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Pilot production line using innovative R2R manufacturing processes for flexible and lightweight CIGS PV-Modules

Zusammenfassung (Abstract)

In the course of this project, the results from the Flisom development line, located in Diibendorf on the
Empa campus, and more than 10 years of research cooperation on national and international level get
transferred into a 15 MW pilot production line to demonstrate the market readiness of commercially
viable large volume (100MW plus) production plants.

Key target is to demonstrate fully industrially functionality of the pilot production plant producing IEC
qualified solar modules, which are of relevant interest to the market. This will enable Flisom to enter in
the commercialization phase and to generate growing revenues to become self-sustainable.

During the whole project a very close collaboration between Flisom and Empa was desired and re-
quired on regards of process development. With Empa‘s vast experience in the Cu(In,Ga)Se2-technol-
ogy the transfer from development to production will be accelerated to the benefit of Flisom. Further
Empa’s large analytical experience and capabilities in this material family will easily help to identify ar-
eas of improvement for further progress.

For the year 2016 the goals have been to start up the equipment in the Niederhasli facility achieving
required tool and process conditions which allow the transfer of the Flisom technology developed on a
50cm wide flexible polymer substrate at the development line in Dibendorf. To show the readiness of
the equipment process relevant parameters have to be achieved. Beyond setting the tools to the de-
sired conditions the ramp-up of the pilot production line has to start and first products and production
relevant results will be demonstrated. The focus here is to ensure a smooth transition of the process
from development to production. This means beyond pure production related parameters also im-
provement on the equipment and processes must be continued to ensure best results.

In the year 2017 the focus has been on ramping up production without ignoring improvement of the
processes. In addition, development and manufacturing of product and gaining international certifi-
cates for this product is equally important. During the whole project work improvement of module effi-
ciency is continuously worked on. Production capabilities of the line have shown continuous improve-
ment over the course of the months and reliability and stability of equipment and process continuously
improved. Also product development has shown very good progress with developing three different
platforms, which allow to serve three market segments of high interest: building, mobility and special
applications. During the project first orders have been received and a first installation of totally 30kW
was realized partially on a facade and a roof. Besides commercial projects also a small installation of
2.5kW at the Flisom building was set-up to collect outdoor data and investigate the performance of the
modules.

Although not all milestones have been reached as planned the project is considered successful as it
helped Flisom to expedite its way into commercialization and the orders and inquiries received are
prove for this success.
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Abkilrzungsverzeichnis

BC back contact

BE back end

CBD chemical bath deposition

CdTe Cadmium Telluride

CIGS Cu(InGa)Se2

Cw continuous wave

DD Dubendorf

DOE design of experiments

Empa Eidgendssische Materialprifungsanstalt
ETH  Eidgendssische Technische Hochschule
EQE external quantum efficiency

FC front contact

FE front end

GW Gigawatt

IEC International Electrotechnical Commission
IR infrared

\ current-voltage

MW Megawatt

NH Niederhasli

P1 laser patterning line 1
P2 laser patterning line 2
P3 laser patterning line 3

PV photovoltaic

R2R  roll-to-roll

Se Selenium

TCO transparent conductive oxide

Voc open circuit voltage
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w Watt
WP work package
XRF  X-ray Fluorescence
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Pilot production line using innovative R2R manufacturing processes for flexible and lightweight CIGS PV-Modules

Ausgangslage/ Initial Position

Flisom AG is a Swiss spin-off company from ETH founded in 2005. The company develop and still
continues to improve a novel production method for high efficiency flexible thin film CIGS solar mod-
ules. The technology is based on a technology transfer from Empa, who holds a world record of 20.4%
efficiency for these flexible CIGS solar cells.

The business approach of Flisom is to develop and own proprietary equipment and production
knowhow for large scale roll-to-roll factories producing flexible high efficiency GIGS PV products.
Based on this knowhow and technology PV modules will be manufactured and commercialized on the
global PV marketplace. According to the current planning, first income from technology sales will be
generated from 2018 onwards.

In 2015, Flisom has taken into operation a 4500 m? industrial technology up-scaling facility in Nieder-
hasli (ZH). The total investment for this was of approximately CHF 20 million in equipment and infra-
structure. The planned nominal annual production capacity of this facility is of 15 MWp, or approx.
100°000 m?/year.

Manufacturing of solar photovoltaic modules in the world is dominated by silicon wafer technology with
more than 90% share of production shipment. High volume production of such modules by mainly Chi-
nese companies have brought down the module production cost and propelled global deployment.

On the other hand, thin film photovoltaic technologies offer distinctive advantages associated with
large area high throughput coatings and laser patterning for monolithic interconnections, leading to low
manufacturing cost and lower energy payback time. First Solar and Solar Frontier have already suc-
ceeded in achieving >GW yearly production capacities with CdTe and CIGS thin film solar modules on

Figure 1. Examples of metal roof tops in Switzerland ready for Flisom solar modules

glass substrates. Further cost reduction in manufacturing of solar modules and completely installed
systems could be achieved with more innovative manufacturing technologies for high performance thin
films solar modules.

R2R manufacturing of high efficiency and stable flexible and lightweight thin film solar modules opens
new directions for reaching to low cost energy efficient systems and new applications. Developments
of advanced manufacturing technologies, which can bring down the solar electricity cost by increasing
module efficiency and decreasing material and process costs are of great importance. Innovative pho-
tovoltaic technologies for achieving these requirements are being developed here in Switzerland at
Flisom and Empa research lab.
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Flisom has installed a pilot-production plant for R2R manufacturing of cost effective high performance
lightweight flexible CIGS solar modules. This pilot production line will serve as a blue-print for multipli-
cation to larger production capacity plants. Flisom's disruptive technology of lightweight and flexible
solar modules of different types for building roofs, facades and many more applications, like mobility
opens new paradigms and allow to use solar in a way it has never been used before.

As there is no supplier for manufacturing plants with proven process and equipment for flexible CIGS
modules Flisom is working to capture this unique opportunity for a hugely untapped market. The flexi-
ble solar modules offer various application and cost advantages, which open additional markets that
cannot be served by traditional PV technologies.

Within this project, Flisom will start, ramp-up and optimize the pilot production plant for demonstrating
a novel disruptive photovoltaic technology for industrial usage, serving as a base for large production
factories at a later stage. The commercialisation of the flexible, light-weight CIGS technology can only
proceed, if the achieved results in R&D, innovative equipment, process and solar module develop-
ment, can be demonstrated on a pilot production scale. This up-scaling phase is challenging for a
technology venture like Flisom on various levels:

Development of innovative equipment for larger substrate size

Process transfer from development to pilot production line

Process development aligned to new and large equipment for industrial pilot production
Investments of multiple million CHF for innovative equipment

Hiring and training of new employees

Expansion into a new location with 4500 m2 and large utility spending

Setting up a new and highly innovative pilot production of a new technology inherits larger financial in-
vestments at a high level of risk. Within this project Flisom has received financial support to set up and
start a worldwide unique technology facility for lightweight flexible solar modules. The basics of tech-
nology have been developed initially at ETH Zlrich and then championed at Empa with world record
efficiencies cells. Flisom has systematically developed innovative equipment and processes for indus-
trialization.

Now Flisom is facing the final challenges to successfully transfer the research excellence in solar pro-
duction solutions exemplifying unique Swiss high tech solutions in clean tech sector. Over the years,
Flisom has made remarkable progress on development of innovative manufacturing tools and pro-
cesses and with this project the final push is given to demonstrate the functionality of pilot-production
plant and show success in commercialisation of Flisom products.

Ziel des Projekts/ Project Goals

Within this project, the results from the Flisom development line and 10 years of national and interna-
tional research cooperation get translated into a 15 MW pilot production line to demonstrate the mar-
ket readiness of commercially viable large volume (> 100MW) production plants. This 15 MW pilot pro-
duction line for processing substrate of 1 meter width is designed as a fully functional demonstrator for
a large industrial production plant: For a low cost production at least a 100 MW capacity plant it is re-
quired to benefit from scalability and supply of low cost materials and components. The pilot produc-
tion line will be a blue-print for such a large capacity plant allowing detailed analysis of processing pa-
rameters and validation of cost assumptions based on key parameters of the business plan during
production. However, overcoming of some key technological challenges related to machines and pro-
cesses are of paramount importance.
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Key target is to demonstrate fully industrially relevant functionality of 15 MW pilot production plant pro-
ducing IEC qualified solar modules. This will enable Flisom to enter the commercialization phase. Fur-
ther, the right choices of low-cost material, superior production processes and innovative module ar-
chitecture enable the Flisom CIGS production technology to be competitive with silicon solar modules
on a global level. This production plant will demonstrate that a commaodity like solar modules can be
produced in Switzerland for global markets.

To achieve the key target the following goals and objectives have to be achieved, which in parts re-
quires a close collaboration with Empa as well:

Goal 1: The pilot production plant demonstrates feasibility as an operational production line with IEC
certified solar modules and a continuous improvement program.

1. Optimize tools and equipment for robust production as per technical milestones for
achieving industrially relevant reliable processing of high efficiency modules.

2. Establish and optimize production process for 76% line yield and 700 kW monthly out-
put.

3. Achieve 15% cell efficiency with CIGS deposition tool on 1 m web width.

4. Reach production readiness for a certified CIGS solar modules with 12% module effi-
ciency.

Goal 2: Process speed enhancement of CIGS deposition and laser patterning process to achieve
needed throughput for 15 MW capacity.

