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CIGS Thin Film Solar Cells, phase 2

Project no 22213-2

Summary

The project CIGS Thin Film Solar Cells, phase 2 has beemgwi for 18,5 months and was
interrupted in advance on the™df June, 2007. The decision to shorten the period was taken
by the board of the Swedish Energy Agency th& df4February. It was decided to re-
evaluate and re-direct the financial support to the groupwAmmeject, CIGS Thin Film Solar
Cells, phase 3, superseded this project and will go on fonitiedly planned project period
(until 2009-12-31).

During the project much of the focus has been on researCld-bree buffer layers, with an
emphasis on the interface properties between the CIGS andffineldyer. (CIGS is a
commonly used acronym for Cu(In,Ga)Sehich is the active absorption layer in this type of
solar cells) The combination of high quality CIGS and the beffer layers has been another
field of interest. CIGS solar cell module development amdputer modelling of solar cells
and modules has been the third major research area.

The results show that the group still holds a position as one tdaters in the world in this
field. The 18.5 % efficient Cd-free solar cell, whichsaabtained and independently
confirmed is only one percent away from the world retardi in addition it is Cd-free using
a Zn(0O,S) buffer layer (the world record from NREL contaid$. ®y alloying ZnO with

MgO instead of ZnS almost equally good results can be achiBuging the last half year an
18.1 % cell has been measured with a (Zn,Mg)O buffer layer.

Solar cell module technology includes several research jdsoissfundamental as e.g.
modelling of cell voltage and losses as a function of distknoeinterconnect to
interconnect, but also more development as e.g. encapsufatiomes. The harsh
environment test (damp heat test) run at 85 C and 85 %veelatimidity for 1000 hours was
passed for both a small (12.5x12.5%=and a large (27.5x30 &rmodule within the
degradation limits stated by the IEC standards, using anseddjéechnology.

! Official solar cell world records are valid forlicareas > 1 cri The official CIGS world record is 18.4 % for a
1 cnf solar cell. The inofficial world record for a CIGS8lar cell less than 1 cm is 19.5 %. Both sol#s eee
from NREL and contain cadmium. Prog PV res Appl@Q4 455-461



Sammanfattning pa svenska

Projektet CIGS tunnfiimssolceller, etapp 2 har pagatt i abader. Det avslutades i fortid
den 14 juni 2007. Beslutet att korta projekttiden togs av Energklivgsnamnded den 14
februari 2007. Det beslutades da att andra inriktningen pa $i6@#6G S-forskningen.
Samtidigt som detta projekt avslutades togs beslut ontdiasttt mer forskningsinriktat och
mindre produktinriktat projekt, CIGS tunnfilmssolceller, etapp & iya stodet ar beviljat till
och med den period som ursprungligen var tankt for CIGS tursddioeller, etapp 2, dvs
tom 2009-12-31.

Under projektperioden har mycket av arbetet inriktats pa kaudfria bufferskikt, med
tyngdpunkt pa gransskikten mellan CIGS och bufferskikt (CIGShakronym som anvands
istallet for den kemiska beteckningen Cu(In,Ga)3¢€ombinationen av CIGS av hog kvalitet
och de nya buffertskikten har varit ett annat intresseomraaterélje stérre omradet har
varit utveckling av CIGS tunnfilmsmoduler och datormodelleauageller och moduler.
Resultaten visar att gruppen behaller sin position som en baste i varlden inom CIGS-
omradet. Den basta cellen under 2006 mattes till 18.5 % verignathav ett oberoende
laboratorium (National Renewable Laboratory, NREL i USAkatilbara &r en procent under
det regerande varldsrekordet som for Gvrigt innehas av NREHarctellen innehaller
kadmium.

Solcellsmodulteknik ar ett brett omrade som bade innehaller gyoathde forskningsfragor
som till exempel modellering av spanningsnivaer och forlusterfsoktion av avstand
mellan ihopkopplingarna, men ocksa uppgifter av mer utvecklingskarsdan utveckling av
inkapslingsrutiner. Det svara klimattestet kallad "damp-hetitf moduler utsétts for 85 C
och 85 % relativ luftfuktighet under 1000 timmar klarades inoamggrna for degradation
enligt gallande IEC-riktlinjer. Detta test inkluderade badditen modul (12.5x12.5 cthfran
tillverkningslinjen fr&n Angstrém, men ocks& en stor modul (27.5x89, dar CIGS fran
Solibro AB anvéandes.



