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The micromorph solar cell �stack of amorphous and microcrystalline cells� concept is the key for
achieving high efficiency stabilized thin film silicon solar cells. We introduce a device structure that
allows a better control of the light in-coupling into the two subcell components. It is based on an
asymmetric intermediate reflector, which increases the effective thickness of the a-Si:H by a factor
of more than three. Hence, the a-Si:H thickness reduction diminishes the light induced degradation,
and micromorph tandem cells with 11.2% initial and 9.8% stabilized efficiencies �1000 h, 50 °C,
and 100 mW /cm2� are made on plastic substrates with Tg�180 °C. © 2009 American Institute of
Physics. �DOI: 10.1063/1.3079414�

Thin film silicon solar cells are promising candidates for
low cost photovoltaic energy.1 The efficiencies of single
junction thin film silicon solar cells are continuously
increasing.2 Nonetheless, the energy band gap of the ab-
sorber layer determines both the maximum voltage and the
maximum quantity of light absorption, and their inherent
correlation limits the maximum conversion efficiency of
single junction solar cells.3 The concept for avoiding the
trade off between voltage and absorption is the introduction
of tandem cells with different energy band gaps. Therefore,
the micromorph tandem solar cells,4 composed of an amor-
phous �a-Si:H� top cell and a microcrystalline ��c-Si:H�
bottom cell, are key for achieving high efficiency stabilized
thin film silicon solar cells. The challenge with this tandem
structure is to increase the short circuit current densities �Jsc�
in both cells while keeping a thin top absorber in order to
limit the light induced degradation.5 One widely used solu-
tion in the superstrate configuration �p-i-n� is to introduce a
thin intermediate reflector �IR�6 which enhances the Jsc of the
top cell without the need of increasing its absorber layer
thickness. The IR has a lower index of refraction �1.5�nIR

�2.2� than Si �nSi�4� and reflects the light in the top cell.
In situ IRs made from silicon oxide �SOIR� �Ref. 7� or sili-
con nitride8 and ex situ zinc oxide IRs �Ref. 9� have been
reported to be very effective and are already implemented in
complete products.10 Nonetheless in the substrate configura-
tion �n-i-p� useful for opaque substrate, the problem of high
efficiency micromorph tandems with elevated Jsc in the top
cell is not yet solved because of the difficulties involved in
obtaining high Jsc in both subcell components. The solution
so far has been triple junction solar cells with low band gap
a-SiGe where the absorption is distributed into three thin
cells.11 However, such devices are more complex. In this
paper, we consider the simpler case of two junctions, and we
introduce an asymmetric IR �AIR�, which allows one to
separate the in-coupling of the light between the two subcells
of n-i-p micromorph tandem solar cells.

Enhanced absorption in a-Si:H and �c-Si:Ha and pro-
duction throughput require the implementation of light trap-

ping schemes in thin film silicon devices. This is usually
performed by scattering of the light by a texture at the optical
interfaces of the device. This scattering occurs when the ef-
fective wavelength corresponds to the feature size of the tex-
ture, and a difficulty arises from the wide spectral range of
absorption of the tandem cells �350–1100 nm� and from the
fact that the light trapping regions for the two subcells are
different. Furthermore, the ideal structure for the growth of
�c-Si:H solar cell has a texture with soft or U shape mor-
phology and feature size larger than 1 �m,12 whereas the top
cell is usually less sensitive to the substrate morphology and
requires a feature size around 300 nm.13 An unwanted effect
in the n-i-p micromorph tandem is that the deposition of
�c-Si:H material flattens the initial substrate texture, which
reduces the amount of light scattering in the top cell, allow-
ing only one single passage through the amorphous cell as
shown in Fig. 1�a�. The symmetric or standard IR �SIR� �Fig.
1�b�� increases the light absorption in the top cell, but since
its interfaces are flat, only specular reflections occur on the
SIR and therefore its performances are limited. The AIR pro-
posed in Fig. 1�c� offers the possibility of splitting the light
trapping schemes effective in the two subcells. In fact, the
AIR restores and even adapts the texture to the ideal mor-
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FIG. 1. Design of n-i-p micromorph without IR �a�, with SIR �b�, and with
AIR �c�.
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phology for the a-Si:H top cell. The scattering effects at the
AIR/Si interfaces provide the optimum light in-coupling into
the top a-Si:H solar cells and thus boost the stabilized tan-
dem solar cells efficiencies, thanks to the thinning down of
the a-Si:H cell.