1. Improvement of CIGS deposition machine and processes to achieve 30 cm / min web
speed

2. Improvement of laser patterning process and tool to achieve >30 cm / min web speed
for processing of high quality scribes with small dead area loss (<350 micro meters)

3. Adapt the world record efficiency cell processing of Empa’s research lab on industrial
machines and collaborate for device processing cross-checks and improvements, and
in-depth detailed characterization of layers, interfaces and devices.

Goal 3: The economic feasibility of the pilot production plant as an operational demonstrator for subse-
quent larger scale industrial production plants of 100 MW to GW capacities is assessed.

1. Running the pilot production line to demonstrate the industrial like production possibility

2. Real time production relevant parameter acquisition for estimation of throughput and
yield for assessing the limitations and potentials.

3. Detailed analysis of production parameters and costs for CAPEX and OPEX optimiza-
tion validating business model assumptions for larger capacity (100MW — 1GW) plants.
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Grundlagen — Randbedingungen/ Background —
Boundary Conditions

In the years before the project started Flisom AG developed a proprietary CIGS thin-film solar technol-
ogy in Dubendorf on a development line in close partnership with the thin film laboratory of Empa
(Swiss Federal Laboratories for Materials Science and Technology). Empa is Flisom’s close research

Iy

Figure 2 1kW Outdoor Installation in Dibendorf

partner and achieved 20.4% world record thin-film solar cell efficiency and >16% monolithically con-
nected sub-module efficiency on flexible plastic foil. Flisom converts the innovative research excel-
lence of Empa into an industrial production environment and with the aspiration to manufacture and
sell lightweight and flexible CIGS PV modules for different applications worldwide.

In 2015 Flisom has finished the installation of a pilot production line in the city of Niederhasli, ZH. This
line was set-up to demonstrate industrial manufacturing of lightweight and flexible CIGS thin film PV
modules. Coating of the photovoltaic films is done using roll-to-roll coating tools based on processes
using a polymer substrate of 1m width. In addition to the pilot production Flisom was already operating
a development line for all manufacturing processes in Dibendorf at the Empa campus. This line was
continuously used for experimental purpose to further develop the technology and the solar modules
and laid the basis for each development work in the new pilot production line. In this line the substrate
width is 50cm, which is a good start for the ramp-up of the new pilot production line. In Dubendorf all
process steps are performed and small size prototypes of module are manufactured to gain experi-
ence and do reliability testing. Also a small installation of about 1kW on the roof was set-up to start
collecting outdoor data (see Figure 2).

At start of project all the equipment was installed and operational. The production line has to main ar-
eas, the front end and the back end. In Figure 3 the different process steps of the production line are
shown. It is clear that all the coating process steps are done in the Frontend whilst the Backend is re-
served for the module manufacturing and quality controls. The equipment as installed in 2015 was op-
erational. However, some of the tools required adjustments to make them suitable for optimum pro-
cess conditions. In case of the CIGS co-evaporation equipment the uniformity of the evaporation
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sources had to be improved using simulations to test new designs. Further the scribe recognition of
the laser patterning tool needed modification to work reliable and fast enough for different CIGS com-
positions at the required scribing speed. Mechanical changes made to the CBD equipment, which is
coating the buffer layer, were needed to achieve the required coating uniformity of the layer.

|
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| |
e R I. l
v | 1O
N 1
¥ 0 O
X o Uu“
1.Back contact 2. P1soibe 3. Co-Evaporation 4. Buffer 5. Front-contact 8. P2/P3soibe
- 444

\
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mﬁ/ih

7. Foil cutting 8. Submedule sorting ‘9. Contacting 10. Lamination 11. Junction box 12. Quality test

Figure 3  Process flow of Flisom production line

Besides improving the equipment the individual coating processes had to be transferred from the
Dubendorf to the Niederhasli equipment to define a starting process on which further optimization
could start. Transfer the deposition and module manufacturing processes was one of the main chal-
lenges of the project. After successful completion on this task the equally demanding work of optimiz-
ing the individual production processes to an overall process delivering good quality semiconductor
coatings on the substrate and stable, lightweight and flexible PV modules. At the same time improve-
ment of the production performance indicators is required to show industrial style mass production.

This project is understood as an accelerator on the way to commercialization of Flisom, therefore the

focus is not only on production parameters but also on product development and hence IEC certifica-

tion of product as prove of a minimum quality standard. To pass the well-known IEC certification spe-

cial care is required to choose suitable encapsulation material. Further, extensive in-house tests must
be done prior to turn in modules for the official certification. Failure of the certification process will lead
to huge costs, which has to be avoided.
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Vorgehen — Methode/ Approach

The project is divided in four phases, which follow each other. At the beginning all tools and equip-
ments haven been acceptance tested by Flisom engineers with the different equipment suppliers. All
externally purchased equipment was installed as per Flisom's specification and tested on proper me-
chanical, electrical and process function. With a function test the acceptance is officially reviewed and
confirmed. All purchased equipment are then ready to run substrate without damaging the substrates.
This was be the starting point of the project.

Phase 1: Individual production tool qualification and process transfer

Functions, software and machine settings of the tools were studied by the responsible engineers.
They identified basic equipment settings and operation to get the tools started in basic process win-
dows. Therefore the technical specifications for 0.5m web width from the development line in Diben-
dorf have been implemented on the pilot production line tools.

Phase 2: Overall line integration: Integrated process and tool optimization to manufacture 1 m
web width solar module

After successful qualification of the individual tools, the next tasks required tuning the individual tools
into a common production flow of 1m web width. Started substrate have been processed in the individ-
ual tools with variation of the process windows. In between the production steps, the substrate was
characterized with internal measurement tools and external device analysis by Empa thin film labora-
tory. For these tests substrate rolls of up to several hundred of meters of length have been processed.
The pilot production line is based on same technology as the development line, but the tools are modi-
fied to larger dimensions and in requirements for high material throughput. The different geometries of
the lager equipment required adjustment of process parameters and settings.

Phase 3: Stabilization of production process

The target of this phase was the stabilization of the test runs and to reach uniform product perfor-
mance on 1 m web width. Therefore it was necessary to execute matrix experiments with interacting
process steps. For this purpose process parameters of individual process steps have been varied as it
is known that a parameter change at one process will affect the result of another process step. This
way adjustments of process parameters for optimized process stability was done. Furthermore a
standard for the first generation of test module has been defined.

Phase 4: Pilot test runs

Target of this phase was the execution of pilot production runs on the line. Production related data for
evaluation and analysis of efficiency, throughput, reproducibility and yield have been gathered in sev-
eral pilot test runs of the overall line. Furthermore the pilot production line has been characterized,
monitored and optimized under real production conditions.

During optimizing process parameters and with ongoing R&D support from development line and inno-
vation from Empa the need of some upgrades or redesigns of the CIGS and other tools has been
identified and implemented.

Work Packages

Seven WP have been defined to cover individual tasks of the four phases and to ease the overview of
the tasks to be worked on. Individual WP have been defined for very sensitive tools and processes. All
WP are linked together and finalize in WP7 Test Production. The structure also indicates nicely how
work on different production steps can influence previous and the subsequent production steps. The
WP structure is shown in Figure 4.
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WP1 - CIGS Tool

€ >
WP2 — WP3 -
CIGS Process Laser Patterning WP5 —
¢ [ €&—>| Backend —
‘ WP4 — Other FE processes ‘ processes
WPT — Test Production <>

WP6 — Solar Module Development

Figure 4

Interconnection of work packages

For each WP a responsible person — the WP leader - has been assigned to ensure the progress to-
wards meeting the defined milestones. A list of milestones for the individual WPs has been compiled
as well as the timeline defining the duration of the four phases and individual tasks of the WPs. The
defined milestones are given in the table below.

Tablel Defined milestones per WP
Milestones
End Q2 2016 End Q4 2016 End Q2 2017 End Q4 2017
process speed of metal evapora- | wrinkle free wrinkle free
5cm/min; tion sources winding and un- | winding and un-
WP1: CIGS tool ready for uni- winding with winding with

development

base pressure of 10-
6mbar

form coating
(£10%) over 1m
web width

process speed of
20cm/min at
300-400°C

process speed
of 30cm/min at
300-400°C

WP2: CIGS pro-
cess

process transfer for
minimum cell effi-
ciency 10%

process transfer
for minimum
cell efficiency
14%

WP3: Laser pat-
terning process

patterning at web
speed of 5cm/min
over 1 m width

scribing accu-
racy of +40um
over one meter
web width;

patterning at
web speed of
15cm/min

Dead area total
scribe distance
<350um

patterning at
web speed of >
30cm/min
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Milestones

End Q2 2016

End Q4 2016

End Q2 2017

End Q4 2017

WP4: Frontend
processes

Back contact: sheet
resistance 16mQ
square and thick-
ness uniformity
+10% over 1 m web
width;

Buffer: Uniform
coating (+10%);

Front contact: Sheet
resistance of 10-12
W square and light

Optimized pro-
cesses of buffer
layer, front con-
tact and back
contacts for
compatibility
with high speed
deposited CIGS
(key features:
minimal stress,
delamination-
free, minimal
defects check

transmission of 80- with EL and
85% Thermography)
Bubble free lami- Fully integrated
WP5: Backend nate, demo up to 3 module with all
processes m2 electrical con-
nections
Internal qualifi- | 1-3 m? solar IEC certification
cation for IEC module ready for 1-3 m? solar
WP6: Solar mod- certification for IEC certifica- | module with
ule development standards tion minimum 12%
module effi-
ciency
Line Yield 55% 67% 76%
Started 27551 42325 46084
area
Lami-
WP7: | ated 14457 27167 34200
Pilot area
test
runs g’f';’d“'e 9-10% 10.7-112% |  11.6-12.2%
demon-
strated 1298 3017 4117
kw
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Overall project timeline

Table 2
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Table 2 represents the time line in form of a Gant Chart. It is clearly shown that in all WPs tasks are
worked on almost from the beginning until the end of the project. Even WP1, which covers all the re-
quired development and improvement work of the CIGS tool is not finished before three quarters of
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the project term. On the other hand pilot test runs already start after one quarter into the project. Each
WP has different tasks which need to be worked on to achieve the final goals and most of them can be
worked at in parallel. The project plan nicely illustrates this time optimized way of working.