Background

The project CIGS Thin Film Solar Cells, phase 2 started-2Q081. The project is a
continuation of the project CIGS Thin Film Solar Cells, ghhsnd was planned to be a four
year project. However, the project was terminated in 200& and replaced the new project
CIGS Thin Film Solar Cells, phase 3. This report is a sarjraf the activities and results
during the project period.

Aim of project

In the decision to fund the CIGS research project CIGS thinddtar cells, Phase 2, four
strategic goals were identified

» To support a growing Swedish solar cell industry

» Keep and strengthen Swedish expertise in the field of solsrinebrder to collect new

knowledge.

» Sweden shall keep a CIGS research group with internatenallence and importance.

» Develop cadmium free CIGS solar cells with 20 % efficieand solar cell modules with
15% efficiency. The module should fulfil internationally agreeiteria on long term stability.

A number of milestones and deliverables were also agreed upon,dowtdch became
obsolete when the project was interrupted in advance. The oniésswithin the project
period are listed below with comments about the outcome iosital

Milestones and deliverables due 2006-12-31

* Module technology: A long term stable CIGS module according to thg deeat test
criteria in IEC standard test 61646.

Comment: This test is damp heat exposure of an encapsulated module for 1004 B6U¥s
relative humidity in 85 C. The degradation should be less than 5 %. Mhiles from the
minimodule line passed this test during 2006.

» Cadmium free buffer technology. Reproducible Zn(O,S) buffer psocesulting in solar
cells with 15 % efficiency and with a yield higher thah %.

Comment: During the project period two alternatives for Cd-free ufferpassed this goal
with a large margin, Zn@S, and Zn.yMgyO. The best cell using the first buffer material had
18.5 % efficiency and the second 18.1 %. Reproducibility has beearpfor the first buffer.
The official measurement protocol is shown in Figure 2.

» The CIGS layer: A physical model for the CIGS evaporation

Comment: This milestone was not achieved during the project pekiggtant from the
Swedish Research Counsil to Stig Stenstrom at the University ofwilirakal with this
topic in collaboration with us.

Milestones and deliverables due 2007-12-31 (half year within thpeoject)

* Module technology: Cadmium freee CIGS module with 14 % effayie

Comment: milestone achieved during 2006, 14.8 % efficiency wasnsedflry the National
Renewable Laboratory in Golden, Colorado, USA.

» Cadmium free buffer technology: a Cadimum free cell W&o efficiency.

Comment: Achieved, see milestones 2006

» The CIGS layer: a CIGS cell with 0.5 um thick Cl1@8dr and 15 % efficiency

Comment: not achieved, but the work is ongoing in the continuatitimsgoroject as well as
in the EU project LARCIS.



Short technical report

The thin film solar cell

The solar cell is built up by several layers,
see Figure 1, everyone with its own
function. The role of the glass is to support
the solar cell structure, the role of the Mo
layer is to be a plus pole and to form a
good ohmic contact to the CIGS layer.
This contact has to be resistant to the
corrosive Se vapours during the formation
of the CIGS layer. The CIGS layer itself is

the heart of the solar cell, where the
absorption of the solar radiation takes
place. On top of the CIGS layer a buffer
layer is deposited. This buffer layer will

play an important role in the formation of

the pn-junction. At the same time it

passivates and stabilizes the CIGS surface.

On top of the buffer layer a high resistive
ZnO layer is used. This layer is important
to reduce impact of defects (holes) in the
CIGS layer. The top contact is transparent
and conductive and consists of aluminium
doped ZnO. It will constitute the minus-
pole in the solar cell stack.
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Figure 1. The CIGS solar cell in cross section
(scanning electron microscopy image). From top to
bottom: ZnO, buffer layer, CIGS and Mo back
contact.

Cd-free solar cells

The buffer layer is very thin (in most cases
less than 100 nm) CdS is the conventional
buffer material for CIGS-based solar cells.
The main drawback with CdS as buffer
layer apart from that it contains toxic

cadmium is that it absorbs some of the

sunlight. The charge carriers resulting from
this absorption are normally not collected
and thus the absorbed light is lost. By
substituting CdS with a semiconductor
with a higher bandgap, absorption in the
buffer is avoided and the current density
increases and thereby the solar cell
efficiency. During the project period two
alternative buffer materials have been in
focus, ZnQ,S( and Zn,Mg,O. They are
both based on ZnO with either alloying
with ZnS or with MgO and both are
prepared using atomic layer deposition
(ALD).

The best results using a Cd-free buffer was
with ZnO,.4S; and was achieved in 2006.
The measurement protocol is shown in
Figure 2.
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Figure 2. Measurement protocol of the 18.5 %
efficient Cd-free solar cell. The cell has an

antireflective coating



The ALD system which was designed and
built at the end of Angstrém Solar Center
was improved during the project period by
changing the gas distribution system and a
substantial number of runs were
performed, both for evaluation of cells and
for submodules. In the initial state this
work was done partly within the EU-
funded project NEBULES.

