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ABSTRACT

The first successful deposition of 'micromorph’ silicon tandem solar cells of the n-i-p-n-i-
configuration is reported. In order to implement the 'micromorph’ solar cell concept, four ke
elements had to be prepared: First, the deposition of mid-gap, intrinsic microcrystalline silict
(uc-Si:H) by the 'gas purifier method', second, the amorphous silicon (a-Si:H) n-i-p sing
junction solar cell, third, the microcrystalline silicon n-i-p single junction solar cell and fourth
the ability of depositing on aluminium sheet substrates.

All the solar cells presented have been deposited on flat aluminium sheets, using a single l¢
antireflection coating to couple the light into the cell. It is shown, that this antireflectior
concept- together with a flat substrate- holds for amorphous single junction solar cells, bu
reaches its limit with the extended range of spectral response of the 'micromorph’ cell.

The best initial efficiencies for each category of n-i-p cells on flat substrates were: 8.7% for t
amorphous silicon single junction cell, 4.9% for the microcrystalline silicon single junction cel
and 9.25% for the 'micromorph’ tandem cell.

INTRODUCTION

The mixed amorphous / microcrystalline tandem solar cell concept was introduced in 1994
by our group (IMT). These so-called 'micromorph’ cells are 'real' tandem cells, employing tv
materials of a different optical gap for the top and the bottom cell (1.7eV and 1eV, respective
[2]). The enhanced infrared absorption and the lack of light-induced degradation [3] of tt
microcrystalline silicon are successfully combined with the highdf the amorphous silicon
solar cell. This lead sofar to solar cells of the p-i-n-p-i-n superstrate structure on classical T(
on glass of a confirmed stabilised efficiency of 10.5% [4].

Conceptionally, cells of the p-i-n deposition order are limited to transparent substrates like gl
or some (rare!) highly transparent and temperature resistant polymers, as the light always er
the cellthroughthe substrate in this configuration. To be able to use a wider choice-of sul
strates, including opaque metal sheets, the inverse n-i-p deposition order has to be appliec
this case, the light enters the cell from the 'top’ side, i.e. the side opposite to the substrate.
advantage of the n-i-p configuration is the better control of the delicate <p>/<i>-interface, as
is deposited last, on the opposite side of the nucleation base [5]. Microcrystalline window layz
are used more successfully in the n-i-p structure than in p-i-n cells, leading todatghlifes

even without any buffer layer. In this study aluminium sheets are used as substrates. The |
term goal is the direct integration of silicon thin film solar cells into a type of facade censtruc
tion elements, which consists of an aluminium-polymer compound. This type of facac
construction elements- but without the incorporated solar cell- is a standard commercial prod
of which millions of square meters have been sold [6]. Aluminium has also been chosen for
ductility which offers the (not yet employed) possibility of controlled geometrical texturing for



improved light-trapping, allowing to deposit thinner and therefore more stable a-Si:H sol:
cells.

EXPERIMENT AND RESULTS

Amorphous silicon n-i-p single junction solar cells

To be able to deposit a-Si:H solar cells @mmercialaluminium sheets, as was our aim,
several substrate-related problems had to be solved. Metal diffusion from the substrate or fr
the back contact had to be suppressed by an antidiffusion layer, as is reported elsewhere
Surface topography of the aluminium sheets turned out to be a hard problem. The surface of
metal sheet has to be treated in an appropriate way to avoid 'pinholes’ in the solar cells o
general to get high values of parallel resistance.

In the n-i-p configuration the top contact is deposited last. A thin film of Indium Tin Oxide
(ITO) can serve as electrical contactd antireflection (AR) coating at the same time. An anti
reflection coating is always optimised for a certain wavelength and has a certain 'spectral wid
i.e. a range of wavelength, where the reflectivity is actually reduced. In our first case, the f
cell of amorphous silicon, the minimum of reflection is set to 550nm and the important rang
(with respect to the spectral response curve of the cells) from 400 to 700nm is more or |
covered. The excellent coupling of the most important green light (reflectivity near 0%) moil
than compensates the losses at the borders of the spectral range of the AR coating, where :
of the blue and some of the red or infrared light is reflected. A flat cell of a thickness of 0
microns with a good back reflector and the presented AR coating, but without any further lig
trapping, furnishes about 15mA/érat Isc conditions. It has an efficiency of more than 8%.