In the timeline is already reflected that qualification of the individual FE processes (WP 4) can be done
fast and thereafter only variations to optimize the overall process are required. Further not a lot of de-
velopment and improvement work is expected at the tools. In WP1 however it is clearly stated that the
CIGS tool will need intensive improvement as this equipment is a first of its kind and the only one
worldwide. As the CIGS layer (WP2) in the solar cell structure gives live to the solar modules develop-
ment and optimization of this process requires a lot of attention and is also most crucial regarding effi-
ciency and stability of the solar modules. Further, to show scalability of the technology for large scale
production the throughput of the process must achieve a certain number. This however may affect the
quality of the layers therefore increasing process speed without loss of efficiency requires constant at-
tention. In WP3 the laser tool has to be qualified, scaled to 1m wide web and the speed has to be opti-
mized to achieve the required throughput. Although the laser process is defined by Flisom the tool re-
quires more attention as the scale-up step in this case is quite large. In the Dibendorf development
line only a lab set-up allowing scribing of max.12x36¢cm mini-modules was available. Now the scribing
of P1, P2, and P3 was extended to 90x86cm.

WP5 and WP6 cover development of larger scale PV modules, which also requires external IEC certi-
fication. To be able to manufacture PV modules the BE line was qualified and the individual process
steps have been matched to each other. Development of modules required testing of many different
materials at each process step. This way the team became familiar operating the tools and is develop-
ing product at the same time.

All the work done in WP1 to WP6 focused on running the whole production line at each process step.
It was not only about operating the tools and manufacturing modules. Also critical production parame-
ters are tracked and have been improved throughout the different pilot production phases. To improve
operational parameters detailed analysis of what is limiting progress was done on a regular basis and
appropriate action was planned and executed to improve the numbers over time.

Progress of the project was reported to the BFE on a semi-annual basis in meetings and reports pre-
senting the progress towards the milestones defined in Table 1.
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Ergebnisse/ Results

An official inauguration in 2015 marked the end of the installation of all the production tools needed to
industrially produce lightweight and flexible PV panels based on the proprietary CIGS-technology us-
ing the R2R technology developed by Flisom in cooperation with ETH and Empa during the last ten
years. All the production equipment is designed to operate with a flexible polymer substrate of a width
of 1m.

This project started in December 2015 at a status when the tools have been fully operational however,
still needing improvements and adjustment to reach the goals lined out for the project. As described in
the previous section the project is structured into seven WP, each covering a certain area of the over-
all production process and they are closely linked together. Individual work packages have been de-
fined for very sensitive tools and processes. The general way of working towards the defined mile-
stones follows four phases:

a. Qualification of individual production tool and transfer process from development line to the
new tool.

b. Overall line integration: process and tool optimization to manufacture working solar modules
on a 1m wide Polymer web.

c. Stabilization of overall production process.
d. Execute pilot production test runs.

During first phase the tasks of the WP are independent from each other, however in the following
phase the interaction between the different work packages starts as the process conditions and sub-
strate quality of each tool influences the performance and quality of the subsequent or even later pro-
cesses.

Table 3 gives an overview of the achievements towards the milestones. Detailed discussion of the re-
sults and findings of the individual WPs will be found in the relevant sections.

Table 3 Overview of achievements towards milestones

| Q22006 | Q4/2006 | Q2/2007 |  Qa/2017
WP1: CIGS tool development
process speed of | metal evaporation | wrinkle free wind- | wrinkle free wind-
5cm/min; sources ready for | ing and unwinding | ing and unwinding
. uniform coating with process with process
LIS (£10%) over 1m speed of speed of
web width 20cm/min at 300- | 30cm/min at 300-
400°C 400°C
Status Achievegl Achieved Achieve_d Achievegl
30 cm/min +7% 30 cm/min 30 cm/min
. base pressure of
Milestones 10-6mbar
Achieved
Status Pressure is
reached in 10h
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| Q2/2016 Q4/2016 Q2/2017 Q4/2017
WP2: CIGS process
process transfer process transfer
Milestones | for minimum cell for minimum cell
efficiency 10% efficiency 14%
Status Achieved Achieved
14.7% 16.5%
WP3: Laser patterning process
patterning at web | scribing accuracy | Dead area total patterning at web
. speed of 5cm/min | of £40um over scribe distance speed of >
Milestones . .
over 1 m width one meter web <350um 30cm/min
width
Achieved . . Achieved
Status Overall speed 'icréeﬁ?nd A\ZCh?iz\:/’;eSm Speed >40cm/min
14.5cm/min B ' tested
patterning at web
Milestones speed of
15cm/min
Achieved
Status Overall speed
15.3cm/min
WP4: Frontend processes
Optimized pro-
Back contact: cesses of buffer
sheet resistance layer, front con-
. 600mQ square tact and back con-
Milestones . . .
and thickness uni- tacts for compati-
formity +10% over bility with high
1 m web width speed deposited
CIGS
Achieved Achieved
Status 600mQ at +5% Subggzlg;s at
Milestones Buffer: Uniform
coating (+10%)
Achieved
Status +10%
Front contact:
Sheet resistance
Milestones | of 10-12 Q square
and light trans-
mission of 80-85%
Achieved
Status 8 Q square at
>80% trans.
WP5: Backend processes
. U199/ T (il Fully integrated
Milestones | nate, demo up to :
3m?2 module with all
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Q2/2016 Q4/2016 Q2/2017 Q4/2017
electrical connec-
tions
Achieved
Status Achieved Genl 8x1 module
manufactured
WP6: Solar module development
IEC certification
Internal qualifica- | 1-3 m? solar mod- | for 1-3 m? solar
Milestones tion for IEC certifi- | ule ready for IEC module with mini-
cation standards certification mum 12% module
efficiency
Achieved Achieved Achieved
Status Genl 8x1 module | Gen2 4x1 is ready Gen2 4x1 has
is IEC certified for certification passed all tests
successfully
WP7: Pilot test runs
Milestones | Line yield: 55% 67% 76%
Status Not Achieved Not Achieved Not Achieved
about 30% about 30% about 40%
Milestones | Started area: 27551 42325 46084
Status Achieved Not Achieved Not Achieved
32°062 m? started | About 20°000 m? About 38’600 m?
Milestones | Laminated area: 14457 27167 34200
Not Achieved Not Achieved Not Achieved
Status about 3’000 m2 about 5’000 m? about 17°000 m?
laminated laminated laminated
Milestones | Module efficiency: 9-10% 10.7 - 11.2% 11.6 - 12.2%
Achieved Achieved Achieved
Status Range 9 to 11% Range 10.5 to Range 11.5to
11.5% 12.4%
Milestones | Manufactured kW: 1298 3017 4117
Status Not Achieved Not Achieved Not Achieved
about 20 kW about 53 kW about 520 kW

WP1: CIGS Deposition Tool Development

With the CIGS co-evaporation tool Flisom has entered in the area of machine building, as this equip-
ment is completely designed and set-up in-house. This includes a vacuum system, the control soft-
ware, the design of the web transportation system, the in-situ measurement of evaporation rates, and

the design of the evaporation sources.

To achieve good process conditions the evacuated tool must reach a defined base pressure. After in-
stallation and assembly of the tool the first task is to apply vacuum, identify leaks and seal them. De-
spite the large dimension of this tool even small vacuum leaks needed to be localized and sealed.
There are multiple reasons for small vacuum leaks, starting from small scratches on sealing surfaces
to cable feedthroughs guiding electrical connections from the air to the vacuum side.
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Vacuum technology offers standard leak testing methods which have been used to detect all leaks.
Once the leak is identified it will be sealed by appropriate measures depending on the origin of the
leak. Having fixed all leaks the base pressure of 106 mbar can be reached within a few hours of
pumping time. As the deposition tool has a large dimension evacuation is not completely uniform and
pressure differences can be seen throughout the vessel. Important is to reach the required vacuum
regime in time before the process can be started. Detailed of the pumping characteristic can be seen
in Figure 5. This achievement was a very important first step on the way to operate the equipment
successfully and allowing for good efficiencies. This result also reached a milestone of WP1.

A very important process parameter for each coating process is the deposition speed as this defined
the capacity of the tool. The plan for the NH production line is based on a deposition speed of
30cm/min. Developing the process for the final deposition speed can be done approaching the target
value in multiple steps optimizing process and material each time. However, if the substrate transport
system and the evaporation sources are able to work at the target speed it is most efficient to aim for
the highest speed and optimize the process from the beginning. During commissioning of the tool after
some satisfying test it was decided to start process optimization with the maximum deposition speed
of 30cm/min. Plan B was to work with slower deposition speeds if the desired results on CIGS coating
and substrate quality cannot be achieved.