The work on ALD- Zi.\MgyO buffers has
been pioneered by the group and has
gained a large interest in the solar cell
community. During the project period an
18.1 % efficient solar cell has been
fabricated. The results are to be presented
at the ECPVSEC in Milano, Italy in
September 2007.

One important contribution to the 18.1 %
efficiency result was a study of the role of
the high resistive ZnO (HR-ZnO) layer. It
was found that for for the Z4pMg,O
buffer, the best result was obtained
completely without the HR-ZnO. In CdS
buffer layer solar cells, the HR-ZnO is
necessary to avoid frequent shunting. The
thickness is not very important, the thicker
the better. For buffer layers consisting of
Zn0y,S;, a very thin HR-ZnO layer gives
the best result. Table 1 shows the results in
numbers and in Figure 1 the quantum
efficiency results for short wavelengths are
shown for CdS and ZMgxO buffer
layers respectively. Since CdS is reducing
the quantum efficiency (QE) in the short
wavelength part the gain of reducing the
HR-ZnO is small. In contrast, the gain for
the ZnMgxO buffer layers is larger, since
the absorption is small due to the higher
bandgap of this buffer. This is illustrated in
Figure 3.

1

7

0.6
w

0.4

0.2 0nm
=80 Nm

220 nm

410 460

w avelength (nm)

510 560

0.8

0.6

0.4

0nm

0.2
=80 Nm

220 nm

360 410 460

w avelength (nm)

510 560

Figure 3. QE measurements for the short
wavelengths between 360 and 560 nm for CdS
(upper) and Zp,Mg,O (lower), respectively and
for three different thicknesses of i-ZnO.

A variety of process methods have been
used to characterize the ZMgxO thin
layers. The methods used are optical, e.qg.
transmission and reflectance
measurements, electrical, e.g.
characterization of solar cell devices by
current-voltage, quantum efficiency and
capacitance-voltage methods and material
characterization by X-ray Diffraction,
transmission electron microscopy, see
Figure 4, and photoelectron spectroscopy.



Figure 4. A Transmission Electron Microscopy
image showing the interface between a CIGS and a
Zny Mgy buffer layer.

Table 1. results from the i-ZnO optimization. The
Jsc values are from QE measurements. Jsc (QE) is
the short circuit current resulting from the contgle
solar spectrum, whereas Jsc(QEshort) is the part
originating from the wavelengths from 360 to 550
nm, i.e. the short wavelengths.

i-ZnO Voc Jsc (QE) Jsc FF h
Thickness| (mV) (mAlcn?)  (QEgon (%) (%)
(nm) (mAlcnt)
Cds
0 658 33.4 6.94 74.3 164
80 661 33.0 6.90 751 16.5
220 664 325 6.75 754 16.3
Zn(0,S)
0 664 34.8 8.17 722 16.7
80 669 34.4 7.84 718 16.7
220 668 33.1 7.62 63.1 16.2
(Zn,Mg)O
0 646 34.5 8.18 740 16.5
80 646 34.1 7.94 69.8 155
220 638 32.8 6.81 304 6.4

A strong focus has been on the region in,
or close to the CIGS/buffer interface. The
buffer layer material closest to the
interface is nucleated first and the rest of
the buffer layer grows on this nucleated
layer. Temperature has been found to be an
important parameter to impact the crystal
structure of the film. By using a low
temperature for the nucleation, a close to
amorphous layer is formed at the interface,
which seems to be beneficial for the
junction properties.

Higher temperatures and thereby a higher
degree of crystal structure later on in the
buffer process seems less important.

The band alignment is decisive for the
properties at the interface. Variations of the
sulphur concentration in the case of ZnO
xSx and the magnesium concentration in
the case of ZiyMgx changes the position
of the conduction band minimum and
thereby has a strong impact on the junction
properties.

During 2006 and 2007 a post-doc

specialized in transmission electron

microscopy has been working part time
with the group, mainly in the region of Cd-

free buffer layers. The work has resulted in
one paper published at the Vacuum
congress in Stockholm and one paper is in
manuscript.

