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layers for a-Si/�c-Si thin film solar cells
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This device design approach combines sputter-deposited TiO2 antireflection layer �ARL� and
plasma-enhanced chemical vapor deposition-grown SiOx intermediate-reflector layer �IRL� in
superstrate a-Si /�c-Si thin film solar cell. The loss of current from either the component cells with
individual application of ARL and IRL has been recovered with their combined application. With
both ARL and IRL in a-Si /�c-Si cell, �a� the top cell current and �b� the sum of top and bottom cell
current increases. An initial efficiency of 11.8% �Voc=1.42 V, FF=0.74, Jsc �top�=11.5 mA cm−2,
Jsc �bottom�=11.2 mA cm−2� is achieved from such an a-Si /�c-Si cell with a total Si layer
thickness less than 2 �m. © 2008 American Institute of Physics. �DOI: 10.1063/1.2841824�

In the area of thin film a-Si based solar cell technology,
one important task is to increase the “stabilized” efficiency
of the solar cells. This task includes both the improvement of
silicon materials used in the device and the device design
itself. The multijunction device structure leads the a-Si based
thin film solar cells to reach an efficiency of 15% until
date.1,2 To further improve the performance of such a solar
cell, one needs to critically review the device design to over-
come the inherent losses. In case of a glass superstrate based
device structure, an optical loss occurs due to refractive in-
dex �n� mismatch between the transparent conducting oxide
viz. ZnO �n�1.9� and Si �n�3.5� layers. A layer of TiO2

�n�2.5� at ZnO and silicon interface has shown to have
potential to act as an antireflection layer �ARL� to minimize
the optical loss due to refractive index mismatch.3 Very re-
cently, it has been demonstrated that an increase of short-
circuit current density �Jsc� is possible from multijunction
a-Si based solar cells using TiO2 as a refractive index match-
ing layer.4 Again by the same time, another approach dem-
onstrated a control over the distribution of currents from the
subcells of an a-Si /�c-Si cell using a plasma-enhanced
chemical vapor deposition �PECVD�-grown SiOx as interme-
diate reflector layer �IRL� by introducing a mismatched re-
fractive index �n�2� at Si /Si �n�3.5� interface and this
IRL could preferentially illuminate the a-Si top cell, which is
prone to light induced degradation compared to the bottom
microcrystalline cell.5,6 However, both the individual ap-
proaches with ARL and IRL result some current loss in either
of the component cells in an a-Si /�c-Si device structure.4,6

In the present work, these two approaches with optical lay-
ers, namely TiO2 as ARL and SiOx as IRL have been con-
structively combined to gain Jsc from an a-Si /�c-Si solar
cell through precise current management. The performance
of the solar cells using ARL and IRL has been demonstrated
in this paper. The gain in efficiency combining the optical
layers into the standard cell design should entirely contribute
to the higher stabilized efficiency of the a-Si /�c-Si solar
cell, since no modification in the silicon layers has been done
for this improvement compared to the standard one.