Two back contacts for n-i-p micromorph tandem solar
cells on glass substrate for reference and on plastic substrates
are presented in this paper. The solar cell shown in Fig. 2 is
deposited on polyethylene naphthalate �PEN� plastic foil
structured with a periodic sinusoidal two-dimensional cross-
grating with periodicity of 1.2 �m. Then, the back contact is
covered with 80 nm of silver and 60 nm of ZnO deposited by
sputtering at room temperature. The solar cell on glass
�Schott AF45� are covered with hot silver14 deposited by
sputtering at elevated temperature and 60 nm thin ZnO used
for optical matching and as a barrier layers.15 On top of the
back contact, a 2.8 �m thick �c-Si:H bottom cell is depos-
ited. Then the AIR consists of 1.6 �m of zinc oxide �ZnO�
deposited by low pressure chemical vapor deposition
�LP-CVD�, which results in a naturally textured growth16

with typical lateral size of 300 nm. Finally, a 180 nm thick
a-Si:H top cell and a transparent front contact of 3.8 �m of
LP-CVD ZnO is grown. The silicon layers are deposited by
very high frequency plasma enhanced CVD. The electrode
excitation frequency is 70 MHz, the deposition temperature
is 200 °C, and the main gases for the deposition are silane
�SiH4�, hydrogen �H2�, and methane �CH4�. Phosphine �PH3�
and trimethylboron are added for the n and p doped layers,
respectively. The typical cell size is 0.25–0.5 cm2. The total
reflection �R� from the solar cells is measured with a photo-
spectrometer �Perkin Elmer lambda 900� with integration-
sphere within a spectral range of 400–2000 nm. The Jsc is
calculated from the external quantum efficiency �EQE� mea-
surement by convolution with the AM1.5g solar spectrum
and integration over the wavelength range of 400–1100 nm.
The current-voltage �J-V� measurements are performed at
25 °C with a class A solar simulator �Wacom WXS-140S-
10�. From that J-V curve the Voc and fill factor �FF� are
obtained, and the Jsc is adjusted to the one found through the
EQE. This method avoids uncertainties in the determination
of the solar cell surface area. The cells are stabilized by light
soaking under Voc conditions for 1000 h at 50° and
50–100 mW /cm2.

The structure is designed with the aim of having a soft or
U shape morphology texture, which preserves the quality of
the �c-Si:H material, with large feature size that can effi-

ciently scatter the red light between 750 and 1000 nm in the
thick �c-Si:H layer. Then, the ZnO AIR has random tex-
tured morphology, which scatters efficiently the blue-green
light in the thin a-Si:H top cell, as described in Fig. 1. Fig-
ure 3 compares the effect of the three IRs in the EQE of
200 nm thick a-Si:H top cells, without IR, with SIR �100 nm
of SOIR, nSOIR=2�, and with AIR �1.5 �m of LP-CVD ZnO,
nAIR=1.8�. The Jsc of the top cell increases with the intro-
duction of the SIR by an absolute 0.7 mA /cm2, whereas the
AIR increases the Jsc by 2.7 mA /cm2. At 650 nm, the rela-
tive gain in the EQE is 60% for the SOIR and 220% for the
AIR. The effectiveness of the AIR configuration is related to
its well adapted texture. Indeed, Fig. 2 shows that �c-Si:H
smoothens the interface with the IR and that the surface
structure is not suited for inducing any light trapping in the
a-Si:H top cell. The AIR restores a random roughness,
which creates favorable light scattering for a-Si:H solar
cells17 since light is both scattered and reflected. A part of the
weakly absorbed light that is reflected by the AIR is also
out-coupled from the device. This effect is shown in Fig. 4
where the reflection from a micromorph tandem cell with
AIR is increased between 550 and 900 nm compared to cell
without IR. By integrating the difference in reflection, we
estimate losses of around 0.5 mA /cm2 due to this reflection
effect, which is a loss of only 2% with a total Jsc of
25 mA /cm2. Therefore, including the AIR is almost loss
free as also shown in Fig. 4 where the total Jsc of 3 �m
�c-Si–H is equivalent to the sum of Jsc of a tandem micro-
morph with 3 �m thick bottom cell. The AIR increases the
effective thicknesses of the a-Si:H layer, which is crucial for