During 2006 and 2007, opto-electrical
characterization has been carried out in
order to understand the metastable effects
of Cd-free devices. The CIGS solar cells,
and in particular cells with Cd-free buffers
change their electrical characteristics in
light exposure. In short, they improve in
the sun. The beneficial effect of white light
exposure decreases when the samples are
stored in the dark for longer periods of
time (in the order of weeks to months) and
recover again in white light. Samples with
all three kinds of buffer layers and
identical CIGS layers have been analyzed
with  capacitance-based methods in
collaboration with the University of
Warszaw. Results from characterization
and simulations indicate that one
explanation for the metastable behaviour is
vacancies of selenium and copper
(VsetVey)? acting as traps for electrons.
These electron traps can be filled or
emptied by applying forward or reverse
bias to the devices, but also by illumination
with different wavelengths. The results
will be presented at the EUPVSEC in
Milano in September 2007.



The properties of the surface of the CIGS
layer may change as a function of
temperature and partial pressure of
selenium at the end of the CIGS deposition
process. In some cases a very thin layer of
elemental selenium may be formed.
Elemental selenium can be removed either
by etching in potassium cyanide or by
heating the sample in vacuum. The excess
elemental selenium very efficiently
destroys the interface properties of solar
cells with CdS buffer layers, since they are
fabricated without heating the samples. On
the other hand the ALD-buffer process
involves heating of the sample in the
deposition problem. Therefore the problem
is less obvious for these processes.

High efficiency

The maximum theoretical efficiency for

single junction CIGS solar cells is about 30
%, depending on the Ga content. The
maximum efficiency limit is for a bandgap

of 1.3 eV.

The short term goal is to reach efficiencies
above 20 % for a single junction solar cell.

The world record for this kind of solar

cells is presently 19.5 %. 20 % efficiency
is a challenging goal, but within reach,

using optimization of the CIGS material

and buffer partner materials. Even higher
efficiencies might require development and
use of new materials and/or device
structures, like e.g. tandem junction cells.

The CIGS layer:

Cu(In,Ga)Se2 is made by coevaporation of
the elements in vacuum. During the
evaporation, the substrates are kept at
about 500 C. An illustration of an
evaporation process is shown in Figure 5.
Thin CIGS (<1 pm) is interesting both in
terms of lowering the production cost (less
material, faster deposition), but also from a
fundamental point of view. By reducing
the thickness, also the recombination
volume is reduced, which would increase
voltage and fill factor as compared to
thicker CIGS layers. The problem with thin

Vacuum

Figure 5. lllustration of in-line co-evaporationhd
four rectangles symbolize the sources for the four
elements. The substrate is moving into the
evaporation zone after being heated by heat lamps,
illustrated by orange rectangles. After the CIGS
deposition the substrates are cooled in a cooling
zone.

CIGS layers is that the optical thickness
has to be sufficient for full absorption.

Our strategy for thin CIGS is to make

optically reflecting layers at the back

contact and thus increasing the optical path
for the photons. This is illustrated in Figure

6.

During 2006 and 2007 we have further
developed a process for fabrication of this
kind of mirrors, consisting of ZrN.
Additionally we have optimized the CIGS
process to give solar cells with high
voltage and fill factor. The best “thin”
solar cell had over 79 % fill factor. A paper
about the ZrN layer was published at the
Vacuum conference in Stockholm in June
2007.

Figure 6. Absorption of light in a CIGS layer (ligh
blue) with help of a ZrN back reflector layer
(brown). CIGS has a high absorption coefficient for
blue light, which therefore is absorbed within the
thin CIGS. A large fraction of the red light would
be lost without the optical reflector.

We have made specially designed samples
for optical characterization in collaboration
with the University of Ljubljana. These
samples were designed to be illuminated



from the back contact side. The back
contact was made transparent allowing
most of the light to enter the cell from the
back side. An optical mirror was deposited
at the front contact of the solar cell. Thus
light can be reflected near the junction
region. With this structure it is possible to
sort out the effect of the reflective layer
from effects of carrier collection. The
results are being published as an oral paper
in the EUPVSEC conference in Milano by
the group from Ljubljana.

This CIGS layer for this part of the project
has been produced in the BAK (Balzer
BAK550) vacuum system. The BAK is a
very versatile CIGS tool, where almost
every CIGS deposition profile can be
tested. It is built with a mass spectrometer
and with very fast responding open boat
sources. A computerized feed-back control
system is used to monitor and control the
evaporation rates for Cu, In and Ga. The
Se is temperature controlled. During 2006
and 2007 the BAK has been heavily used
also for assessment and simulations of
process profile recipes as a basis for design
of equipment for Solibro. This work has
been done by Solibro personnel.