At the start of process development no reference process was established in the NH line. Therefore
the quality of the coatings was compared to the films deposited in the DD development line. For the
process it is important to achieve a certain thickness and composition of the CIGS layer. The composi-
tion has to follow defined coating profiles to achieve the desired grading of the band gap in the final
absorber semi-conductor. These parameters are measured in-situ and ex-situ with XRF. The ex-situ
measurement allows for space-resolved two dimensional mapping of the thickness and composition of
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Figure5 Pump down characteristic of CIGS evaporation tool

the whole substrate roll. The in-situ measurement consists of four positions in the chamber at different
positions in the deposition are. Each position is equipped with 2 detectors to have some lateral resolu-
tion. With this set-up it is possible to measure the composition and the thickness of the absorber at dif-
ferent stages of the process, which is required to influence the efficiency of the solar modules.
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To adjust thickness and composition the evaporation rate of individual evaporation sources has to be
adjusted, which is done increasing or decreasing the temperature of the source. The challenge for this
milestone was to reach the evaporation rate at each source which will result in the desired absorber
thickness of approx. 2um at the deposition speed of 30cm/min. In parallel the transport system has to
move the substrate foil continuously without interruptions being exposed to the heat of the sources
and the material coatings, which will accumulate not only on the substrate but also on the transport
system and protective cover sheets. To achieve the desired results, multiple runs have been done in-
creasing the evaporation rates from run to run to test the evaporation sources and to reach the desired
thickness without any equipment failures.

Successful operation of the tool at the deposition speed of 30cm/min was achieved very early in the

project and thus this major milestone of WP1 was reached. With this deposition rate small solar cells
have been manufactured with efficiencies according to the plan. Details thereof can be found in sec-
tion WP2 CIGS Process.

Evaporation sources have to fulfil three purposes during the process. First the evaporation rate has to
be high enough to grow the desired material thickness on the substrate at a given substrate speed de-
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Figure 6  Generation 10 source initial test, homogeneity of +-3%

fining the deposition speed. This is done controlling the heating power. Second the homogeneity of the
evaporation rate has to be very uniform from one side to the other to ensure the material quality over
the whole width of the web. And third long term stability is required to ensure continuous operation for
several days. These three items have been addressed and improved in multiple generations of design.

The way of working follows a straight process. First a new design is drafted. The new concept of the
evaporation source is then used to simulate the expected deposition characteristics. One of important
milestones in WP1 is a thickness uniformity of at least + 10% over 1m substrate width. Simulation of
the evaporation characteristic of the sources allow to evaluate a new design before money and time is
spend on manufacturing parts for a new source. If the simulation shows the desired results the source
will be manufactured and tested. For testing sources a specific test chamber has been designed allow-
ing to characterize the evaporation rates and uniformity of one source at a time. The milestone of =
10% has been well reached with a uniformity of + 3% at the end of the first year and the results can be
seen in Figure 6. The uniformity of the evaporation sources can also be seen nicely looking at the
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composition data of the CIGS absorber across the substrate width. These numbers are measured on
each coated roll to control the process and ensure experimental rolls show the desired composition
profile. The very good result of the composition uniformity, which is achieved at the fast speed of
30cm/min is displayed in Figure 7. The section in the red rectangular is the relevant section for the
process. The areas outside are related to ramp-up and ramp-down of the evaporation sources.

Improving the quality of the evaporation sources required multiple generations, which have been man-
ufactured and tested. The major changes in the evaporation sources have been the heating and evap-
oration nozzles to ensure uniform and stable evaporation rates without clogging of the sources. As the
level of the evaporation material changes substantially over a long deposition run it is important that
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Figure 7 2D measurement of metal ratio uniformity of substrate

the evaporation rate stays constant and the uniformity does not change. These challenges have been
successfully solved.

In addition to the deposition rate and uniformity of the coating the transport system of the tool is of ma-
jor importance. This part of the tool moves the substrate at the correct speed without causing and me-
chanical damage at fairly high substrate temperatures. Wrinkles in the substrate have been a major
issue in the evaporation tool of the DD line and therefore much attention has be put on the design for
the equipment in the pilot production line. Wrinkles lead to damage in the semiconductors and cause
sever shunting or non-functional solar modules. In both cases the modules are waste and reduce pro-
duction capacity and yield. Much care was taken to investigate reasons for damage, change and im-
prove design of the transport system to a status where the substrate runs flat through the evaporation
tool thus not causing any wrinkles on the roll. To reach this status multiple modification on the
transport and clamping of the substrate haven been required. Several generations of transport clamps
have been designed, manufacture and tested until the edge quality was as desired. Also protective
shields in the transport section have been installed to allow for reliable movement of the substrate
even after many hours of continuous operation.

Besides flatness of the substrate and deposition speed the length of the roll is also important for the
transport system as reliable transport has to be ensured for many continuous hours. The longer the
roll the less time is lost interrupting the process and changing rolls. At the beginning of the project the
length of a roll was only about 250 to 300m. This length was extended to about 650m quickly. For
whole 2017 this has been the standard length to operate the line. The capabilities of the transport sys-
tem are of this kind that besides operating wrinkle free also the edge accuracy (telescoping) is about
+0.2mm. An example of bad telescoping is shown in Figure 8. It is obvious that substrate wound in this
way is not usable in the next production tool, therefore such a behavior needs to be avoided.

It must be noted that out of each roll approx. 100m in total are so called design scrap, which is due to
ramp-up and ramp-down of the process and equipment. A sudden start of the process is not possible
as the evaporation sources have to heat up and stabilize before the process will produce usable PV
film. Also the sources have to cool down after the process to stop the evaporation process. This loss is
taken fully in the yield calculation and will improve once the length of a roll will be extended.
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Reporting of the results in this chapter show all milestones defined in Table 1 have been achieved dur-
ing the project period of two years.

Figure 8 Example for bad telescoping
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WP2: CIGS Process

With the CIGS co-evaporation equipment operational the development of the CIGS process and con-
sequently the integration of all deposition processes started. The solar module efficiency is mainly in-
fluenced by the quality of the CIGS absorber layer. Flisom has long standing experience in optimizing
CIGS absorbers in its DD development line. Also the very close collaboration with Empa’s Laboratory
of Thin Films and Photovoltaics is of significant importance for this work package. Process develop-
ment started based on initial settings for each coating tool determined during the activities in WP3 and
WP4, which started in parallel to the work on WP1 and WP2. Close interaction with Empa on regards
on material characterization, exchange of samples and scientific discussion completed the develop-
ment activities. Even with all the combined material knowledge and experience of Flisom and Empa,
development work in this area is still quite iterative and improvements require multiple experiments at
one tool with subsequent optimization at other process steps. In addition to the experiments and
measuring the direct impact on cell efficiency also extensive material characterization is needed to un-
derstand were differences between absorbers of Flisom and Empa are. Empa is very well equipped
with analytical tools for this kind of material analysis and because the team also knows the materials
very well themselves they are the ideal partner to support Flisom in this task.

After qualification of individual coating tools as described in WP3 and WP4 the next step was manu-
facturing first rolls with all the layers coated in NH. At this time working with sub-modules was less im-
portant as first IV results on small cells are giving a good indication of the material quality. For these
tests also the coating uniformity was not critical as small samples of some square centimetres have
been used. The process speed used from the beginning was set to 30cm/min. With the experience of
the Flisom team and the good support of Empa very soon first results significantly above 10% have
been reached. Intensive experimental and analytical work led to a cell efficiency of 14.6% after ap-
prox. 5 months into the project indicating successful transfer of the deposition technology from DD to
the production line of NH.

In Figure 9 the relevant IV curve is shown. Also shown is the EQE of a Flisom cell in comparison to an
Empa cell used as reference. The comparison clearly shows that there are still differences in the mate-
rial band gap, however the overall quality of the EQE is already comparable. With this comparison the
experts of Empa and Flisom are able to identify the differences between the materials and which pa-
rameter need to be adjusted. In this particular case the bandgap of the NH cell is still lower than the
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Figure 9 IV measurement of solar cell and comparison of external quantum efficiency

one from Empa and requires adjustment through the settings of the In and Ga ratio during the CIGS
evaporation.
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To achieve these results many experiments have been executed adjusting the temperature settings of
the individual evaporation sources to form the desired band-gap grading in the absorber material. In-
situ process control with the XRF is used to control composition on the substrate at different times
through the deposition process. It must be noted that an important process parameter is the Se pres-
sure as the amount also affects the evaporation rate of the other sources. This means the Se pressure
needs tight control to allow for reproducible processing. In addition to the XRF composition measure-
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Figure 10 Progress of efficiency development
on cell level

ments further analytics to characterize the layer quality has been done. For example absorber layers
from Flisom have been processed at Empa to deposit the buffer and TCO layer. This way the quality
of the absorber was analysed based on known buffer and TCO layer. This way also the influence and
quality of the buffer and TCO layer from the NH line was compared with the known Empa layers and
adjusted to match these characteristics. Another important analytical tool during this period was the
electron microscope, which allows to compare the crystallinity of the absorbers from different pro-
cesses and the Empa with each other. Although only microscopic areas are investigated the optical
impression of the surface and cross section will give a good indication if there are fundamental differ-
ences how the layers grow during the process.

