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ABSTRACT 

Amorphous silicon p-i-n solar cells were deposited on 
“in house” developed LP-CVD zinc oxide and compared 
with commercially available SnOa (Asahi type U2) 
substrates. While for both front TCO materials 
comparably high values of the open circuit voltage (860- 
900 mV) and of the fill factor (72 - 74 %) were obtained, a 
remarkable enhancement of the short-circuit current 
density could be observed for LP-CVD ZnO substrates. 
Optical characterizations confirm for LP-CVD ZnO a more 
efficient light-trapping effect, as compared to SnOa. By 
applying this low-cost LP-CVD ZnO, a stabilized a-Si:H 
p-i-n solar cell efficiency of 9 % has been achieved. 

INTRODUCTION 

In order that the photovoltaic (PV) solar energy 
becomes a competitive and attractive alternative to non- 
renewable energy sources the fabrication costs per Watt 
peak (W,) have to come down. Although steady growth of 
the annual world-wide manufacturing volume has taken 
place and continuing, one observes at preserrt only a 
slight annual decrease in the costs of the modules. It has 
been predicted that thin-film solar cell concepts have the 
potential for a further massive reduction in the 
manufacture costs of PV modules, provided the 
manufacturing volume of a single plant is increased to 60 
MW/y [I]. Amorphous silicon (a-Si:H) technology was up 
to now the only thin-film concept, that has entered into 
large-scale production plants in turning out about 5 
MW/y. But already now a-Si:H modules are sold at lower 
prices than wafer-based crystalline silicon modules [2]. 
However, compared to crystalline silicon the efficiency of 
commercially available a-Si:H based solar cell modules 
suffer still from relative low efficiency. While in the 
research laboratory stabilized efficiencies over 13 % 
have been demonstrated for small-size cells [3], there is 
a gap between these record test cells and the translation 
into commercial modules. It is interesting to look into the 
various individual factors that cause efficiency losses for 
a-Si:H technology between laboratory record cells and 
industrial production (see [3,4]). 

Different ways are possible for increasing a-Si:H 
module efficiency: first by applying tandem- or triple- 
junction-stacked cells in combination with silicon- 
germanium (a-SiGe:H) alloys. A second way, which the 
“a-Si:H community” has been following since years, is to 
search for a more stable amorphous silicon material. In 

this paper we present a third way by emphasizing the 
aspect of light-trapping as obtainable with a low-cost 
front transparent conductive oxide (TCO) for the 
fabrication of efficient single-junction a-Si:H p-i-n solar 
cells. Similar work has already been done in 1993 by the 
Siemens group [5], but no independently analysis was 
than given. 

Transparent conductive oxides play an important 
role for all kinds of thinfilm solar cells. The TCO acts 
hereby as front contact material of the solar cell and has 
to fulfill the conditions of a high transparency and a high 
electrical conductivity. Additionally, in case of 
amorphous silicon based p-i-n solar cells the light- 
trapping capability is a further fundamental aspect of the 
front TCO. Light-trapping is directly related to the surface 
roughness of the TCO. High quality TCO have, therefore, 
the potential to increase the optical absorption, both, of 
amorphous and microcrystalline silicon (pc-SiH) 
absorbers and allow one thereby to reduce the cell 
thickness. This advantage is important for a-Si:H based 
cells because a reduced cell thickness decreases the 
effect of light-induced degradation. In case of 
micromorph tandem (a-Si:H/pc-Si:H) cells a thinner uc- 
Si:H bottom cell reduces remarkably the fabrication time 
of the microcrystalline absorber layer. 

