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We show that SiO-based intermediate reflectors �SOIRs� can be fabricated in the same reactor and
with the same process gases as used for thin-film silicon solar cells. By varying input gas ratios,
SOIR layers with a wide range of optical and electrical properties are obtained. The influence of the
SOIR thickness in the micromorph cell is studied and current gain and losses are discussed. Initial
micromorph cell efficiency of 12.2% �Voc=1.40 V, fill factor=71.9%, and Jsc=12.1 mA/cm2� is
achieved with top cell, SOIR, and bottom cell thicknesses of 270, 95, and 1800 nm, respectively.

A micromorph tandem solar cell consists of a high-gap
amorphous �a-Si:H� top cell and a low-gap microcrystalline
silicon ��c-Si:H� bottom cell stacked on top of each other.
The thickness of the a-Si:H cell has to be kept reasonably
thin to minimize the impact of light-induced degradation,1

and its current, therefore, generally limits the current of the
tandem device. To overcome this issue, an intermediate re-
flecting layer �IRL� can be introduced between the two cells
to increase the current of the top cell.2 For an intermediate
layer to act as a reflector, its refractive index n must be lower
�typically nIRL�2� than that of silicon �nSi=3.8 at 600 nm�
such as to produce a refractive index step that causes the
reflection of light at the material interface. The layer which
serves as IRL is required to be sufficiently conductive to
avoid blocking current and as transparent as possible to mini-
mize the current losses due to absorption of light outside
the active layers. In the first attempts to realize this inter-
mediate reflector, zinc oxide �ZnO� has been used.2–4 In a
recent study, the top-cell current could be increased by
2.8 mA/cm2, using a 110-nm-thick ZnO IRL with a
180-nm-thick top cell.3 When considering industrialization,
there are, however, two main drawbacks of ZnO-based IRL:
the need for an additional ex situ deposition step and an
additional laser scribe for monolithic series interconnection
to avoid lateral shunting of solar module segments.5 Another
group reported in situ fabrication of a different IRL but with-
out specifying the material used.6 In this paper, we propose
the preparation of an IRL based on a “doped silicon oxide”
material fabricated by plasma enhanced chemical vapor
deposition �PECVD� in the same reactor as the solar cells.
We demonstrate that it is possible to produce such a SiO-
based intermediate reflector �SOIR�, with a refractive index
close to 2 and electrical properties suitable for incorporation
into micromorph devices.

The SiO-based layers are deposited by very-high fre-
quency PECVD at 110 MHz, 200 °C, and with a power den-
sity of 0.01–0.1 W/cm2. Optical and electrical characteriza-
tions are performed on �100-nm-thick layers deposited on
glass. Optical reflectance and transmittance are measured
with a Perkin-Elmer photospectrometer, type lambda 900,
within a spectral range from 320 to 2000 nm. The refractive

index n and the absorption coefficient � are estimated by
fitting the transmittance and reflectance spectra with dedi-
cated software.7 For electrical characterization, aluminum
contacts are evaporated onto the samples and the in-plane
dark conductivity is measured as a function of temperature
after an annealing in vacuum for 1 h 30 min, at 180 °C. The
silicon crystalline fraction is measured by Raman spectros-
copy with a laser at a wavelength of 514 nm and evaluated
as described by Droz.8 The p-i-n micromorph cells are either
deposited in a KAI-S deposition reactor or in a smaller labo-
ratory system by PECVD on a rough front ZnO layer, de-
posited by low-pressure chemical vapor deposition.9 The
intrinsic layer thicknesses are between 250 and 270 nm
for the a-Si:H and 1800 nm for the �c-Si:H cell. The
SiO-based layers incorporated in the micromorph solar
cell are deposited with gas flow ratios of PH3/SiH4=0.024
and CO2/SiH4=2.7. n-type doping by phosphorous is
chosen since n-type doping is usually more efficient than
p-type doping. The cells are patterned to an area of 1.2 cm2.
The absorbance A is calculated from the reflectance R by
A=1−R, since the transmittance is zero due to the opaque,
nonconducting back reflector used for the solar cells. The
short-circuit current density �Jsc� of the solar cells is calcu-
lated from the measurement of the external quantum effi-
ciency �EQE� curve, by integrating, over the wavelength
range from 350 to 1100 nm, the product of EQE times the
incoming photon flux of the AM1.5g solar spectrum. The
current density–voltage curves are measured under a dual
lamp WACOM solar simulator in standard test conditions
�25 °C, AM1.5g spectrum, and 1000 W/m2�.