Figure 1. Reflection of an ITO
antireflection coating on a-Si:H on a
flat aluminium sheet vs. wavelength.
""""""""""" The optimum in this example is set to
---------------------- e A about 500nm.
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Microcrystalline silicon n-i-p single junction solar cells

Microcrystalline silicon, deposited without special precaution, has an n-type character. Foi
long timepc-Si:H was therefore not considered to be a potential candidate for an absorbil
<i>-layer in a solar cell. By the 'microdoping' approach [8], a first microcrystalline 'mid-gap
material could be realised and first entirely microcrystalline silicon solar cells were deposite
In the meantime, it could be shown that the use of a gas purifier can replace the quite unrelic
technique of 'microdoping' [9, 10]. In the p-i-n configuration on textured glass / TCO substrate
efficiencies of 7.7% have been achieved by our group [9].

First entirely microcrystalline n-i-p cells on aluminium substrates have been deposite
Microcrystalline cells are very sensitive to contamination of the <i>-layer; as the pronounce
effect of the gas purifier prooves. It is therefore surprising, that the same antidiffusion schen




as has been introduced for the (less sensitive) amorphous silicon cells, also holdg¢er the
Si:H cells. The low contamination level allows one to deposit thick cells of up to 4 microns t
obtain high short circuit currents. (Microcrystalline material deposited by the 'microdoping
technique limited the thickness of the cell to 2 microns [9].)

The absorption range of the microcrystalline cell is extended towards higher wavelengt
compared to amorphous cells. kar-Si:H solar cells, the thickness of the ITO antireflection
layer should therefore be optimised to have its minimum of reflection at a higher waveleng
than for a-Si:H cells. For the flat single junction microcrystalline cell of 4 microns thickness
with a good back reflector and an ITO AR layer, but without any further light trapping, ¢
current density of 24 mA/ctnhas been measured. The best efficiencypaf-8i:H n-i-p cell on

an aluminium substrate was sofar 4.9%.

The microcrystalline silicon deposited by Very High Frequency -Glow Discharge (VHF-GD
has an enhanced absorption coefficient. Its absorption over the whole important wavelen
range is higher than the absorption of crystalline silicon. The reason for the high absorptior
still under discussion: strain-induced change of the absorption, the high relative number
silicon atoms at grain boundaries and light scattering within the film are probable explicatiol
[11,4].

The films have a columnar structure [9] and- under certain deposition conditions- a 'milk
aspect. Further research should show, which factor of the deposition conditions is respons
for a higher or for a lower scattering coefficient of the films. For the solar cells presented,
microcrystalline material with high light scattering has been chosen. The comparison of t
spectral response curve of an amorphous and a microcrystalline single-junction cell (figure
circles and squares) shows much more important interference fringes for the a-Si:H cell than
the puc-Si:H cell; the substrate is a flat aluminium sheet in both cases. The light seems to
scattered within the microcrystalline film, thereby reducing the effect of interference. (Th
rougher surface of the microcrystalline film compared to an amorphous film, however, cou
also be responsible for reduced interference). Scattering could act as 'internal’ light trappi
enhancing the optical thickness of the cell, and this might be an important advantage
microcrystalline films. Deposition conditions could be optimised to get the highest scattering
the infrared light. (Note, however, that light scattering can only work on the fraction of th
light, which has actuallgnteredthe solar cell. It has no effect on therfaceof the cell. An
effective AR coating still remains important.)

One drawback of the microcrystalline silicon <i>-layers is the rather low deposition rat
(typically 1.2 A/sec for VHF-GD), combined with the fact, that the cells are about 10 time
thicker than their amorphous counterparts. Economic production needs short deposition tinm
For this reason, a big effort was undertaken to raise the deposition rate. The cells, which
presented here, were deposited at a rate of 4.3 A/sec [12] and ongoing research promises
higher deposition rates (9.4 A/sec are reported in [13]).

'Micromorph' silicon n-i-p-n-i-p_heterojunction solar cells

All the individual elements (a-Si:H n-i-p celic-Si:H n-i-p cell and a tested substrate) were

first tested and the whole 'micromorph’ cell had then to be 'put together'. The two cells we
deposited in different deposition chambers and the samples were transferred at the air. Si
samples were even stored for one or two weeks between the two depositions. The inevite
native oxide layer on the bottom cglictSi:H) was not removed before deposition of the top

cell (a-Si:H). Still, the tunnel junction between the two cells of the tandem worked well, an
reasonable values of series resistance were measured. Both of the two adjacent layers o




tunnel junction (<p> of the bottom cell and <n> of the top cell) are microcrystalline layers,
combination which has been reported to be favourable for tunnel junctions [14].