One important characteristic of CIGS is
that it can carry a large deficit of Cu, but in
a CIGS film with a copper concentration
higher than 25 % GuSe is segregated.
Thus it has a large process window on the
Cu-poor side in the phase diagram, but the
material is completely useless if it ends up
slightly Cu-rich after the CIGS deposition
is completed. The transition from Cu-poor
to Cu-rich CIGS (with segregated 5&e)
comes with a change in emissivity. This
emissivity change can be used for control
of the CIGS growth. Although well known
in the visible wavelength the infrared
absorption properties of @uSe have not
been known until now. Assessing the
complex refractive index of GuSe is a
task that started in 2006 and will be
finalized in 2007. The CIGS for this part of
the project is fabricated in the UMS

Figure 7. M Pilote, an in-line CIGS deposition
system. The picture shows the evaporation sector of
the vacuum system.

(Baltzer UMS) evaporation system, with
temperature controlled evaporation
sources.

The prototype CIGS production system M
Pilote, see Figure 7, is supplying high
quality CIGS layers for both minimodule
experiments and fundamental research.
CIGS is produced in an in-line process,
where the substrates enter from a common
loadlock-transfer by means of a robotic
arm. They move in a carousel which is
divided in three basic parts, the heating
section, the CIGS deposition section and
the cooling section. Each substrate needs
one hour for one complete rotation and one
substrate is fed in every 2,5-3 minutes. The
deposition time for the CIGS layer is
between 15 and 18 minutes depending on
rotation speed.

Variation in the evaporation profile can be
done by moving the sources, changing the
rotation speed and changing the heating
profile, but the present profile produces
very high quality CIGS in a reproducible
way. The vacuum system itself is stable,
but the sources in the system require a lot
of service which has led to considerable
down-time during the last half year. The
reason is that the sources are run at high
temperatures in a corrosive atmosphere.



Hot Se vapour is corrosive to almost all
metals and it wears down the metal parts of
the sources, which need to be changed at
regular intervals.

Module technology:

Baseline

The best module during the project period
measured 14.8 % aperture area efficiency
(independently confirmed). It was an
encapsulated non gridded module with an
aperture area of 76.8 émusing a Cd-free
buffer. Forconventional module desigit

is the same efficiency value as the present
world record for thin film solar cell
modules. For Cd-free thin film modules it
is the best result reported.

The equipment for the full module
fabrication line which was installed in
2005 was used and optimized to obtain a
reproducible module process for 30x27.5
cm? modules. This included upgrade of the
mechanical scribing. This equipment has
been used by Solibro to fabricate sub-
modules.

During 2006 and 2007 a novel approach to
structuring of the CIGS layer has been
tested, see Figure 8. Instead of scribing
through the CIGS with a sharp needle, thus
creating a crater down to the Mo layer
which subsequently is filled with doped

ZnO during the front contact deposition,

the CIGS itself is made conductive. The
conversion of CIGS from relatively high

resistivity to conductive is made with a

laser beam, which heats up the CIGS. It is
shown that loss of mainly indium and

selenium occurs and that the conductivity
is high enough for efficiently contacting

the cells in the module. A method for

structuring involving laser patterning is

currently in the process of a patent
application. A paper about the work is in
manuscript and will be sent for publication
as soon as the patent application is
finalized.

Figure 8: Module structures showing the

conventional module interconnect structure: laser
P1, mechanical P2, mechanical P3 (8a) and the
novel structure: laser P1, laser P2, mechanical P3
(8b)

A chart showing modules with the

conventional and novel patterning is shown
in Figure 9. The results from the novel
patterning method are equal to or even
slightly better than the conventional

scribes, but the modules were produced
using CIGS from various runs, with

slightly varying quality.

Figure 9: module results for CIGS solar cell

modules using laser P2 patterning and for
references, using conventional mechanical P2. Five
modules with laser P2 had efficiencies above 14 %.

The resistance in the interconnects was
shown to be slightly higher for the laser

patterned contacts. The interconnects were
investigated using designated test
structures. In the work with laser patterned
interconnects also large CIGS plates from
Solibro were used in order to get good

statistics by cutting up a large plate into a
number of smaller pieces with identical or

very similar CIGS.
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Modelling of solar cell and module

parameters

Modelling of cell parameters as a basis for
understanding the losses in the cell is an
ongoing project. Some losses occur during
damp heat exposure of the solar cells and
the different layers act differently upon this
exposure.

Examples of cell losses are contact
resistance increase and ZnO conductivity
limitations.

Cell voltage variations over the surface of
the solar cell have been studied using a
finite element method. The model is using
a commercial finite element program
(Comsol multiphysics), thus the modelling
can be made in more than one dimension
in contrast to other programs commonly
used for modelling of solar cells like
SCAPS and AMPS. The basis for the
model is the one-diode model shown in
figure 10.