IMT has concentrated its TCO activities on the 
development of an “in-house” zinc oxide, namely the ZnO 
by technology of the low pressure chemical vapor 
deposition (LP-CVD) [5-71. This preparation method of 
ZnO has some striking advantages for the application of 
thin-film solar cells: 

0 ZnO is a low-cost material and highly abundant 

* LP-CVD is a high rate process with deposition rates 
r 20 ksec for ZnO 

l the LP-CVD ZnO process allows a simple up-scaling 
to areas of 1 m* 

o low temperature process involved (2OO”C), compa- 
tible with low-cost substrates (polymers, aluminum,..) 

l high quality as-grown ZnO layers with respect to 
transmittance, conductivity <and Haze 
These characteristic features turn LP-CVD ZnO into 

one of the most interesting candidates as TCO material in 
mass production of a-Si:H based solar cells [5]. In this 
paper, amorphous p-i-n solar cells deposited on self- 
developed LP-CVD ZnO are compared with today’s best 
(but expensive) commercially available TCO, of SnO,- 
coated glass substrates from Asahi (type U2). 
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EXPERIMENTAL 

For the deposition of LP-CVD ZnO a reactor [7] has 
been built up where diborane has been used as doping 
gas and diethyl zinc and water vapor are employed as 
reactants [6]. The layers were deposited on Schott glass 
.AF45 at temperatures between 170 and 200 “C. Glass 
.substrates covered by, both, ZnO and SnO,! (Asahi U2) 
have then been used for the deposition of amorphous 
silicon p-i-n solar cells by the VHF-GD (Very High 
Frequency Glow DisFharge) technique [8,9] at typical 
‘deposition rates of 5 A/s. 

The TCO layers were characterized by a UV-VIS 
:spectrometer (lambda 900, Perkin Elmer) in the 
lransmission and reflection mode. The TCO layers’ film 
resistivity has been determined by a 4-point 
measurement. Scanning electron microscopy (SEM) has 
been used to compare the TCO layer’s surface topology. 

In order to obtain a precise assessment of the short 
circuit current density (Jsc) the test cells were cut by a 
laser-scribing technique [IO], so as to obtain well-defined 
areas of lcm2 for the I-V measurements (Wacom WXS- 
14OS-10 AM1.5 sun simulator). Such well-defined cells 
are not affected by the peripheral effect of possibly 
conductive back contacts which would falsify the values 
of both J,, and FF. We have observed that this cell size 
of lcm2 is quite representative for the extrapolation of 
expected J,,-values to the case of larger-size modules 
[IO]. The current response of these ceils were also 
characterized by spectral response measurements. 

Finally, in order to check the stability of our new 
a-Si:H cells light-soaking close to AM1.5 conditions 
(1 OOOh, 50°C) has been performed. 

RESULTS AND DISCUSSION 

TCO characteristics 

The topology of the two TCO substrates is given in the 
SEM micrographs of Fig. 1. A close look reveals for each 
TCO a different surface characteristics. Both show a 
remarkably rough texture in the sub-micrometer range. 
Whereas the ZnO consists of very sharp pyramids, the 

suvbstrate (left) and of a typical as-grown LP-CVD ZnO 
layer (right) used for the a-Si:H p-i-n solar cells. 

SnO, seems to have a more smoothened “skin” of the 
grains at the surface. One gets the impression that for 
the ZnO layer the “difference in alltitude” level between 
the bottotr of the valleys and the mountain peaks is 
slightly larger. Furthermore, Fig. 1 suggests that the ZnO 
film may consist of a somewhat larger grains and in a 
certain way the grainy plains are more regularly 
orientated. While the Sn02 layer has a thickness in the 
range of 0.13 - 0.9 pm, our ZnO films were deposited with a 
thickness of 2.5 - 2.7 pm, resulting thereby in these 
typical as-grown surface characteristics. The electrical 
measurements of the TCO layers for LP-CVD ZnO leeds 
to rather low resistivities of around 4 ohms/square 
whereas for SnQ values of 12-13 ohms/square have 
been determined. 

The optical characterization of the TCO layers, by the 
measurement of spectral transmission (total and dliffuse), 
is given in Fig. 2a). Due to its larger energy bandgap, 
S no, shows a better transmission in the short 
wavelength range, whereas above 550 nm both TCO 
behave qulite similarly. Regarding the diffused part of the 
optical transmittance, one observes, however, a 
remarkable enhancement for ZnO. 