First attempts to deposit the 'micromorph’ solar cells were promising, leading to an initi
efficiency of 9.25% on a flat substrate.

The 'micromorph’ cell is a real tandem cell, employing materials of a different gap for the tw
cells. The advantage is, that a wider wavelength range of the sun's spectrum can be used b
cell. The 'micromorph’ cell is sensitive from 350nm up to more than 1000nm. The wide
absorption range, however, forms a more stringent requirement for the antireflection conce
Our structure (a flat cell with a single layer AR coating) reached its limits. The wavelengt
range, which is covered by the ITO single layer AR coating is too small for the 'micromorp
cell. Possibilities to resolve this problem would be (expensive?) multilayer AR coatings with
wider range or combinations of the single layer AR coating with other light trapping feature
Rather wide V-grooves in the substrate with an angle ©&8the bottom, conformally covered
with the solar cell [15,16], for instance, would give every reflected photon a second chance
be coupled into the cell, leading to higher short circuit currents. The reflectivity R for eac
wavelength would be the square of its value without light trapping. (For example: if R at
certain wavelength without V-groove is 20%, then R with V-grooves 9i920% x 20% =
4%).

Typically, the optimisation of a tandem cell (p-i-n-p-i-n on glass / TCO) is a problem of twc
variables: the thickness of the top and the thickness of the bottom cell. The two thicknes:
have to be adjusted to have equivalent currents in both cells; the top cell has to be thin eno
to let enough light pass for the bottom cell. In our case, we can playesvariables: the
thickness of the top cell, the thickness of the bottom cell and the thickness of the ITO layer. T
last parameter moves the 'window' for best coupling of the light into the cell more towards o
or more towards the other cell.

The first depositions showed that, for the current matching, we can aim on 24#of/mtal
current at §c conditions, i.e. 12mA/c#nfor the top cell and 12mA/c#for the bottom cell. This
total current is limited by the AR range of the ITO layer.

Sofar, the d-values of bottom and top cell were not yet balanced (11.1 / 13.1mMAMith a
Voc Of 1.24V and a fill factor of 67.3% this still counts up to 9.25% initial efficiency. (With
equal currents of 12.1 mA/chan initial efficiency of 10% would have been reached).

No degradation experiments have been done with these cells as yet. Still, it is obvious that
confront the same problem as has been described for the p-i-n-p-i-n cells in [3]: The micl
crystalline bottom cell can reach very high current levels. Therefore the amorphous top ct
which does not profit of the back reflector as it does in a single junction device, must be ratt
thick to furnish the same current as the bottom cell in the tandem device. In our case, the
cell must have a thickness of about 3500A to deliver 12 mAAtrk conditions. Cells of this
thickness still suffer from pronounced degradation. (Note: only the top cell has to be considel
for degradation, microcrystalline cells have shown to be stable even under very stro
illumination [9]). In order to reduce deadation of the device, thinner amorphous cells would
be preferable. Solutions like an interior mirror layer between the two cells to reduce tt
thickness of the top cell are discussed in [3]. The same concepts could be applied in the n-
n-i-p configuration.
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CONCLUSIONS

Several elements were needed for the successful deposition of the first ‘'micromorph’ solar ¢
of the n-i-p-n-i-p configuration on flat aluminium sheets: First, the deposition of mid-gap, in
trinsic microcrystalline silicon by the 'VHF-GD/gas purifier method', second, the amorphot
n-i-p single junction solar cell, third, the microcrystalline n-i-p single junction solar cell anc
fourth, the experience of depositing on aluminium sheets. ‘Micromorph' solar cells of-an ef
ciency of 9.25% could be realised, and this even without matched currents. It was found, t
the tunnel junction between the two cells works well without any optimisation. From an optici



point of view, it seems that light scattering within the microcrystalline bottom cell acts a
‘internal light-trapping’, enhancing the optical thickness of the flat solar cells. On the other hat
the applied single-layer antireflection coating has too small a spectral range for this type
solar cells, as these cells arestve to a wide spectral range of light from 350nm to more than
1000nm. Therefore, a multilayer AR coating or supmatary light trapping schemes would be

needed to take advantage of the full range of light, to which the 'micromorph’ cell is sensitive.
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