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As mentioned by Stephen Strong in the
previous article, thin film solar cells
present advantages over crystalline
ones, as they are cheaper to produce.
Yet their large-scale manufacture still
poses a challenge, due to the high
efficiency and low cost targets which
still have to be met to render them
commercial ly v iable. This is the
challenge currently being met by ZSW
and Würth Solar of Germany, which
have developed the technology for a
large-scale pilot production line.
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NTRODUCTION
In thin film photo-

voltaics, the develop-
ment of large area semicon-
ducting thin films is a big chal-
lenge. For competitiveness in
the photovoltaics power mar-
ket, a considerable reduction
of manufacturing costs, togeth-
er with conversion efficien-
cies well above 10 are required.
High material quality on large
areas has to be achieved with
high throughput in order to
meet the cost targets.

Thin film technology has the potential to pro-
vide high production capacity at reduced mate-
rial and energy consumption in the fabrica-
tion process. Monolithic integration allows
high flexibility with respect to electrical out-
put and module geometry.

There are two main types of thin film PV mod-
ules using the inherent advantages of thin film
technology: devices on the basis of amorphous
silicon (a-Si or a-Si alloys) and those based on
polycrystalline semiconducting compounds
like CdTe and Cu(In,Ga)Se2 (CIGS).

Modules on the basis of CIGS are not yet com-
mercially available on a large scale but pilot and
production lines are starting operation, or are
under construction. Substantial progress has been
made during the last few years with respect to
efficiency on the laboratory scale.

CIGS solar cells have been fabricated by sev-
eral groups with efficiencies over 15 per cent
and with an actual maximum of 17.7 per cent
total area efficiency.1 (The most recent result
is 18.8 per cent). The best results ever report-
ed have been achieved by thermal co-evaporation
of the elements for deposition of CIGS.

CIGS bandgap and conversion range can
continuously be varied between 1 and 1.7 eV.
Combination with group VI-element sulphur
expands this range up to 2.4 eV. These alloys
are the subject of several fundamental R&D activ-
ities. Joining of high and low bandgap cells to
build tandem cells with these materials opens
the way to a further increase in efficiency.
Theoretical values of conversion efficiencies

Various
samples of
CIS-thin film
modules
fabricated at
ZSW,
Stuttgart

II

for multispectral cells are well above 30 per cent.
During the last few years, a line for the

development and small scale fabrication of
30 x 30 cm2 CIGS modules has been con-
structed at ZSW and has, after a short time,
proved to be of high quality. A pilot production
has been planned and is due to come into oper-
ation by the end of 1999.

The technologies described in this paper
are the basis for flat glass modules fabricated
for the terrestrial PV market. Extraterrestrial
applications are another interesting market for
thin-film PV materials due to their robustness
against damage by particles and, especially
for CIGS, the high quality and reliability.3

FABRICATION OF CIGS MODULES
The processes developed by the Institute

of Physical Electronics (IPE/University of
Stuttgart) which have led to the very high
quality (approaching 18 per cent on the small
area cell level) has been the basis for the work
at ZSW, which has been designed to apply,
transfer and bring them into an industrial scale. 

The deposition of the CIGS absorber film is
the most difficult step and key issue for the fab-
rication of high quality and low cost CIGS-based
thin film modules. 

The standard processing sequence for 30
cm x 30 cm CIGS modules at ZSW is as follows,
soda-lime sheet glass with a thickness of 1-3 mm
is used as mechanical support for the thin
films. A molybdenum back contact is deposit-
ed by d.c. magnetron sputtering. The prepara-
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tion conditions for Mo in combination with
the Na containing glass have significant influ-
ence on cell performance.4 For monolithic
integration, the back contact is patterned by
Nd:YAG laser scribing. Co-evaporation of the
elements is applied for the deposition of the
absorber layer. For the formation of the het-
erojunction, a thin buffer layer of CdS is pre-
pared by using the chemical bath deposition
(CBD) technique. Alternatively, other com-
pounds like In(OH, S) are applied to produce
a completely Cd-free device. ZnO has been
found to be the most suitable material for the
n-type transparent electrode. ZnO is fabricat-
ed in a two layer process (i-ZnO and Al-doped
ZnO) by d.c. magnetron sputtering from oxide
targets and results of reactive sputtering of

ZnO from a metal target are promising (for
further details on the ZnO process, see Refer-
ence 5). The semiconductor patterning (second
and third patterning step) is done by mechanical
scribing. The modules are finished by bonding
electrical contacts and standard EVA-glass
encapsulation. All vacuum deposition process-
es (Mo back contact, CIGS absorber and ZnO
window) are realised in a one step mode in in-
line high vacuum systems. A schematic view of
in-line large area deposition systems, either
for thermal evaporation for CIGS or sputtering
for Mo or ZnO, as fast and economic process-
es for CIGS modules can be seen in Figure 1.