In Fig. 2b) the spectral reflection behavior of the two 
TCO in function of the wavelength has been plotted. 
Whereas in the short wavelength range around 400 nm, 
the ZnO layer has a slightly higher reflection, the 
reflection of the Sn02 layer is higher for wavelength 
above 500 nm. It is interesting to note here the difference 
in the amplitude of the interference fringes, which is 
certainly due to the difference in surface roughness of 
the TCO’s. 

Case of “thick” a-Si:H p-i-n solar cells 

In first experiments, a-Si:H p-i-n cells with an 
absorber tlhickness of -0.35 pm have been deposited on 
the two types of TCO substrates. Whereas fill factors of 
72- 74 % and V,,,-values in the ransge of 860 - 900 mV can 
be achieved on both TCO’s, there is a net gain in the 
short circuit current for cells deposited on LP-CVD ZnO. 
This fact is illustrated in Fig. 3 by the AMl.5 I-V 
characteristics of both kind of cells. Whereas orI Sn02, 
typical short circuit currents of around 16.2 mA/cm2 can 
be achieved, the same cells on LPCVD ZnO have values 
exceeding 17.5 mA/cm*, leading thereby to (initial) 
efficiencies above 11 %. 
As the spectral Iresponse measurements shown in Fig. 4 
reveal, the current enhancement is obtained especially in 
the wavelength range above 500 nm where obviously a 
more efficient liqht-trapping takes iplace with the LP-CVD 
ZnO layer. This-improvement is attributed partially to the 
increased diffused transmission for ZnO, as illustrated in 
Fig. 2a). 

The analysis of the spectral reflection behavior of 
entire cells as shown in Fig. 2c) indicates, furthermore, a 
reduction of the optical reflection for cells deposited on 
LP-CVD ZnO. In the case of ZnO one observes lower 
values (< 7 %) and smoother reflection characteristics 
than in case of Sn02, where remarkable amplitudes of the 
interference fringes in the photovoltaically relevant part 
of the spectrum are present. As already stated, we 
suggest that the difference in the amplitude of the 
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interference fringes are linked to the differences in the 
TCO layer’s surface topology. The overall reduced 
reflection of the LP-CVD ZnO cell system (Fig. 2c) is 
certainly one of the reasons for the higher photocurrent 
obtained for the corresponding solar cells, as here more 
light is entering in the cell. 

b) glass/TCO b) glass/TCO 

I I I I I1 I I I 

c) glass/TCO/cell c) glass/TCO/cell 

400 400 600 600 800 800 

Wavelength [nm] Wavelength [nm] 

Fig. 2: a) Total and diffuse spectral transmittance of Fig. 2: a) Total and diffuse spectral transmittance of 
glass/SnOp and glass/LP-CVD ZnO; b) total reflection of glass/SnOp and glass/LP-CVD ZnO; b) total reflection of 
Sn02 and LP-CVD ZnO covered glass substrates; c) total Sn02 and LP-CVD ZnO covered glass substrates; c) total 
reflection of a-Si:H p-i-n cells deposited on Sn02 and reflection of a-Si:H p-i-n cells deposited on Sn02 and 
ZnO; the SnO*-covered glass substrates are U2-type ZnO; the SnO*-covered glass substrates are U2-type 
substrates from Asahi Glass Corp.. substrates from Asahi Glass Corp.. 
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Fig. 3: I-V characteristics under AM15 illumination of 
0.35 urn thick a-Si:H p-i-n test cells deposited on glass 
substrates clad with Sn02 (U2-type) and with LP-CVD 
ZnO. 
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Fig. 4: Comparison of the relative spectral response of 
0.35 pm thick a-Si:H p-i-n cells deposited on glass 
substrates covered with LP-CVD ZnO and Sn02. 