To drive the efficiency to levels comparable to the results achieved in DD development line many runs
to optimize the settings of the different evaporation sources and also the substrate temperature were
needed and have been done. As pointed out earlier the reliability of the tool was not very good at the
beginning, therefore many runs had to be aborted due to equipment failures and needed to be re-
peated.

Continuous operation of the tool and improved understanding of the process setting eventually lead to
a reliable process and baseline. In the second half of 2016 a solid baseline at an efficiency on cell
level of around 16% has been established as it is shown in Figure 10.

With the demonstrated results of process development the technology transfer from DD to NH was
successfully accomplished and all WP2 milestones have been achieved. The basis for reliable manu-
facturing of modules was set this way.
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WP3: Laser Patterning Process

Laser patterning is a very important process in module manufacturing. This process allows the mono-
lithical interconnection (i.e. interconnection on the substrate) of solar cells to form sub-modules. This is
an important advantage of the Flisom technology as there is no need to cut out individual cells and
string them together. The monolithical interconnection is done with a proprietary laser process devel-
_"QIGS absorber

P1 scribe P2 scribe
y CIGS absorber 4
y/ Back contact / ;
[ | Back contact Back contact

Polyimide substrate Polyimide substrate Polyimide substrate

P3 scribe

Front contact

Figure 11 Scribing sequence for Laser Patterning process

oped by Flisom. Details of the patterning, also called scribing, are given in Figure 11. It is nicely shown
that with three scribe lines a series connection of a number of cells will be realized defining the Voc of
a submodule.

The important parameters which define this process are the parallelism of scribe lines and the scribing
speed. The scribing speed is affected by both, process settings for a given material mix and ease of
recognition of the P1 line by the image processing unit. The direction of scribe lines is perpendicular to
the transport direction of the substrate, meaning they run cross-web. To achieve very high parallelism
of the P2 and P3 line along 1m width of the flexible substrate registration of the P1 line for alignment is
required as often as possible. Limitations by computation hardware currently only allow registration
every 5to 10 cm.

The setting of the substrate illumination as delivered by the manufacturer was from the front, which did
not allow for fast and reliable recognition of the P1 line in many cases. Low contrast between the P1
line and the surrounding material made it very difficult for the image processing system to reliably
identify the P1 line. As the surface morphology of the modules was changing strongly between individ-
ual coating runs the optical situation was always different and the P1 recognition proved to be difficult
and sometimes not possible at all. This situation was limiting the throughput of the tool and causing
erroneous scribe lines. To improve this situation eventually a modification of the illumination was re-
quired. The light source was transferred to the back switching from visible to IR light as the CIGS ab-
sorber is transparent for IR light. As the Molybdenum back contact is removed at the P1 line the IR
light is shining through at these positions creating a strong contrast to the dark surroundings. This im-
provement made the scribe recognition system more tolerable to changes in the material composition
resulting in a much improved processing speed.

In addition to the P1 recognition also parameters and settings of the transport system needed to be
updated for faster processing. In a first step the processing speed of around 15cm/min was achieved
as presented in the first progress report in Q2/2016. Further the process speed was maximized by ex-
perimenting the laser parameters like pulse energy, pulse frequency, and peak power the find the fast-
est possible process, which sill delivers good patterning lines.
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To avoid dead area on the module positioning of individual scribe lines needs to be as precise as pos-
sible as well as the overall scribing width — distance between P1 outer border to P3 outer border — has
to be as small as possible. The goal for both parameters in this WP are £40 um for positioning accu-
racy and <350 um of scribing width.

The distribution of P1-P1 variation shown in Figure 12 is taken from more than 300'000 measurements
and indicates a very tight distribution in the range between +3 and -18 um. In total >99.99% of all
measurements lay within the tolerance of £40 um showing the very high precision of the laser tool.
The high precision of the tool is also found in the overall scribing width. The width is measured be-
tween the most outer P1 line and the most outer P3 line. The definition of scribe width is shown in Fig-
ure 13. This measurement is not taken automatically therefore manual analysis was done to evaluate
the scribe width on several locations over one production roll. The measured results are shown in Ta-
ble 4. Precise measurement on the width is quite difficult therefore there is a certain variability in the
number. However, it is clearly seen that besides some outliers above 350um distance the average
measurement is well below the targeted value, a clear indication of the good quality of the tool and the
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defined laser process.
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Table 4 Measured distance on different locations on one roll

P1-P2 P2-P3 P1-P3
143 171 314
160 205 365
165 205 371
154 171 325
148 165 314
171 165 336
131 154 285
160 160 319
143 205 348
148 217 365

AVG 151 181 333

The goal of this WP was to improve the process speed to 30cm/min for all three scribing processes
together. A lot of adjustment of the testing of different process settings has happened and the speed
of 30cm/min is possible. To achieve this process speed different settings of the laser have been tested
on different substrate rolls. Besides pulse energy, peak power also the operational mode has been

Figure 13 Definition of scribe width

switched from pulsed at different frequencies and CW operations. However, unfortunately all tests did
not lead a repeatable process suitable for production. At the end the decision was taken to work with
the best settings which are usable for production without sacrificing quality and reliability of the pro-
cess. With these process settings an overall process speed of 22.15 cm/min has been achieved. This
is about 32% more than the first milestone speed. Details of this calculation are given in Table 5.

There are possibilities how the gap between 22 and 30 cm/min can be closed and for a large scale
production these solutions will be considered according to what makes most economic sense. One
possibility would be stronger lasers, which will allow to increase the speed, however this may have
some effect on the process. The easiest solution however will be multiplication of the tool and desig-
nate a tool to a specific process. This will reduce the cost per tool as only one type of laser will be in-
stalled. Another reason for the slower speed can be found in the current submodule design. If this
would be larger the processing time can be reduced as well. However, this is not planned for the time
being.
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In case of this project the laser tool was chosen with the knowledge that there might be limitations on
throughput, but the financial situation did not allow for a second tool, which clearly would have given
the chosen capacity and beyond. It is important to say that the choice of tool and manufacturer is
clearly the correct one as all other important specifications are fulfilled and the support is very good.

Table 5 Final laser process parameters

Process Speed Overall Tool Speed
(cm/min) (cm/min)
P1 48
P2/P3 44 22.15
PT 630
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WP4: Frontend Processes

To manufacture the solar modules there are three further deposition processes: back contact where
the Molybdenum back contact is deposited by sputtering directly on the polymer web substrate, CBD
where a thin, 30 to 50nm thick, buffer layer is deposited on top of the CIGS using a chemical bath dep-
osition process which is modified to work on a R2R application, and front contact where the ZnO front
contact is deposited as final layer on top of the stack. In all three cases the equipment was chosen
from experienced suppliers and no real issues on the functionality have been expected. The main
work was to develop and optimize process parameters in combination with the CIGS process to
achieve the highest possible cell and module efficiency. It turned out that in case of the CBD equip-
ment certain adjustments to the mechanical set-up were required to meet the specified uniformity. Dur-
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Figure 14 Thickness uniformity of CBD deposition

ing process development it was recognized that the flow of the chemical solution was quite non-uni-
form across the substrate, which resulted in film uniformity outside the desired specification. To over-
come this equipment deficit the infeed of the solution was modified several times to get a uniform flow
of the solutions over the whole substrate width. Each change of infeed resulted in several experi-
mental runs to test the changes in film uniformity and reproduce the same. Also the transport system
was improved several times to make sure the substrate is transported through the tool without causing
damage to the substrate or even rupture it. To achieve this improvement the side guides of the
transport had to be modified and thus tested. As a process normally lasts for a few days long term sta-
bility was quite important.

Changing the solutions flow and some optimization in the transport system fixed this issue and uni-
formities in the range of +10% are achieved as expected and aimed for (see Figure 14). For this pro-
cess the thickness is less critical therefore a lax target of £10% can be accepted without further im-
provement. The optimization of the transport system not only improved the uniformity but also solved
some mechanical issues causing bubbles and wrinkles on the substrate. The bubbles and wrinkles are
responsible for damage to the substrate.

In case of the front- and back-contact the sputtering equipment is working as expected. Minor adjust-
ments to uniformity were possible. To improve the uniformity experiment changing the distribution of
the sputter gas along the rotary cathodes have been done. This is a common practice at large area
sputtering. This is a very empirical approach. The gas distribution will be changed locally at the targets
adjusting the gas flow at the flow meters and afterwards the thickness and sheet resistance of the
back or front electrode on the substrate will be measured. If needed multiple experiments will be done
to reach the desired uniformity. The achieved results in a first round of optimization have all been
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within the milestone targets. The sheet resistance of Mo-layer is around 600mQo with a uniformity of
+10% as it can be seen in Figure 15. In the case of Mo the most important parameter is the sheet re-
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Figure 15 Deposition characteristic of back contact process according

sistance and not the thickness.