Figure 10. The one-diode model of a solar cellt Jto
is the total current and Vtot is the total voltamyer

a solar cell. Jis the photogenerated current,dd

G, are the series resistance and shunt conductance
respectively andoJand A are parameters extracted
from dark IV-measurements characterising the
diode part of the solar cell.

Results from the modelling are shown in
figure 11. The model was validated using
both simple square solar cells with direct
probing on the ZnO front contact as well as
our normal test cells with fork-like

electrode contacts. A paper is accepted for

publication in Progress in Photovoltaics,
Research and Applications (available on-
line).

Figure 11: The isopotential lines resulting frone th
modelling of cell voltage across a test cell with
fork-like electrodes. With the electrode at refern

potential, and in short circuit conditions the
maximum voltage shift (in the corner) is slightly
above 40 mV.

During autumn 2006 a diploma work
started where one objective was
development of a model for optimization
of cell width based on modelling of cell
voltage. Another objective was to
investigate the use of thin film modules in
low concentration applications. The
diploma work was initiated by Arontis AB
and partly financed by the SolEl program.
An example of a cell in cross section and
in forward bias is shown in Figure 12. The
bending of the isopotential will depend on
the voltage applied to the cell and on the
resistivity of the ZnO. Three different cell
widths were modelled, and solar cell
modules were fabricated to validate the
model. In addition to the diploma work, the
results are being presented as an oral
presentation at the EUPVSEC conference
in Milano.
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Figure 12. Simulation of the potential distribution
of a solar cell in a module with 200 mV difference
in potential between front and back contact. The
band at the bottom is the Mo back contact which is
perfectly conducting and thereby has only one
potential (blue), the upper band is the ZnO, which
has a limited conductivity and therefore a small
potential drop. The largest difference in poterisal
within the CIGS layer.

Encapsulation and finishing of
modules

Non-encapsulated CIGS modules are very
sensitive to humidity. Corrosion of the thin
layers in the CIGS thin film module leads
to severe degradation of the performance

and even to complete failure after much
less than 1000 hours of damp-heat testing
at 85 C and 85 % relative humidity. These
values for exposure time, temperature and
relative humidity are used for the thin film
module certification test IEC 61646.

A method for edge sealing was developed
and using this method, modules were
shown to withstand the harsh damp heat
test without degradation. Stability was
shown for both small (12.5x12.5 érand
larger (30x27.5 cf) modules.

As adhesive for the encapsulation,
commonly EVA (ethyl vinyle acetate) is
used. EVA is cured in the lamination
process and it is important to achieve
complete cross-linking of the carbon
chains for long term stability. The EVA
cross-linking was studied using a chemical
method , where the EVA, which was not
completely cured dissolved when the
laminated module was immersed in a
solvent.
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Collaboration with Solibro

The activities in Solibro AB started in
September 2003. After succeeding a first
phase of scaling up the CIGS process to
full size (60x120 crf), the company was
ready for the next phase of scaling up the
complete fabrication line and starting pilot
production.

A contract was signed the "23November
2006 between Q-Cells, which is a major
solar cell production company in Germany
and the owners of Solibro AB.

Two new companies were established and
Solibro AB was transformed to a holding
company, keeping its old owners. The first
new company Solibro GmbH, is owned
32.5 % by Solibro AB and 67.5 % by Q-
Cells AG. Solibro GmbH is setting up a
first production site in Thalheim in
Germany with a capacity of 25-30
MW/year and with first production planned
for 2008.

The second company, Solibro Research
AB, is a subsidiary of Solibro GmbH.
Solibro AB is the research and
development center of Solibro GmbH and
will have its activities in Ultuna in
Uppsala, where a new building will be
ready in October 2007.

Solibro Research AB will have all
equipment for prototype fabrication of
solar cell modules and will grow to have
about 15 employees in the first stage. Lars
Stolt is the managing director of Solibro
Research AB and also a member of the
management of Solibro GmbH. All
immaterial property rights of Solibro AB
(old Solibro) and Solibro Research AB are
held by Solibro Research AB.

The collaboration between the solar cell
group at Angstrom and Solibro AB

(2006)/Solibro Research AB (2007) has
been more or less intense during the
project period. Solibro has been using the
equipment at Angstrém for CIGS solar cell
module development and characterization.

When more equipment has been delivered
to Solibro Research AB, the activities at

Angstrom have gradually decreased. The
new equipment for deposition and

characterisation will become a welcome
back-up for the University equipment.