Figure 1 shows the refractive index n and the absorp-
tion coefficient � versus the CO2/SiH4 gas flow ratio
at a wavelength of 600 nm. n decreases from 3 to 1.95 as
the CO2/SiH4 gas flow ratio increases from 0.5 to 6. For
the same range, � decreases from 1�104 down to 2
�103 cm−1, which, for a 100-nm-thick layer, corresponds to
a decrease in absorbance from 10% to 2%. For a typical
SiO-based layer as incorporated in the micromorph cells, n is
below 2.2 for the wavelengths above 500 nm, which corre-
sponds to the part of the solar spectrum that reaches the IRL.

For a fixed CO2/SiH4 gas flow ratio of 1.6, the conduc-
tivity of the deposited layers is increased by ten orders of
magnitude by increasing the PH3/SiH4 ratio from 2‰ toa�Electronic mail: peter.buehlmann@unine.ch
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24‰, as shown in Fig. 2. Conversely, the conductivity is
reduced by the same magnitude when increasing the
CO2/SiH4 from 1.6 to 3 with fixed PH3/SiH4 ratio of 24‰.
Similar results have been previously observed for doped
a-SiOX :H layers.10

Figure 3 shows the EQE and absorbance of micromorph
cells deposited in one deposition run with SOIR layers of
different thicknesses. The difference in EQE due to the dif-
ferent SOIR thicknesses can be observed for wavelengths
above 500 nm, as shorter wavelengths are absorbed in the
top cell. The EQE of the top cell increases between 500 and
800 nm with increasing SOIR thickness, leading to a current
gain in the a-Si:H cell of 1.0 mA/cm2 for a 95-nm-thick
SOIR. In the same spectral range, the EQE of the bottom cell
decreases due to a reduced light intensity reaching the bot-
tom cell, decreasing its current by 1.5 mA/cm2. Interfer-
ences fringes can be observed in the sum of EQEs
�EQE_top+EQE_bottom� as well as in the absorbance of the
device. With an optimized front ZnO layer and a SOIR thick-
ness of 95 nm, a 1.2 cm2 micromorph cell deposited entirely
in the same reactor reaches an initial efficiency of 12.2%
�Fig. 4�. In comparison, the same cell without SOIR would
have a Jsc of �11 mA/cm2 and an initial efficiency around
11.2%.

The main challenge for SOIR reflectors is to maintain a
sufficiently high electrical conductivity while reducing as
much as possible n and � by incorporating oxygen into the
Si films. The SOIR layers used in the micromorph devices
have a low conductivity of 10−9 S/cm as measured on glass