Thin a-Si:H p-i-n solar cells on LP-CVD ZnO 

As such “thick” cells described above suffer still 
substantially under light-soaking, thinner a-Si:H p-i-n 
cells with a thickness of 0.25 pm have been optimized on 
LP-CVD ZnO substrates. Figure 5 gives the AM1.5 
characteristics of a cell after light exposure in the 
stabilized state. 

The 9 % cell relating to Fig. 5 demonstrates that with 
a combination of high-quality front TCO and adequate cell 
design, one is able to obtain remarkable stabilized 
efficiency values, even for simple single-junction p-i-n 
solar cells. Further optimization of ZnO and cell 
deposition, as well as independently performed 
degradation and I-V measurements should be able to 
demonstrate the full potential of such a simple single- 
junction a-Si:H technology. 
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Fig. 5: AM1.5 I-V characteristics of a stabilized a-Si:H 
p-i-n solar cell on LP-CVD ZnO after light-soaking (1 OOOh 
5O”C, AM1 5). 

CONCLUSIONS 

In this study amorphous silicon p-i-n solar cells with 
relatively high efficiency values have been fabricated on 
LP-CVD ZnO layers developed at our Institute and used 
as front TCO on glass substrates. Compared to 
commercially available Asahi Sn02 (type U2) TCO, this 
type of ZnO layers bear the potential for the 
enhancement of the short-circuit current while 
maintaining high fill factors and high V,,-values. Optical 
characterization reveals a better optical light-trapping for 
ZnO particularly in the wavelength range above 550 nm 
leading thereby to initial cell efficiencies over 11 % for 
thicker (20.35 pm) a-Si:H p-i-n cells. Reducing the cell 
absorber thickness and, hence, also the effect of light- 
induced degradation, an -0.25 pm thick a-Si:H p-i-n cell 
(1 cm*) having a stabilized AM1.5 conversion efficiency 
of 9 % could be fabricated (Fig. 5). These results are 
remarkable because LP-CVD ZnO is a low-cost TCO with 
advantageous features for mass production (e.g. low 
temperature and hi h deposition rate process, feasible 
for up-scaling to 1 m B ). 

It is surprising that based on this simple concept of a 
single-junction, entire a-Si:H solar cells with such high 
stabilized cell efficiencies can be obtained. It has already 
been pointed out in 1993 that an up-scaling to lft* of the 
single-junction cell concept, in combination with the 
integrated series connection, has the possibility to lead 
to stable module efficiencies of 9 % [5]. In this context, 
the plans for the 20 MW manufacturing unit of Kaneka 
Corporation, with a goal of producing 8 % stable single- 
junction p-i-n a-Si:H modules, appears to be fairly 
realistic. This technology is proven for mass production, 
reliable and simple. 

Compared to today’s commercially available tandem 
and triple a-Si:H based modules (efficiencies in the range 
of 5 to approx. 8 %), such a single-junction cell 
technology bears, beside its relatively high efficiency 
potential, further striking advantages, like an easier 
control of a single cell deposition process (no precise 

control 01 sub-cells), a cost reduction by avoiding 
expensive germane, and finally a better performance of 
single-junction modules under realistic outdoor 
conditions (reduced losses compared to stacked 
junctions w.r.t. spectral sharing between sub-cells). 

Further progress w.r.t. ,this single-junction a-Si:H cell 
technology can be obtained by using the so-called 
“micromorph” tandem concept: i.e. a combination of such 
a-Si:H top cells with stable microcrystalline silicon low- 
bandgap (1 .I eV) bottom cells. Such a micrlomorph 
tandem allows one to proceed for higher efficiencies and 
it leads, even, due to the fact that ,the pc-Si:H bottom cell 
is fully stable to an overall reduced light-degradation 
effect. First experiments with conventional laser-scribing 
techniques have demonstrated that an up-scaling of the 
micromorph tandem cell, while using the integrated series 
connection, is feasible; they have already resulted 
already in stable module efficiency of 9.1 % [lo]. Further 
optimization of ‘the micromorph concept in combination 
with the LP-CVD ZnO technology Idescribed here, should 
be able to lead to stable module efficiencies above 10 %. 
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