In the case of the front contact it was found that the sheet resistance of the TCO-layer is depending of
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Figure 16 Effect of Oz ratio in sputter gas to sheet resistance and relative transmission of ZnO

the O2 content in the sputter gas and can vary in the range from 7 to 12 Qo. The relative light trans-
mission of the TCO layer has been measured >80% as shown in Figure 16. The goal is to have a
sheet resistance as low as possible in combination with a transmission as high as possible so the pro-
cess setting was chosen accordingly. The process optimization of the TCO was more laborious as
more parameters affect the quality of the layer. The Oz content in the sputter gas influences the layer
properties as well as the substrate temperature, which has a strong influence on the sheet resistance.
Also pressure of the sputter gas adjusted in the process chamber has influence on the transmission
and sheet resistance. Therefore multiple experiments have been done optimizing the individual set-
tings of the process parameters. As more than one factor are of importance and the correlation of
these have to be investigated using DOEs helped to achieve results much faster than only testing indi-
vidual changes of the different parameters.
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The uniformity of the front contact was achieved as targeted, which is shown in Figure 17. The data
points at the position 0 and 1000mm can be ignored as these reflect the physical edge of the substrate
and will not be used for any module manufacturing at all. Like in the case of the back contact the ad-
justment of the uniformity was done by varying the gas flow at the cathodes to achieve laterally slightly
different deposition rates leading to improved or worse uniformity. Also in this case multiple experi-
ments coating TCO on the plain substrate have been required. At the end the results are very good
and uniformity of the TCO is not indicating to cause any problems for large area modules.
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Figure 17 Sheet resistance and uniformity of front contact

According to the milestone plan all initial requirements of WP4 have been fulfilled thus a successful
deposition of all the layers of the pilot production will be possible. In the following months experiments
have been done optimizing process parameters at the different deposition steps to achieve best effi-
ciency results of the modules manufactured in the line. From the beginning all the FE processes have
been optimized for maximum deposition speed of 30cm/min. With this basis the integration work
started and first trials have been done processing substrate rolls through the whole production line.
During the different experiments process parameters of the CIGS process have been adjusted to
achieve higher efficiencies on finished cells or modules. In succession also process parameters of the
other processes have been adapted. Especially the sputter pressure of the back contact was adjusted
many times as this parameters strongly affects the stress within the back contact layer. For best re-
sults the back-contact may not any cracks. This can be achieved by choosing the sputter pressure and
thus reduce the stress in the layer.

Further also the TCO process was optimized for higher efficiencies varying also the deposition condi-
tions. As the quality of the TCO is not only depending on the sputter pressure but also on the sub-
strate temperature variation of this parameter have been done using substrate already coated with
CIGS. In comparison with the tests done on bare substrates at the same process setting the tempera-
ture of the absorber with CIGS coating will be different, which has an effect on the performance of the
modules. This means fine adjustment of the process always requires experiments with all the coatings
on the substrate followed by measuring the efficiency and thus finding the most optimum process set-
tings for each process.

The major influence on module efficiency was found to be adjusting the process settings of the CIGS
equipment. In the first half of 2017 the line was operating with a process giving approx. 10% efficiency
modules. Unfortunately this process was not reliable. As mentioned earlier the reliability of the CIGS
tool was not very good at the beginning. The stability of the evaporation rate of the sources was
changing from run to run as well as during the run. This shortcoming was fixed in many iterations by
making changes to the evaporation sources to increase the process stability.
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Table 6
Before
Sample Voc Jsc FF Eff. Rp Rs
Empa Reference Thick 0.627 33.8 69.0 1817 1.2
N65B Empa Reference Thin 0.618 33.0 62.3 632 1.1
Empa Recipe / NH Ingredients 0.612 33.0 67.7 1275 1.1
NH Recipe / NH Ingredients 0.645 29.0 59.3 301 1.1
After
Sample Voc Jsc FF Rp Rs
Empa Ref Thick CdS 0.631 30.3 61.9 376 11
Empa Ref Thin CdS 0.636 33.3 68.2 857 1.0
Ne61 NH 50cm/min 0.629 33.9 70.2 987 1.0
NH 40cm/min 0.635 33.6 69.3 909 1.3
NH 50cm/min & 10% less flow 0.633 34.4 72.1 1772 0.9
NH 40cm/min & 10% less flow 0.630 35.4 71.3 1387 0.9
NH 40cm/min & 10% less flow after TCO 0.612 311 71.6 1266 0.9
NH 50cm/min & 10% less flow after TCO 0.608 30.9 70.9 1794 0.8

However, reproducibility can also be affected by other steps. After thorough investigations and differ-
ent test it was found that the CBD process was done in a different way as the Empa process. As this
was the only clear hint of a difference the process was changed to match the Empa process and the
results were very encouraging. Since this adaption the reproducibility of the process was very much
improved and also the efficiency per module was raised to about 11%. In Table 6 it is demonstrated
how the effect of the ingredients was excluded and only the recipe was identified as the source of dif-
ference (red circle). It is also shown, that the process speed and flow of solution has no significant ef-
fect on the results (green circle). These improvement on the CBD process resulted in a much more
reliable production and reproducibility in efficiency as is shown in Figure 18.

With these results the successful production of larger numbers of modules became possible and the
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Figure 18 Efficiency reproducibility of modules along the position of one roll of 200m length

number of modules manufactured was rising. This progress will be described in the section WP7.
Given the presented achievements it is clear that the milestones of this WP have been reached and
allowed to progress towards a regular industrial production.
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WP5: Backend Process

Backend is the area where all the rolls coated with all the active PV layers will be cut into submodules.
Then the submodules will be used to manufacture encapsulated PV modules. These modules may
contain one or more submodules. The equipment installed in the backend cuts submodules of different
sizes from processed rolls, strings them together and does the lamination to form a module. Further
the flasher for final electrical qualification of the modules is situated in this area. During the first year of
the project all the equipment was successfully commissioned and tested for the different working
steps. All backend equipment is dimensioned to handle modules up of 1x3m? size (see Figure 19).
During testing the line was stressed with dummy submodules and modules of different sizes and en-
capsulation materials. This way confidence was built that the equipment is working well and having a
product platforms based on different encapsulation materials is no general issue. The backend tools
and processes work easily with different materials on different sizes.

Figure 19 1x3m module laminated

The milestones of the WP include laminating a 3m? module and manufacturing of fully functional mod-
ules with all electrical connections on the Niederhasli backend line. At the beginning of the project no
PV foil was available to produce working modules. Therefore, all activities at this time have been done

ML

Figure 20 Two different types of modules of 3m length and 1m module shown front and back
with junction box
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using dummy material. However in the second half of 2016 PV material from the Dubendorf line was
used to test the processes also with working submodules to see if there is any detrimental damage
caused by the equipment. The modules shown in Figure 20 are all working as they have been manu-
factured with submodules from the Diibendorf line. The roll width of the Dubendorf line is only 50 cm
so the width of the module is limited as the submodule size is limited to about 37cm. The edges of the
roll need to be cut off for uniformity reasons.

To define the different processes in the back end experiments with different parameter settings at the
different tools have been done. In particular the lamination and lane cutting process required optimisa-
tion.

In case of the laminator the temperature of the heating plate, the evacuation time, the pressure press-
ing the laminate and the pressing time had to be adjusted in multiple iterations to achieve modules
without any wrinkles and folds showing a uniform appearance on the front. Besides the equipment pa-
rameters also different tests with structured mats have been done to choose a pattern, which leads to
a slightly matt finish of the surface. This way reflections are avoided and the whole appearance of the
module is very agreeable.

More detailed tests of the backend equipment was consequently done during the phase of product de-
velopment, which is part of WP6. In this case also reliability studies are done to ensure the longevity
and reliability of the modules.
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WP6: Solar Module Development

The focus of this work packages is on development of PV modules which will pass all reliability and
stability relevant criteria. This required extensive testing of different encapsulation materials as well as
understanding potential degradation effects, which may not only be related to the encapsulation but
also to the semiconductor layers as well. The common standards of the industry for thin film modules
are IEC 61646 and IEC 61730. Flisom owns most of the equipment which is required to do in-house
IEC testing. In other cases testing was be done at relevant institutions to ensure proper execution.

During this WP Flisom not only worked on testing suitable encapsulation materials but also did some
market research to get a better understanding what are the requirements of the customer. These find-
ings strongly influenced the product development work. At the end of the project three product plat-
forms have been developed, whose key characteristics are described in

Table 7. For the semi-flexible and flexible modules the choice of encapsulation materials is with focus
on long durability of the modules to withstand environmental impact and to generate power reliably for
more than 25 years. The rollable module follows the same principle of encapsulation. However, for this
product the mechanical flexibility and lightness is more important, therefore the choice of material is
different to allow for different mechanical properties.

All three platforms can easily by manufactured in one width of approx. 42cm and in four different
lengths (0.8m, 1.5m, 2.3m, and 3.0m) determined by the number of submodules included in each
module. The width of 42cm allows for submodules of 80 cells which deliver a total Voc of around 50V
suitable for most off-grid applications as well as in grid connected installations. In case the standard
sizes will not work for a customer Flisom is also able to offer customized solutions to enable PV in dif-
ferent applications.

Table 7 Description of three product platforms

Product Type Key Characteristic

Semi-flexible Thin metal back sheet, which provides structural
support for semi-flexible character

Flexible Uses plastic back sheet for flexible character
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Rollable Uses light plastic sheet encapsulation for rolla-

ble character.

All platforms follow the same principle of encapsulation as shown in Figure 21. The lamination foll
which will go between the front sheet and the solar film and likewise between the solar film and the
back sheet is missing in the figure for clarity.