FIG. 2. SEM micrographs of n-i-p micromorph solar cell with AIR between
the top and bottom cells. The cell is deposited on PEN plastic foil.

FIG. 3. EQE and reflection �1−R� of micromorph tandem cell with 200 nm
thick a-Si:H cells without IR, with SIR �SOIR�, and with AIR deposited on
glass covered with hot silver.

FIG. 4. �Color online� Reflections �1−R� plotted in the upper part compared
with micromorph tandem cells with AIR �gray line� and without AIR �black
line� deposited on glass substrates. EQEs compared with micromorph tan-
dem cells with AIR �gray line� and single �c-Si:H �black line� solar cells
with 3 �m thick absorber layers deposited on plastic foils.
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the light induced degradation of the a-Si:H cell and thus the
micromorph tandem cell. Indeed in Table I, the typical deg-
radation is 18% for a top cell of 300 nm, whereas the deg-
radation is limited to 8% for the cell with 140 nm and the
AIR. Therefore for the same absorbing light in the tandem
device, the AIR increases the stable performances relatively
by 10 % for n-i-p device, thanks to the thinner top a-Si:H
solar cell. Another advantage of the n-i-p configuration is its
applicability to flexible substrates. The next results focus on
n-i-p micromorph tandem cells on PEN low Tg ��180 °C�
foil as substrate. Using the concept of the AIR shown in Fig.
2, we made a micromorph n-i-p solar cell with initial effi-
ciency of 11.2% �1.34 V, 68%, 12.3 mA /cm2�, which stabi-
lizes at an efficiency of 9.8% �1.35 V, 64%, 11.9 mA /cm2�
after 1000 h of light soaking at Voc, 50 °C and
100 mW /cm2. The initial and stable J�V� curves are shown
in Fig. 5.

The idea of having a double structure with a diffractive
interlayer was proposed by numerical calculation for the
p-i-n configuration by Obermeyer et al.18 Nevertheless, the
technological tools are not yet available for this complex
p-i-n design. Our AIR in the n-i-p configuration avoids the
technological challenges, which are limiting the p-i-n de-
vices, and it offers an alternative to the complex triple junc-
tion devices.

In summary, we have fully implemented an AIR that
selectively scatters the blue-green light into the top cell,

whereas the scattering of the red light into the bottom cell is
achieved by the back reflector structure, which is applied to
the substrate. Such a structure can reach matched Jsc up to
almost 12 mA /cm2 in the stabilized state, which is a neces-
sary starting point for realizing 12% stable efficiencies in
micromorph tandem cells on low Tg plastic substrates
�assuming Voc of 1.4 V and FF of 71%�.
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TABLE I. Performance parameters of n-i-p micromorph tandem cells deposited on glass substrate with and
without AIR �stabilized parameters are given in brackets�. Both cells have been exposed to light soaking for
1000 h at 50 mW /cm2.

Thickness a-Si /�c-Si
��m�

Voc

�mV�
FF
�%�

Jtop

�mA /cm2�
Jbottom

�mA /cm2�
Efficiency

�%�
Deg.
�%�

0.3/1.2 �no IR� 1.35�1.34� 73�62� 10.7�10.3� 11.5�11.2� 10.5�8.6� 18
0.14/1.4 �AIR� 1.32�1.35� 74�69� 11.4�10.5� 10.6�10.2� 10.4 �9.5� 8

FIG. 5. J�V� curves of initial and stabilized n-i-p micromorph tandem with
AIR deposited on plastic substrates.
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