Coating processes
The coating processes are performed either

BEST RESULTS OF CIGS CELLS
AND MODULES FABRICATED AT ZSW

TABLE 1

FIG. 1

Schematic
view of 
in-line,

large area
deposition

systems

APERTURE AREA cm2 EFFICIENCY % NUMBER OF CELLS OUTPUT W COMMENT YEAR OF FABRICATION
91 13.91) 15 1.3 IPE&ZSW 1996
65 12.72) 12 0.8 1997

0.5 (total area) 16.11) 1 reference cell 1997
717 11.51) 41 8.2 1998

14,200 8.83) 900 125.0 a.c. inverter 1998
integrated

720 9.72) 41 7.0 Cd-free module 1998
1) measured at ISE/FhG Freiburg
2) measured under standard AM1.5 and 1000W/cm2, 25°C
3) measured under standardized sun
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by d.c. magnetron sputtering
with linear cathodes for back and
front contact or - in the case of
CIGS - by linear evaporation
sources for the single elements.
The resulting uniformities (film
thickness, composition and
properties) are excellent. Cycle
time is optimized by the in-line
approach and is only limited
by the film formation time. By
integration of suitable in-line and
on-line process and quality con-
trol systems, reproducibility
and hence process yield, is opti-
mized.6 A precise quality con-
trol and end point detection is
essential to give long term stable deposition of
high quality CIGS films. For the other process
steps, reproducibility is high and process win-
dows are large. Various methods of process
control and end point detection are under inves-
tigation.

RESULTS AND STATUS OF 
THE WORK AT ZSW

Process optimization with respect to film and
module quality, deposition time and reproduci-
bility has been the focus of the work after
installation of all process and characteriza-
tion equipment. The best actual results are
summarized in Table 1.

The best result of an integrated mini-mod-
ule is a 13.9 per cent aperture area efficiency
fabricated in 1996 in partnership with IPE.
The best small area reference cell fabricated in
the large area systems gave a total area efficiency
of 16.1 per cent (0.5 cm2 with AR coating,
active area efficiency 17.2 per cent). With the
30 x 30 cm2 modules, a maximum efficiency of
11.5 per cent (confirmed by ISE/FhG Freiburg)
was achieved. A very large module was built of
fifteen 30 x 30 cm2 modules laminated on one
piece of cover glass for demonstration of a
high voltage ac-module with innovative inte-
gration of a transformer-less inverter. This
resulted in a high voltage module (Voc=550
V, VMPP=440 V) with output power of 125 W.
The area utilization is not optimized by any
means as the efficiencies of all 30 x 30 cm2 sub-

modules were measured with 11.1 per cent on
average. Substitution of CdS, still in use as stan-
dard buffer layer, by a completely Cd-free
material7 is a current topic at ZSW. A 30 x 30
cm2 Cd-free module with an efficiency of 9.7
per cent was achieved after a short time of
development. (Recently it has been improved
to 12.8 per cent). This gives hope for the sub-
stitution of the Cd-containing buffer on the
module level too without compromising on
quality.

More and more standard process conditions
have been defined. A large number of glass sub-
strates has been treated in a batch up to the fin-
ished module after defining standard process
conditions for each step. The results are sum-
marized in Figure 2 where the number of mod-
ules with their respective conversion efficiency
are shown.

Finally, about 75 per cent of this batch was
measured as properly working. It can be seen
that all efficiencies are above 8.5 per cent with
a satisfying narrow distribution (maximum
efficiency at 11.5 per cent, average of 10.5
per cent). It has to be mentioned that most of
the failures were due to simple mistakes in
manual operation. This result of very first sta-
tistics is already encouraging and it can be
concluded that process yield is already at a
high level even after a short time of standard
processing.