Another result of the market research and contact with many potential customers in the last few
months allows Flisom to refine the market segments in which Flisom’s products will have a benefit
above the standard rigid and heavy solar technology using Si wafers or thin films coated on glass. As
a result, Flisom is now focusing in three market segments to provide solutions for energy needs:

a. Buildings and Infrastructure - the largest market segment

b. Transportation - where Flisom will offer solutions for passenger and commercial vehicles and has
started working with a premium car manufacturer to evaluate the challenges and possibilities for
integrating solar panels on car roofs

c. Special solutions and custom applications. In this segment Flisom has successfully worked on
different projects which require lightweight and flexible modules. For example, Flisom has de-
signed a custom module for the largest Swiss Gondola company, to be integrated in rope way
gondolas to power battery for safety devices. In a second project, Flisom has developed an ex-
tremely light-weight module to be used in high-altitude air ships. A result of this development is a

Ultra barrier low-reflection front film IP65 Junction box

Unbreakable Original MC4
solar film connectors
Solder-free
cell interconnection Lead fros
bus bars —
solder-free

Strong aluminum back plate
or flexible multilayer back sheet

Figure 21 Exploded view of Flisom modules without encapsulant
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module with a weight of less than 200g/m2 and a power density of approx. 780W/kg was de-
signed. A larger quantity of these modules are now being manufactured for installation on a high
altitude airship and drone.
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Figure 22 |IEC Certificate for first module type

Results of environmental testing with the first encapsulation platform were very encouraging therefore
an official IEC certification was started at TUV InterCert. The module with 0.4 x 1.0m size, Al back-
sheet and 33W power was fully IEC certified by mid-2016. This result proves that the chosen materials
and processes for encapsulation are of the right kind and ensure good protection and stability of the
PV modules. In-house DH test have been done more than three times the IEC requirements also
showing good stability (see Figure 23).PV modules.

IEC certification of 3m eMetal and eFlex was started in summer 2017 and all critical tests have been
passed successfully. The plan was to have the testing sequence finished before end of 2017. How-
ever there have been some delays, but generally the tests have all been passed successfully. These
status is acknowledged in the declarations shown in Figure 24. To receive the certificate a factory in-
spection has to take place as well and then certificate will be issued some weeks thereafter.

With the results reached the milestones of WP6 have been achieved. The size of these large modules
is about 1.2m?, which according to our market research is sufficient for the customers. The length is
limited by the lamination tool and the width giving 80cells is fine for most product requirements.

Data sheets for all module platforms can be found on the Flisom website under
https://flisom.com/products/.
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Figure 23 Long term degradation of modules in DH
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WP7: Pilot Test Runs

At the beginning of the project real production was not in the focus. The most important tasks have
been optimizing process conditions and operations of the coating tools and the backend line. Once
submodules with good efficiencies have been manufactured regularly pilot production started. The
goal of this WP is to achieve defined production measures like line yield, started quantity of substrate
area, laminated quantity of substrate area, average module efficiency and production quantity in kKW.

The production throughput was continuously increased over the last 18 months. The goal was to start
as many meters of substrate as possible and to process as many modules through the whole line. At
the beginning the quantities were very limited as reliability issues of the CIGS tool required many inter-
ruptions and a lot of material had to be rejected. Over time the root causes for equipment and process
trouble have been eliminated and the number of finished modules increased. To ensure stable and re-
liable production regular maintenance procedures have been developed and implemented.

During the whole period of the project more than 90’000 m? of substrate have been started in the pro-
duction line (see Figure 25). At the beginning for the project about 20’000 m? have been used for dep-
osition experiments during process development of the individual tools. This amount was not use for
module production at all. For manufacturing of modules about 70’000 m? in total have been started.
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Figure 25 Started length of substrate at BC

Due to different reasons the planned production yield could not be achieved. One major reason for
consequently lower than targeted material yield can be found in the way of yield calculation. Yield cal-
culation includes non-usable areas related to process and technology limitations, the so called design
loss. This is shown in Figure 26 where all the orange coloured area is non-usable for product and ac-
counts for design loss. In the R2R process a ramp-up section at the start and a ramp-down section at
the end of a roll is needed to start-up and stabilize the process and to cool-down the process and
equipment. This causes material loss which is independent of the length of a substrate roll. Subse-
quently, in case of a short roll the percentage wasted is much higher than for longer rolls.

At start of project a roll was about 300m long. A value which was doubled in the first half of 2017 when
operation of equipment and process was improved and more reliable. With these inherent design plus
the operational losses caused by equipment failures, process instabilities and operator errors the ma-
terial yield of the line is about only half of the aimed value. However, ignoring design loss the line end
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Figure 26 Distribution of submodules on roll

achieved at the end of the project is in the range of 80% and even more. This number for the real op-
erational yield is very good.

Taking the design loss as a yield number is an internal convention. This loss could also be considered
material cost, which would lead to generally higher yield. However, in this case the material costs have
to be in more focus. At the end this loss has to be minimized. Extending the length of a roll is one ap-
proach and the final goal is to run rolls of about 2000m. Further this loss will be reduced by extending
the usable area of the web width further. At the end of the project the used width is only about 74cm.
This number will be extended to at least 92cm in the first few weeks of 2018. The reason for the re-
duced width are mechanical unevenness in the border area. With some additions to the transport sys-
tem this deficit will be fixed. In addition to extending the usable width also the distance between sub-
modules will be dramatically reduced. Currently the alphanumeric serial number of the submodule is
written in the space between two submodules. The location will be changed towards the border than
the distance of 4cm can be reduced to 5mm, also a dramatic improvement in material usage and re-
duce vyield loss.

Regular processing of finished modules started when a level of approx. 10% efficiency has been
reached. At the beginning the average efficiency on a month to month base was around 10% +1% for
the year 2016. In 2017 a positive development towards higher efficiencies was achieved. At the begin-
ning of the year rolls with above 13% eff. have been produced. However these process parameters
did not allow for reproducible roll to roll results, so the process required further improvement. To en-
sure a reliable and stable production the reproducibility of the process is crucial. Therefore the focus
shifted for the time being away from increasing eff to stabilizing the process and roll performance. This
caused a slight drop in efficiency however improved reliability substantially. Based on a stable process
increasing efficiency is much more effective. During all the time development work on the processes
was supported by the team from Empa, which was a gr eat help to identify possible cause of variability

Figure 27 View in the production: back-end on the left, front-end on the right
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and ways how to improve much faster than without. Not only the large pool of analytical tools helped,
but also the extensive material knowledge of the team.

Manufacturing continuously even small number of modules allowed Flisom to install a small 2.5kW ar-
ray (see Figure 28) at its building facade on the South side in spring of 2017. With this installation out-
door data will be collected to investigate the performance of the modules.

Production quantities increased in the second half of 2017 as the quality of the PV films became better
and efficiencies allowed to manufacture modules, which could be used as sample to ship to custom-

’

/

Figure 28 Facade installation at Flisom
building

il

ers. The increased quantity also coincides with the first real project Flisom had to deliver. It was a pro-
ject of around 30kW (see title photo), which was delivered in July 2017. Installation of the system was
a big success and step forward for Flisom and was celebrate in September 2017. The installation is
adjacent to a system made with standard c-Si modules and in comparison the Flisom modules perform
at least as good as the c-Si ones as it is seen in Figure 29. Both systems went online on August 18,
2017 and the graph shows the energy yield per installed kW, which is calculated for the period since
then until end of December 2017.

In 2016 no noteworthy quantity of modules was produced due to the low production throughput and
low yield. This changed in 2017 as efficiencies and yield improved. The increased production quanti-
ties lead to the two installations mentioned above and many other orders, which have been shipped to
different customers. At this point it must be highlighted that one very interesting shipment was spe-
cially designed modules with very low weight of approx. 200 g/m2. The application for these modules
is a high-altitude airship cruising in an altitude of approx. 20km to act as a communication hub for in-
ternet connections.

The quantity of modules produced from start of continuous production in Q3/2016 to end of Q4/2017
was increased by a factor of more than 10. This was only possible with many improvements in the
equipment availability and process improvements during these months. Continuous collection of data
in the database to identify the most significant relations between process parameters and efficiency
and variations of those throughout a process. Reducing the source of variation is one major improve-
ment in improving process reproducibility. Regarding equipment reliability preventative maintenance
procedures are improved as new learnings happen. Additionally design of some equipment parts may
not be suitable for longer and longer use. If parts fail after regularly after a certain process time the de-
sign was and will be improved to ensure reproducible results even on longer runs.
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Figure 29 Comparison energy yield of Flisom and c-Si modules

During the course of 2017 planning on a large scale production started to evaluate the investment and
cost structure of such a project. Based on assumptions taking into account the learnings of the NH
production line it became clear that a large scale production will be economically worthwhile starting at
annual production capacities about 100MW. Therefore the planning focused on multiple expansions of
a large production of around 100MW annual capacity. This expansion is required to ensure sustaina-
ble long-term cash flow positive results of the company.

Missed Milestones

Obviously not all milestones of WP7 have been achieved. The general overview is given in Table 3. In
particular, milestones related to production quantities have been missed. At a closer look all these
milestones are related to each other.

Earlier the yield calculation was explained in detail. Missing the yield milestone is mainly related to the
way of calculating yield numbers. The major single reason for yield loss is the so called design loss,
which is process inherent. Flisom is working on minimizing the design loss in different ways: - reduce
the spacing between submodules, - increasing the usable substrate width, and increasing the length of
the substrate rolls to change the ration between ramp-up/ramp-down section and active area. These
activities have been successfully started during the project but putting the focus on technical chal-
lenges in other areas have slowed down progress. The CIGS co-evaporation tool needed much more
attention as originally anticipated. As this is the first and only tool of its kind and completely designed
and installed in-house the need for more intense improvement did not come as a complete surprise.
The major issues have been process reliability and repeatability. The weak points have been the
transport system and the stability of evaporation sources. Both topics have been intensely addressed
and improved because without reproducible and stable processing continuous processing did not
make sense. Equipment and process problems and interruption related to stability issues of the
transport system and the evaporation sources also caused significant reduction of yield. Further the
efficiency of the submodules on the roll are also a reason for yield loss as the process reproducibility
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affects the efficiency. Only submodules with efficiencies >10% have been chosen for further pro-
cessing, which further reduced the yield.