The deposition of TiO2 thin films has been done by rf-
magnetron sputtering. The identical process chamber and use
of similar deposition regime as that of front contact ZnO, add
minimum effort in alteration of the deposition system or pro-
cess control for the inclusion of TiO2 to the TCO develop-
ment infrastructure. Again, as the SiOx films have been
developed by PECVD technique, it is quite advantageous
regarding system integration to introduce a PECVD-grown
Si based IRL deposition step between two silicon layer depo-
sitions. Therefore, the ARL and IRL discussed in this article
invite almost no alteration in the system and process control
over the conventional a-Si based thin film solar cell devel-
opment. In the experimental process, the TiO2 films have
been sputtered from a TiO2:Nb2O5 �99:1� target in 0.2% O2
in Ar ambient with a power density of 1.5 W cm−2 by rf-
magnetron system at a chamber pressure of 2 mTorr and
deposited at room temperature. The deposition rate of the
TiO2 films is 0.5 Ås−1 and a thickness between 50 and
75 nm has been used for device application. In this process,
a typical conductivity of the TiO2 films has been obtained as
1.0�10−7 S cm−1 from coplanar measurement of the
samples deposited on Corning Eagle 2000 glass substrate.
The refractive index �n� calculated from photothermal de-
flection spectroscopy �PDS� measurement is typically around
2.45 at infrared wavelength region. The detailed optimization
and characterization of the TiO2 films have been described
elsewhere.7 The SiOx thin films have been deposited by rf-
PECVD �13.56 MHz� with gas flow ratios SiH4:H2=1:200,
PH3:SiH4=1:50, and SiH4:CO2=2:3 with a power density
of 0.35 W cm−2 at a substrate temperature below 200 °C.
The films are intentionally n-type doped and the typical con-
ductivity from coplanar measurement on Corning Eagle 2000
glass substrate is around 1.5�10−5 S cm−1. The deposition
rate is 1.6 Ås−1 and, for the device application, a thickness
between 75 and 100 nm has been deposited. The refractive
index is calculated as n�2.4 in the infrared wavelength re-
gion and the absorption coefficient ��� at 2 eV lies around
1.5�105 cm−1 from PDS measurement for the SiOx film.
Further information regarding the deposition conditions and
the layer properties of SiOx could be found elsewhere.5 In
the fabrication of p-i-n solar cells, the glass substrates are
used in superstrate configuration. The standard solar cellsa�Electronic mail: c.das@fz-juelich.de.
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are deposited on ZnO coated glass, where the ZnO is texture-
etched with HCl.8 The solar cells have been fabricated fol-
lowing a device design: glass /ZnO�texture etched� /
a-Si�p-i-n� /�c-Si�p-i-n� /ZnO /Ag. The silicon thin films
have been deposited by PECVD technique. In case of the
solar cells with ARL, the TiO2 layer has been deposited on
the texture-etched ZnO and covered with a very thin film of
ZnO ��10 nm� to protect it from H2 plasma reduction pro-
cess during the exposure to PECVD silicon deposition.3 In
case of the solar cells with IRL, the SiOx layer has been
deposited at the n / p junction of two consecutive p-i-n sub-
cells. The cells have been measured under 1 sun, AM 1.5
illumination. The quantum efficiency and, thereby, the inte-
grated Jsc have been calculated for the top and bottom com-
ponent cells at short-circuit conditions with AM 1.5 spec-
trum. The lowest current between that from the two
component cells has been considered as the Jsc of the solar
cells and accounted for the efficiency calculations. The sum
of the currents from the top and bottom component cells is
considered as the “total current” from the device in some
discussions.

In the Table I, performance of the a-Si /�c-Si solar cells
has been given for the standard one, the one with ARL, the
one with IRL, and the one with both ARL and IRL. In case of
the cells with optical layers, the layers have been incorpo-
rated as additions into the standard cell configuration. In the
first step of this device design approach, ARL has been in-
corporated in the standard cell following the device design:
glass /ZnO�texture etched� /TiO2 /ZnO�10 nm� /a-Si�p-i-n� /
�c-Si�p-i-n� /ZnO /Ag. The quantum efficiency curves for
the component cells are shown in Fig. 1, where the total
quantum efficiency as the sum of individual quantum effi-
ciencies of the component cells is also depicted. In case of
the cell with ARL, the quantum efficiency of the top cell

decreases in the region of wavelength �500 nm and in-
creases slightly in the region �500 nm, which results a drop
in Jsc of the top cell by 2%. However, the quantum efficiency
of the bottom cell increases in the wavelength region from
500 to 1000 nm and results 7% increase in the Jsc of the
bottom cell compared to the standard one. The total current
increases from 22.4 to 23.0 mA cm−2, which is due to the
increase of the quantum efficiency in the long wavelength
region in spite of the decrease in short wavelength region for
the a-Si /�c-Si cell.

In the next step, IRL has been incorporated in the device
following the design: glass /ZnO�texture etched� /a-
Si�p-i-n� /SiOx�n� /�c-Si�p-i-n� /ZnO /Ag and the perfor-
mance of the a-Si /�c-Si solar cell is given in the Table I.
The quantum efficiency curves are shown in Fig. 2 for the
cell with IRL and compared with the standard one. The quan-
tum efficiency improves for the top cell with introduction of
IRL and the most pronounced improvement is in the wave-
length region from 550 to 750 nm. The Jsc of the top cell
increases by 4% in this case compared to the standard one.
On the other hand, the quantum efficiency of the bottom cell
decreases for the cell with IRL and the Jsc of the bottom cell
drops by 6% compared to the standard cell. Similar loss of
current is also observed in the reports dealing with SiOx
based IRL.5,6 As a result, with application of the IRL, the
total quantum efficiency curve shows a decrease in the
longer wavelength and the total current decreases from
22.4 to 22.1 mA cm−2 compared to the standard cell.