Reliability during the lifetime of the module
is a very important feature. Outdoor and acceler-

FIG. 2

BATCH OF 30 X 30 CM2 CIGS MODULES WITH
RESPECTIVE CONVERSION EFFICIENCY
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ated lifetime tests are therefore performed to give
input for optimization of the technologies. All
modules tested show stable outdoor behav-
iour without any additional framing over a
time period of about 3 years to date.

Accelerated lifetime testing of modules with
EVA/glass encapsulation has shown that the mod-
ule performance is susceptible to water vapour.
The main reason found was the increasing
electrical resistance of the ZnO as an effect of
humidity ingress. Furthermore the heterojunc-
tion is affected. Investigations are on the way
to avoid this malfunction under the influence
of water vapour. Preparation conditions as

well as encapsulation techniques
have been varied and modified.
The resistance of frameless
CIGS modules against high
humidity and high temperature,
could be improved to withstand
the damp heat test with 85°C and
85 per cent humidity rate for
1,000 hours within the accept-
ed tolerances according to
IEC1646. Figure 3 shows the
damp heat behaviour of sever-
al modules, fabricated under
varied process conditions, and
modified encapsulation tech-
niques. Even for 1,500 hours, the
degradation is less than 5 per
cent for certain fabrication con-
ditions. Other accelerated life-

time tests according to IEC1646 are ongoing and
seem to be much less severe on module param-
eters than damp heat testing.

TOWARDS COMMERCIALIZATION
The first step in long term strategy to scale-

up CIGS technology is the development of
technologies for large area CIGS modules,
with the construction of a fabrication line, and
the production of a 30 cm x 30 cm module
with efficiencies approaching 12 per cent, has
been done successfully. The next step is to
increase module size to 60 cm x 120 cm, and
proof-of-concept for high yield and short cycle
time has already started at ZSW. Planning of the
building of a pilot line has been started in par-
allel. A new company (Würth Solar GmbH &
Co. KG) was founded as a joint venture of
ZSW together with Würth group and the ener-
gy provider EnBW, all situated in Baden-Würt-
temberg, the southwest state of Germany.
Würth Solar will be situated in the city of
Marbach, near Stuttgart. ZSW is responsible for
the technology, whereas Würth brings in its
world-wide market experience and the capital.
It is planned to set up the pilot line within one
year with the goal to install, and to bring it into
operation within 1999. The final capacity of that
pilot line will be in the range of 1-1.2 MWp/a.
After approval of the manufacturing tech-
nology, the capacity will be raised to around 10

FIG. 3

CIGS MODULE EFFICIENCIES UNDER 
DAMP HEAT TEST CONDITIONS

SCHEME OF THE SCALING UP SCENARIO 
(ARROWS MARK THE TECHNOLOGY TRANSFER)

FIG. 4
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MWp/a as fast as possible.
This scenario is shown in
Figure 4.

The commercialization of
the CIS technology will be
supported by the close col-
laboration with IPE and
ZSW concerning further
development and opti-
mization of material sci-
ence and process technol-
ogy as well as the direct
link with the ZSW crew to
support the start-up of the
pilot line. A direct and long term support of the
commercial activity at Würth Solar by ZSW’s
advanced CIS module technology will help
the commercialization of CIS-technology to be
successful.

ECONOMICAL AND ECOLOGICAL ASPECTS
In a European study on Multi-Mega-Watt

Upscaling of PV Technologies (APAS/
MUSIC.FM)8, it was a clear conclusion for
thin films that it should be possible for the
three most important materials, a-Si (Pho-
totronics/ASE), CIGS (ZSW) and CdTe (BP-
Solar), to fabricate modules on costs far below
1 Euro/Wp at a production capacity of 60
MWp/a. In comparison, costs for crystalline sil-
icon are not expected to fall below 1 Euro/Wp

even at production levels of 500 MWp/a except
with the EFG process used by ASE Americas.
Another conclusion of
this study was that high
quality, i.e. high effi-
ciency and large vol-
ume fabrication is
essential for market
penetration. The esti-
mated manufacturing
costs for thin fi lm
plants, assuming a pro-
duction capacity of 60
MWp/a, with the assess-
ment of the risk of
achieving module effi-
ciencies, is summarized
in Table 2. All thin film
technologies end up

more or less at the same cost level of approx-
imately 0.6 Euro/Wp. Nevertheless the risk of
gaining assumed efficiency levels in produc-
tion are assessed as shown in the table. Accord-
ing to this, as already mentioned above, CIGS
is expected to reach the highest quality level with
lowest risk among all thin film materials. 

