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ABSTRACT

This study addresses the optimization of different
optical components for the application in silicdrnt
film solar cells. Decreasing the carrier concerdrain
the front contact has proven to significantly irage the
guantum efficiency and the cell-current densitysiBes
that, an optically improved back reflector (emplayian
additional SiQ layer) and the optimized incoupling of
light into the device (employing a refractive-index
matching interlayer) was studied. In this contribatwe
show the potential of the different optical improwvent
possibilities as well as combinations thereof idewsrto
obtain a maximized cell-current density in optigall
optimized solar cells. Limitations of the cell-oemt
density are discussed with respect to theoretical
calculations.

1. INTRODUCTION

Silicon thin-film solar cells are promising candieis
for photovoltaic power generation in future. One
approach employs hydrogenated amorphous silicon
(a-Si:H) based active layers in single- or multigtion
solar cells. In superstrate configuration the dsll
illuminated through transparent conductive oxid€Q).
Due to the intrinsically low absorbance of siliconthe
long wavelength range, photon management is eatenti
The photon management comprises efficient couping
light into the device as well as light trapping it the
device. In general, the light trapping is achievad
combining front contact TCO with optimized propesti
as well as highly reflective back contacts. Besioeisg
transparent and conductive, the TCO has to sctitéer
light efficiently. This is an important way to enite
light trapping inside the p-i-n device. Howevereria
are still significant losses due to direct reflentiof the
light from the interface between TCO and silicore doi
mismatch of refractive index and due to parasitic
absorption of light in the front contact TCO espdgi
in the near infrared (NIR) wavelength range.

In this contribution, we study the significance of
different optical improvements. The influence o th
front-contact parasitic absorption, the refractiveex
matching at the front contact as well as an impdove

back reflector are studied in detail in microcrilsia
silicon solar cells with intrinsic silicon thickrnesof

1 um. The experimentally achieved quantum effigienc
is compared to calculations based on theoreticalalso
especially based on the work of Deckman et al. [1].
Finally, the model is used to estimate the potémtia
cell-current density in the case that differenticadt
improvement possibilities are combined.

2. EXPERIMENTAL

ZnO:Al films were prepared on Corning 1737 glass
by rf magnetron sputtering from ceramic ZnQ@{
target with 1 wt.% or 0.5 wt.% ADs, respectively. The
approximately 800 nm thick, initially smooth filnjot
mean square (RMS) roughness about 15 nm) became
surface-textured with typical RMS roughness of more
than 125 nm by wet-chemical etching in diluted
hydrochloric acid (0.5 % HCI). For refractive-index
matching at the front contact additional FZnO layers
were sputter deposited onto the etched ZnO:Al filith
thicknesses of 50nm and 10nm, respectively. Th& bac
reflector was improved optically by introduction af
thermally evaporated SiOlayer with thickness of
50 nm between back-contact ZnO and evaporated silve
Details of film preparation and characterizatiore ar
given elsewhere [2,3]. The light-trapping ability a
specific TCO film was characterized by applicatian
solar cells. Microcrystalline silicon (uc-Si:H) leng
were prepared using plasma-enhanced chemical vapor
deposition at 13.56 MHz excitation frequency in a
30x30 cm reactor. External quantum efficiencK)
was measured by differential spectral responsesit z
bias. From spectral response measurement the short-
circuit current density was estimated employing the
AM1.5 solar spectrum. Henceforth this calculated
current density is referred to as cell-current dgns

3.RESULTS

Different individual optical improvements have been
studied experimentally and are summarized in Téble
A reduction in front-contact carrier density was
achieved by decreasing the target doping concésrrat



from 1wt% to 0.5wt.%. This increased the
transmission of the front contact in the NIR spaictr
range considerably leading to an increase in agtent
density from 23.0 mA/cito 24.3 mA/criin case of an
pc-Si:H solar cell with intrinsic silicon layer tkness
(dis) of 1 um [2]. The substrate temperature during
sputter deposition had to be adjusted in order to
maintain a surface topography after wet-chemical
etching that is highly efficient for light scatteg [2].

In case of improving the incoupling of light intoet
solar cell by introducing a TE&ZnO bilayer between
front-contact TCO and silicon, the cell-current sign
could be increased from 22.9 mA/tio 23.7 mA/cm
[3]. Finally, in case of an optically improved back
reflector the cell-current density was increaseaimfr
22.9 mA/cn to 23.7 mA/crA.

Tablel. Cell-current density (in mA/cfh of
puc-Si:H solar cells d.s; = 1um) in case of ¢
increased front contact transmission, an addit
refractiveindex matching layer at the front coni

and an optically optimized back cont
respectively.
optimization reference improved
front contact 23.0 24.3
refractive index  22.9 23.5
back contac 22.¢ 237

While in case of the optically optimized front-
contact ZnO:Al the conversion efficiency of the asol
cell improved, in case of the other optical impnmeats
a deterioration of the electrical properties lecbterall
lower conversion efficiencies. Nevertheless, these
experimentally achieved results illustrate the ptigé
of further optical optimization.

Fig. 1 shows a measur&E (yellow area) and the
corresponding total cell absorption Rly) of a pc-Si:H
solar cell ¢i.s; = 1 um) with already improved front-
contact ZnO:Al transparency (0.5 wt.% target doping
concentration). Based on this the potential of hfeirt
optical improvements was studied employing a theory
by Deckman et al. [1] (see Fig. 1). Assuming a non-
absorbing front contact, the cell-current density i
estimated to posses an increase potential of 2./&mfA
(red area in Fig.1l). An optimization of the back
reflector (black) and the parasitic absorption e t
doped silicon layers (grey) have a potential
2.0mA/cnf and 1.4 mA/crh respectively. About
1.2 mA/cnt (green area) could not be unambiguously
assigned to a loss mechanism, but is most likeby tdu
reflection losses. A mismatch in refractive indexnbt
considered by the theory of Deckman et al. and we
found a considerable increase in the quantum effoy
in the spectral range 500 nm to 750 nm by introalyici

of

an antireflection coating between front-contact T&@
silicon (experiment summarized in Table ).
Nevertheless, the most significant and (within bieze
studied light-trapping scheme) unavoidable fraction
consists of primary (3.5 mA/cih and secondary
(8.4 mA/cn?) reflection losses.
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Fig. 1 Experimental QE and calculated optical

improvements based on a theory of Deckman etRl. [1

The theory of Deckman et al. was applied to
calculate a possible cell-current density by agpion
of the individual optical improvements (Table I)the
same time combined with an antireflection coatirfig o
the glass substrate. Based on these assumptiolt-a ce
current density of about 27 mA/én(d.s = 1 pm)
should be feasible.

4. CONCLUSIONS

Optically improved cell components were developed,
and the application of the different individual icpt
improvements was studied experimentally in thimfil
silicon solar cells. A combination of the optical
improvements was studied based on calculations. In
order to realize a cell-current density as high as
30 mA/cnf, it is estimated that an intrinsic silicon layer
thickness in the range of 2 um to 2.5 um will bedes.
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