in coplanar configuration, regardless of illumination. For lay-
ers with conductivities below 10−5 S/cm, we measure a sili-
con crystalline fraction between 2% and 10%. These values
are too low to increase in-plane conductivity by percolation
through doped Si nanocrystallites. However, the micromorph
cells using the SOIR with low in-plane conductivity of
10−9 S/cm show only a moderate increase in series resis-
tance of �2 � cm2, which is remarkably lower than the
104 � cm2 that can be expected from the measured in-plane
conductivity. This difference between the in-plane conductiv-
ity measured on glass and the perpendicular conductivity of
the layer in the cell is likely due to the growth of microcrys-
talline Si grains, as detected in the Raman spectroscopy mea-
surements, penetrating through the SiO-based layer. In the
cell, their growth is enhanced from the beginning of the film
by the underlying �c-Si:H doped layer, which allows the
creation of high-conductivity passages across the SOIR.
Hence we postulate the existence of a low conductivity
amorphous SiO matrix, with a high transversal conductivity,
i.e., conductivity approximately perpendicular to the sub-
strate’s plane, created by the crystalline Si phase. Con-
versely, the low in-plane conductivity of the SOIR with re-
spect to ZnO IRL ��ZnO_IRL=2�102 S/cm� is actually a
desired property because it eliminates the need for an addi-
tional insulating laser scribe after the deposition of the IRL,
facilitating therefore the serial interconnection.5 In addition,
possible shunts in the top or the bottom cell are laterally

FIG. 3. EQE and absorbance of micromorph cells deposited in the KAI-S
reactor without IRL �---� and with SOIR layers with different thicknesses
�light gray=40 nm, and gray=62 nm, and black=95 nm�.

FIG. 4. Initial J-V characteristics of a micromorph cell with 95 nm SOIR
deposited in a small laboratory system.

FIG. 1. Refractive index n and absorption coefficient � at 600 nm of SiO-
based layers estimated by fitting transmittance and reflectance spectra �full
symbols� and ellipsometry measurements �empty circles�.

FIG. 2. In-plane dark conductivity � at room temperature of SiO-based
layers deposited on glass vs CO2/SiH4 gas flow ratio. PH3/SiH4=0.024 for
��� and 0.002 and 0.008 for ���.
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isolated and therefore do not drain current from large cell
areas.

The presence of the intermediate reflector leads to a cur-
rent gain in the top cell ��Jsc_top� and to a current loss in the
bottom cell ��Jsc_bottom�, as represented in Fig. 5. This trans-
fer of current from the top to the bottom cell increases with
the SOIR thickness up to �100 nm where it reaches a
plateau.3 The difference between −�Jsc_top and �Jsc_bottom
represents the total loss of current in the whole device with
respect to the cell without intermediate reflector. From the
absorbance measurements shown in Fig. 3, we can calculate
the current loss caused by the increased total reflectance with
increasing SOIR thickness. We can therefore split the total
loss of current in Fig. 5 into two parts: loss by increased
reflectance and loss by optical absorption in the doped Si
layers and the SOIR. The loss by absorption is mostly due to
a thick n-doped Si layer that is used for this thickness series.
For the best cell presented above, the doped layer thick-
nesses are decreased without significantly affecting Voc or fill
factor. By further tuning the properties of SOIR and device
optimization, a reduction of all losses should be realizable
and current gains as high as those reported for ZnO IRL
should be achievable.

In summary, we have succeeded in fabricating and in-
corporating into micromorph devices SiO based layers with
optical and electrical properties suitable to act as intermedi-
ate reflectors. The layers have a low refractive index between

2 and 2.4 at 600 nm and a low absorption as measured on
glass. The layers are mixed phase and their conductivity per-
pendicular to the substrate is sufficiently high to permit un-
perturbed electrical functioning of the micromorph cell. The
lateral conductivity is significantly lower than the conductiv-
ity of ZnO IRL, which reduces the negative impact of pos-
sible shunts and facilitates the series interconnection by laser
scribing. The SOIR layers are produced in the same reactor
as state of the art p-i-n solar cells, which eases the fabrica-
tion procedure and leverages the potential for cost reduction.
So far, the best micromorph cells with incorporated SOIR
entirely produced in the same reactor have an initial effi-
ciency of 12.2%, which represents a relative increase of 8%
over the same cell without IRL.
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FIG. 5. �Jsc_top and �Jsc_bottom with different SOIR thicknesses. The gray
surface between −�Jsc_top and �Jsc_bottom represents the total loss of current.
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