In a detailed internal ZSW study of CIGS, a
cost estimation has been worked out for the step-
wise increased production volume for the
planned scenario in Würth Solar (the figures for
the 60 MWp capacity are taken from the APAS
study). The results are summarized in Figure
5, differentiating the various cost types. 

The character of a capital intensive thin
film production can clearly be seen. The share
of capital costs is falling with increasing vol-
ume as the cost for equipment is not increas-
ing linearly and cost for labour exhibits a sim-

FABRICATION COSTS FOR DIFFERENT 
PRODUCTION CAPACITIES

FIG. 5

ESTIMATED
MANUFACTURING COSTS

FOR THIN FILM PLANTS

TABLE 2

a-Si CIGS CdTe
RISK low medium low medium low/med med/high
MODULE EFFICENCY 8% 9% 10% 12% 10% 12%
TOTAL COST (EURO/Wp) 0.60 0.59 0.68 0.60 0.66 0.58
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ilar behaviour as the level of automation is
increased. The share of material costs is increas-
ing with increasing production capacity.

All these numbers are estimated and cal-
culated on the basis of concrete assumptions for
production parameters, labour, equipment and
material costs. Some of the main parameters of
influence are summarized in the second column
(base case) of Table 3 for the 10 MWp/a case.
All these assumptions are based on ZSW’s
experience and on actual circumstances. A
sensitivity analysis was performed for the most
important parameters to show the influence
of changes in conditions, prices and product per-
formance. These data are shown in Table 3.

In this analysis, labour and equipment costs
as well as the indium prices are shown on a rel-
ative unit basis to show their influence on the
resulting module cost. Efficiency is influenc-
ing linearly, whereas yield and up-time have less
effect. Among the input materials, indium is seen
to be the most critical point as the indium
price has changed by a factor of 3 during the last
decade. Nevertheless, the influence on module
cost is low. 

The cost share of substrate and encapsulation
materials is higher and it is expected that fur-
ther innovations in supporting and sealing
materials can further decrease fabrication costs

of CIGS modules. Respective developments are
under way at IPE and ZSW but are far from man-
ufacturing maturity.

The issue of material resources for large
volume CIGS production is assessed to be not
critical, even for indium. This is supported by
an internal ZSW study and by works of the Uni-
versity of Utrecht9,10, and Brookhaven Nation-
al Laboratories.11

Health and safety aspects during module
production and 20-30 years usage as an ener-
gy source are of great importance for market
acceptance and under national and interna-
tional regulations. These have been investi-
gated by European and German programmes with
participation of IPE and ZSW. In conclusion,
it can be said that the production of CIGS
modules applying ZSW’s technologies are in
no respect critical for the environment and
human beings. More details can be found else-
where .9,12,13,14Nevertheless, ZSW and Würth
Solar are developing recycling concepts in
order to reuse valuable raw materials and to min-
imize environmental pollution.

CONCLUSION
Thin film PV modules in general have very

high potential to overcome the high cost lev-
el of conventional crystalline silicon technol-

ogy. CIGS, in particular has the highest
efficiency potential among all thin film
technologies. 
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SENSITIVITY OF 
COST ESTIMATES

TABLE 3

BASE ALL 
CASE Variation of PARAMETERS

OPTIMISTIC
PARAMETERS EFFICIENCY YIELD UPTIME INDIUM LABOUR CAPITAL

PRICE COSTS

Efficiency 12% 10% 12% 12% 12% 12% 12% 13%
Yield 85% 85% 75% 85% 85% 85% 85% 90%
Uptime 90% 90% 90% 80% 80% 80% 80% 95%
Indium price 1 1 1 1 3 1 1 1
Labour costs 1 1 1 1 1 1.30 1 1
Capital 1 1 1 1 1 1 1.2 1

RESULTS
(normalized) 1 1.13 1.11 1.11 1.02 1.10 1.06 0.81
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