One of the PhD students from the group
which is mostly involved in module

development has been transferred to
Solibro and is now an industrial PhD
student (“industridoktorand”)
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Results, Publications and
public events

During 2006, one PhD student graduated
from the group and group members
participated in three major international
conferences, in Dresden, Germany, in
Nice, France and one on Hawaii, USA. In
all three conferences we had oral
presentations. In 2007 four papers were
accepted for the 22EUPVSEC
conference in Milano, Italy. The
conference is being held in September
2007.

PhD thesis:

Band Alignment Between ZnO-Based
and Cu(In,Ga)Se Thin Films for High
Efficiency Solar Cells

Charlotte Platzer-Bjorkman

Acta Universitatis Upsaliensi2006,
February 3 (urn:nbn:se:uu:diva-6263)

Diploma work thesis:

The role of i-ZnO for shunt prevention
in Cu(In,Ga)Se,-based solar cells
Karin Ottosson

UPTEC F06 001, April 2006

Publications

The following articles and conference
papers were published by the group during
2006 and 2007

Journal Articles

Absorption and desorption of water in
glass/ethylene-vinyl-acetate/glass
laminates

Thomas Carlsson, Petri Konttinen, Ulf
Malm and Peter Lund

in: Polymer TestingVolume 25, Issue 5,
August 2006 : pp.615—622

Strong Valence-band offset bowing of
Zn01.4Sc enhances p-type nitrogen

doping of ZnO-like alloys

Clas Persson, Charlotte Platzer-Bjorkman,
Jonas Malmstrém, Tobias Térndahl, and
Marika Edoff

in: Physical Review Lette&7, 146403
(2006)

Metastabilities in the electrical
characteristics of CIGS devices:
Experimental results vs theoretical
predictions

M Igalson, M. Cwil, M. Edoff

Thin Solid Films515 15, 31 May 2007,
pp 6142-6146

Optimization of ALD-(Zn,Mg)O buffer
layers and (Zn,Mg)O/Cu(In,Ga)Se
interfaces for thin film solar cells
Charlotte Platzer-Bjorkman, Tobias
Torndahl, Adam Hultgvist, John Kessler,
and Marika Edoff

Thin Solid Films515 15, 31 May 2007,
pp 6024-6027

The potential of textured front ZnO and
flat TCO/metal back contact to improve
optical absorption in thin Cu(In,Ga)Se,
solar cells

A Campa, J Krc, J Malmstrém, M Edoff, F
Smole and M Topic

Thin Solid Films515 15, 31 May 2007,

pp 5968-5972

Atomic Layer Deposition of Zn; \MgxO
buffer layers for Cu(In,Ga)Se, solar

cells

Tobias Tdérndahl, Charlotte Platzer-
Bjorkman, John Kessler, and Marika Edoff
in: Progress in Photovoltaics: Research
and applicationdl5, 3, May 2007, pp. 225-
235

Zn(0,S)/Cu(In,Ga)Se solar cells: band
alignment and sulfur gradient

Charlotte Platzer-Bjorkman, Tobias
Torndahl, Daniel Abou-Ras, Jonas
Malmstrom, John Kessler, and Lars Stolt
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in: Journal of Applied Physick00 044506
(2006)

Journal Article in Press:

Influence from front contact sheet
resistance on extracted diode
parameters in CIGS solar cells

Ulf Malm and Marika Edoff

Prog. Photovolt: Res. Appl. Accepted for
publication.

Conference Contributions

Stability in Cu(In,Ga)Se; Solar Cells
With EVA Encapsulation in Varying
Damp Heat Conditions

U. Malm, T. Carlsson and M. Edoff

in: Proceedings of the 21st European
Photovoltaic Solar Energy Conference
Dresden, 2006 : pp.1990—1993

Electrical characterization of CIGSe-
based photovoltaic devices with Zn(O,S)
and (Zn,Mg)O buffers

P. Zabierowski, Charlotte Platzer-
Bjorkman, M. Cwil

in: Proceedings of the 21st European
Photovoltaic Solar Energy Conference
Dresden, 2006

Cadmium-free CIGS Mini-Modules with
ALD-grown Zn(O,S)-based Buffer
Layers

Uwe Zimmermann, Marta Ruth, and
Marika Edoff

in: Proceedings of the 21st European
Photovoltaic Solar Energy Conference
Dresden, 2006, p1831-1834

Optical potential of TCO/metal back
contact and of textured substrate in thin
Cu(ln, Ga)Se solar cells

A. Campa, J. Krc, Jonas Malmstrom,
Marika Edoff, F. Smole, and M. Topic

in: Proceedings of the 42nd International
Conference on Microelectronics, Devices
and Materials and the Workshop on
MEMS and NEMS2006 : pp.221—6

Influence of CBD-deposited CdS on the
carrier collection in CIGS based solar
cells