In the final step, both the ARL and IRL have been incor-
porated in the device design as follows: glass /ZnO�tex-
ture etched� /TiO2 /ZnO�10 nm� /a-Si�p-i-n� /SiOx�n� /�c-Si
�p-i-n� /ZnO /Agand the performance of the solar cell is
shown in the Table I. The quantum efficiency curves are

TABLE I. Performance of a-Si /�c-Si double junction cells for the standard, with ARL, with IRL, and with
both ARL and IRL showing subcell Jsc obtained from quantum efficiency measurements.

Voc �V� FF

Jsc �mA cm−2�

� �%�Top Bottom

Standard 1.41 0.73 11.0 11.4 11.3
ARL 1.42 0.72 10.8 12.2 11.0
IRL 1.42 0.71 11.4 10.7 10.8

ARL and IRL 1.42 0.74 11.5 11.2 11.8

FIG. 1. �Color online� Quantum efficiency curves for the component top and
bottom cells �black lines� and total quantum efficiency as the sum of that of
the top and bottom cells �gray lines� for the a-Si /�c-Si standard cell and the
cell with ARL.

FIG. 2. �Color online� Quantum efficiency curves for the component top and
bottom cells �black lines� and total quantum efficiency as the sum of that of
the top and bottom cells �gray lines� for the a-Si /�c-Si standard cell and the
cell with IRL.
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shown in Fig. 3 for the cell with both ARL and IRL and
compared with the standard one. The quantum efficiency of
the top cell improves over the 500–750 nm wavelength
range and results in a 5% increase of the Jsc of the top cell.
The slight variation in quantum efficiency in the wavelength
range of �400 nm could be attributed to the small difference
in p-layer thickness from one cell to another. The quantum
efficiency of the bottom cell decreases to some extent around
700 nm and corresponds to only a 2% drop in the Jsc of the
bottom cell. Thus, with application of both the ARL and IRL
in the device, the Jsc of the top cell increases from
11.0 to 11.5 mA cm−2 and the drop of Jsc of the bottom cell
due to sole application of IRL is almost recovered. The total
quantum efficiency of the cell shows a net improvement in
the wavelength range of 500 –650 nm as shown in Fig. 3
and this results in an increase of total current from
22.4 to 22.7 mA cm−2 compared to the standard cell. In the
present work, the incorporation of the both ARL and IRL
results in an efficiency of 11.8% with a Jsc limited by that of
the bottom cell, compared to the standard cell of efficiency
11.3% with a Jsc limited by that of the top cell. To visualize
the effect of applications of the ARL and IRL, the Jsc of the
subcells and the sum of the Jscs of the subcells have been
plotted in Fig. 4 against each device design. In Fig. 4, it is
exhibited that even starting from an already optimized
a-Si /�c-Si cell with a high Jsc of 11 mA cm−2, further im-
provement of Jsc is possible with application and proper
combination of antireflection and intermediate-reflector lay-
ers. Thus, with both the ARL and IRL in the device, the
improvement of Jsc of the top cell, maintaining almost the
same Jsc from the bottom cell, enables one to either reduce
the a-Si active layer thickness of the top cell or to increase
the active �c-Si layer thickness of the bottom cell for further
improvement of the stability of the a-Si /�c-Si solar cell.

In conclusion, the TiO2 as ARL and SiOx as IRL have
been developed by sputtering and PECVD processes, respec-
tively, and incorporated into the superstrate a-Si /�c-Si solar

cell design. The combined application of the optical layers
has been demonstrated to improve the current from the top
a-Si cell and to minimize the loss of current from bottom
�c-Si cell so that the sum of the top and bottom cell current
increases too. Thus, with application of antireflection and
intermediate-reflector layers as a constructive combination,
an efficiency of 11.8% has been achieved from an
a-Si /�c-Si solar cell with total Si layer thickness less than
2 �m.
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FIG. 3. �Color online� Quantum efficiency curves for the component top and
bottom cells �black lines� and total quantum efficiency as the sum of that of
the top and bottom cells �gray lines� for the a-Si /�c-Si standard cell and the
cell with both ARL and IRL. FIG. 4. The short-circuit current density �Jsc� of the top cell, bottom cell,

and the sum of the Jscs of the top and bottom cells against each device
design: standard, with ARL, with IRL and with both ARL and IRL. The lines
drawn in the graph are guides to the eyes.
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