Consequently the milestones of started substrate area have been missed for the reason to save mate-
rial cost. Management decided to rather focus on fixing the stability and reliability issues noted above
than to start as much substrate as possible and waste good material and money. Resulting from re-
duced amounts of started substrate less material delivered to the back-end for lamination thus missing
out on the milestones on laminated areas as well as on manufactured kW as they are directly related
to the laminated area. The manufactured number of kW is also depending on the module efficiency.
As here progress was as planned and all milestones have been met, therefore only the reduced num-
ber of manufactured modules is the reason for the low production numbers.

Although many production milestones have been missed key production indictors show a clear trend
of improvement and there are no signs technology related reasons will limit progress in production ca-
pacity and yield in the future.
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Diskussion - Wirdigung der Ergebnisse — Erkennt-
nisse/ Discussion — Appraisal of the Results - In-
sights

Flisom started the ramp-up of its pilot production line to demonstrate the feasibility of industrial produc-
tion applying its proprietary R2R CIGS thin film process. The pilot production line will be a blueprint for
a large scale production of at least 100MW with which not only the technological but also commercial
feasibility can be shown prior to investing. Further, the project was also intended to help Flisom pro-
gress on the way to commercialisation.

The results achieved during this project clearly show that the technology transfer and scale-up from
Flisom’s development line in Dibendorf was successfully accomplished according to the planned
timeline and the given milestones. As expected some maodifications to the equipment were required as
well as a lot of process optimization to achieve the eventually reached level of module efficiency.

There are many learnings coming from this project, which will help to further scale up the pilot produc-
tion line in Niederhasli as well as any large scale production in the future. Transferring technology re-
quires a very close look to details and processes have to be copied as close as possible to achieve
similar results. In this particular case the different geometries of the equipment required by double the
substrate width compared to the development line have some influence on process parameters. Also
faster production speed requires adjustment of process parameters to achieve the required material
characteristics. It is very important to exactly know the material property of the final product to be able
to adjust the process settings in different equipment. To save time in the ramp-up of a large production
this means to copy as close as possible the equipment of the pilot production. However, all technical
improvements, which are required to optimize the process and increase reliability of the equipment in
the next production line must be incorporated in any new tools to have a better starting point for a new
production.

One very important knob for scaling up the coating technology is uniformity of the coatings. A good
uniformity is most important to get good efficiencies on large areas. Further, this will also help to re-
duce cost as more area of the coated substrate can be used to manufacture product. If the variability
of the uniformity is too large either the overall efficiency of the modules will suffer or material utilization
will go down as material needs to be trashes.

In day to day operations it became clear that a production line works best if there is minimum disturb-
ance and changes from the standard processes. Reproducibility of production runs and thus yield and
efficiency will always benefit. If experimental work has to be performed to improvement the efficiency
or to solve issues causing loss of product it is important to build on a standard process, which is relia-
ble and predictable. If this process does not exist it must be establish to enable further improvement of
the product quality. After initial difficulties finding the right balance between experiments and standard
production this was much improved during 2017 resulting in higher production quantities as well as
more reproducible and constant efficiencies. For the future this means there will always be period with
almost not experimental work to stabilize the production line followed by some substantial changes to
find process improvement towards higher efficiency, better quality or reliability. Once these changes
are defined the line needs time to stabilize again before the next round of improvement should be
started.

For quickly ramping up a production a very good collection of process and product data is inevitable.
Only if correlations between process settings and product measurements can be made easily sources
for instability in the process can be determined. Further, a good data base with easy access will also
help to monitor production progress as well as production yield. In case of Flisom this kind of data
base was developed in-house, which has multiple advantages. The whole system is tailor made to the
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very need of the company. Software errors can easily be fixed without and improvements and addi-
tions are possible much faster as there is no waiting time for the availability of any programmer of a
commercial supplier of such a software. The database enables process engineers as well as produc-
tion management to always access the most recent status of the production floor, which allows very
close monitoring and help to identify out of control events very fast. Ideally an automatic tracking is
built in the data base and will raise an alarm if any out of control event is detected. Only with very fast
response larger loss of material and thus money can be avoided.

Product development for this pilot production turned out to be an ongoing task. Once the earlier de-
scribed product platforms have been developed it became obvious that the market not only has an in-
terest in the standard modules but also is approaching Flisom with many new and very custom inquir-
ies. As Flisom has the option to be very flexible, not only on the mechanical characteristic of the prod-
uct but also in form factor, any customer requests will be accepted if there is commercial sense behind
it. Customers must be willing to pay for the development of special solutions then Flisom will develop
such a solution. This way two specific solutions have been developed and delivered in 2017:

1. Very lightweight module (<200g/m2) for usage on a high altitude (Stratosphere) airship, which
will act as communication hub in the stratosphere. In the trail there is a project for the same
modules for an airplane drone with a similar usage also in the height.

2. A small specially shaped module, which is integrated in a rope way gondola to power safety
and communication equipment in the gondola. Prototypes have been developed and currently
undergo testing.

In both cases Flisom was able to develop a solution well accepted by the customer and consecutive
orders are announced and expected. In addition to these very specific requests a first larger scale in-
stallation was manufactured and sold. It consists of a 5kW fagade part and a 26kW roof-top part. In
this case the roof was not able to take the load of standard c-Si modules and Flisom was able to install
a product which fits the tight weight requirements. At this point it has to be highlighted that the projects
have been done by Flisom without covering even the cost.
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Figure 30 5kW facade installation with Flisom modules

Looking back at the challenge of transferring the process to new and large equipment, with some
never being built before the achieved results are very good and encouraging to go for a large scale
production in the future. Although the production performance developed less beneficial as planned for
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the continuous progress gives the security which is required to take a positive decision for such an im-
portant step. Also the very promising start of commercialisation in different sectors is very promising
and shows that Flisom is progressing well and is able to penetrate the market in different segments
where standard solutions will be difficult to find.

During the project Flisom already started sales activities to push commercialisation forward. Therefore
several exhibits have been attended. Flisom’s product raised a lot of interest and many inquiries about
potential project have been issued. Currently Flisom is working to fulfil some commercial projects and

to intensify other contacts for future projects.

Figure 31 Flisom booth at Intersolar trade fair in Munich 2017

Schlussfolgerungen/ Conclusions

During this project Flisom demonstrated the successful transfer of its proprietary thin film CIGS tech-
nology from the development line in Dubendorf to the new pilot production in Niederhasli. All process
steps were successfully in the scheduled time. The tools of the new line, which have been already in-
stalled at the start of the project were working as specified. However, in the case of the in-house man-
ufactured CIGS deposition tool some modification have been needed to ensure better uniformity and
flat substrate transport. In case of the CBD and laser tool also some minor modification have been
done to make operations more reliable and reproducible.

After a short time of start-up of individual tools and setting of process parameters cells with efficiencies
around 14% have been made and process optimization on the large area started. In parallel work on
product development started as well as understanding market requirements to develop the desired
product. Continuous improvement of the production parameters and increasing reliability of the pro-
duction runs enabled to start manufacturing larger numbers of modules used for testing of different en-
capsulation materials and to develop three different product platforms as offer for customers.

A first product received the IEC certification early in the project and modules of 3m length are currently
undergoing IEC certification, which will be finished in early 2018. In 2017 shipment of first product
started in small numbers. Also a first installation of 30kW was delivered and installed. Further, some
large orders have been received, which will be delivered and installed in 2018.
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Although production ramp-up was slower as planned the progress is still remarkable and shows con-
tinuous improvement in all production and module parameters. With the work accomplished during the
project Flisom clearly went long ways on the road to commercialisation and became very visible in the
international PV market. Two exhibits at Intersolar in Munich also helped to raise awareness of poten-
tial customers about Flisom’s products and technology. Production performance is still increasing and
with the orders received the need to successfully produce good product is very present. The increas-
ing number of incoming inquiries for orders indicate the interest of the market for these kind of prod-
ucts and the future for Flisom is not only in the classical PV market, but also in market segments,
which have not used PV before or in only small quantities and picking up now.
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Ausblick, nachste Schritte nach Projektabschluss/
Outlook, Next Steps after Project end

Clearly Flisom will progress on the way to commercialization increasing the activities in customer ac-
quisition and loading its production. There is the need to generate more revenue to increasingly cover
the cost, which also means Flisom has to focus more and more in market areas where the price pres-
sure is less crucial than in the building market. Generally these are market segments like aerospace
and others where the needed quantities of modules are much less. Therefore Flisom will also market
in the segment of buildings and construction to keep the flow in the production running. One big ad-
vantage of Flisom at this time is the flexibility towards different customer demands, this opens numer-
ous opportunity to provide PV in way it has never been before.

As it will be difficult to maintain a sustainable business on Flisom’s current scale an investment for a

large production of about 150 to 200 MW is evident. At this time the search for investors has started
and the planned start-up of the large production is in the second half of 2019.
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