger bandgap than in
the a-Si:H n-layer.

The J-V characteristics and performance of tandem cells
with different BRs are illustrated in Fig. 7. Each top cell
thickness was carefully tuned to match the current generated
from bottom cell with different BRs. As can be seen, the
FF and Voc seemed not to be markedly influenced by the
different BRs. As the standard ITO/Ag BR was employed,
the Jsc was substantially increased from 7.69 to 8.74
mA/cm? compared with the cell with a-Si:H(n)/Ag. The
increase was due to the increased current density of the
bottom cell (Fig. 6) which increased the total current density
of the tandem cell. On the other hand, as the pc-SiO,:H(n)/
Ag was employed, the Jsc was substantially increased from
7.69 to 9.45mA/cm? than the cell with a-Si:H(n)/Ag. This
was also due to the increased current density in the bottom
cell with a similar effect to ITO/Ag BR, as shown in
Fig. 6. In comparison with the standard ITO/Ag BR, the cell
with the particular pc-SiO,:H(n)/Ag structure exhibited a
further increase in Jsc by 0.71 mA /ecm?, which corresponded
to a relative increase in 8.1%. The pc-SiO,:H(n) exhibited
dual functions as both the BR of the tandem cell and the
n-layer of the bottom cell. The pc-SiO,:H(n) used as the BR
increased cell conversion efficiency by 9.7% compared with
the standard ITO/Ag BR. This multifunctional n-type pc-
SiO,:H can simplify fabrication process and reduce contam-
ination at the n-layer/Ag interface owing to the non-necessity
of the back TCO sputtering process. As a consequence, the
a-Si:H/a-Si;_,Ge,:H tandem cell fabricated employing pc-
SiO,:H(n)/Ag BR obtained an efficiency of 10.03% with
Voc of 1.55V, Jgc of 9.45 mA /em?, and FF of 68.5%. Further
improvement of the cell performance is expected with the use
of the pc-SiO,:H with a higher oxygen content.
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4. Conclusions

In this paper, we presented the development of n-type pc-
SiO,:H and its application to a-Si:H/a-Si;_,Ge,:H tandem
cells as the intermediate reflecting layer (IRL) and back
reflector (BR). In the development of pc-SiO,:H films, the
increase in RF power increased the film oxygen content,
which widened the bandgap owing to the power-assisted CO,
dissociation. This in turn reduced the crystalline volume
fraction and the dark conductivity of uc-SiO,:H(n). Applying
n-type pc-SiO,:H to a-Si:H/a-Si;_,Ge,:H tandem cells as
IRL and BR significantly improved the cell performance. The
use of IRL for pc-SiO,:H(n) prepared at 90 W increased
the current density of the top cell, thus improving the light
management in a-Si:H/a-Si;_,Ge,:H tandem cells. On the
other hand, the pc-SiO,:H(n) can also be used as BR to
replace the n-type a-Si:H and ITO layers. This allows for an
all-in situ process resulting in process simplification. The
uc-SiO,:H increased cell conversion efficiency by 12.9% as
IRL and by 9.7% as the BR, achieving 10.03% efficiency.
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