Marika Edoff, Lina Malmberg, Ulf Malm,
and Lars Stolt

in: Conference Record of the 2006 IEEE
4th World Conference on Photovoltaic
Energy ConversigrHawaii, 2006 : p.4 ff

Optical modelling and simulation of
thin-film Cu(In,Ga)Se; solar cells

J Krc, A Campa, G Cernivec, J
Malmstrém, M Edoff, F Smile, M Topic
6™ International Conferenc on Numerical
Simulation of Optoelectronic Devices
(IEEE Cat. No. 06EX1456), 2006, p 33

Conference papers resulting from
the cJoroject to be presented in

22" EUPVSEC in Milano, Italy
Sept 2007:

Modelling and Optimization of CIGS
Solar Cell Modules

Joar Johansson, Uwe Zimmermann and
Marika Edoff

Potential of Optical Improvements of

the Back Contact in Thin Cu(In,Ga)Se
Solar Cells

A Campa G.C. Cernivec, J. Krc, F. Smole,
M Topic, S. Schleussner, M. Edoff

Optimization of i-ZnO window layers
for Cu(In,Ga)Se;, Solar Cells with ALD
buffers

A Hultgvist, C. Platzer-Bjérkmana, T.
Toérndahl, M Ruth and M. Edoff

Influence of metastabilities on the
efficiency of Cu(In,Ga)Se-based solar
cells with Zn(O,S) and (Zn,Mg)O
buffers.

P Zabierowski and C Platzer-Bjorkman
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Public events

Marika Edoff participated in the
conference “Energi IT och Design”, which
was arranged by the Swedish Energy
Agency in March 2006.

The group was co-arranging a seminar
together with Research School
“Energisystem” on solar cell systems in
houses. The'8of February 2006.

During 2006 and first half of 2007 the
group arranged two “Open House"-days,
4™ April 2006 and one in the autumfi 7
November 2006 and f3viarch 2007,
inviting all interested to visit the group.
The events were announced on the web
site.

A closing seminar was arranged by the
group in early December 2006 for the
Nordic PV research program. The event
was a two day series of seminars and
attracted about 50 researchers from the
Nordic countries to Uppsala and the
Angstrém Lab.

Tobias Térndahl gave an oral presentation
at the Baltic conference on Atomic Layer
Deposition, Oslo, Norway, June 2006

Marika Edoff and UIf Malm gave oral
presentations at Energitinget 20-21 March
2007

Other projects and important
collaborations with research

groups outside Uppsala

University:

Apart from the funding from the Swedish
Energy Agency, the group has, during
2006 and 2007, also been involved in other

projects, most of which involve research
collaborations.

EU-Project LARCIS:

LARCIS started its activities in November
2005 and is a four year project, presently
funding one PhD student, Sebastian
Schleussner, with supervision. Our part of
the project is about thinning down the
CIGS layer without loosing efficiency.
Project leader on behalf of Uppsala
University is Marika Edoff. Since the
department has changed its routines for
charging OH costs, no extra funding is
required for LARCIS. All the same, the
goals for LARCIS are well aligned with
the goals for the CIGS project.

IEA-PVPS Task 1:

UIf Malm, PhD student from the group has
been funded from the Swedish Energy
Agency for participating in the IEA-PVPS
Task 1 activities. Project leader on behalf
of Uppsala University has been Lars Stolt.

Warszaw University:

The collaboration with Margaret lgalson
and her group involves exchange of
samples for measurements using advanced
electrical methods. One Diploma student
visited the group for fabrication of
specialized samples. The collaboration
resulted in one paper published during
2006. One workshop was arranged in
Warszaw in May 2006.

KTH, Stockholm:

Clas Persson, has funding from the
Swedish Research Council for making
theoretical calculations on CIGS based
solar cell structures, both bulk materials
and interfaces and surfaces. The
collaboration on ALD-Zn(O,S) has

resulted in one publication in Physical
Review Letters and contributed to a second
publication in Journal of Applied Physics,

both of which published in 2006.

Nordic PV:

Through the Nordic Energy Research
(Nordisk  Energiforskning), one PhD
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student, Ulf Malm, was funded for
research on CIGS cell stability during 2006
Research on Si-based solar cell
development was during part of 2006
performed at the Angstrém lab by Institutt
for Energiforskning (IFE) hosted by the
group.

Marika is assistant supervisor for one PhD
student within the Nordic PV project,
Birger Retterstol-Olaisen, who has been
working on CIGS solar cells and modules
with screen printed grid structures and who
has spent about two months during 2006 as
a visiting student in the group. Nordic PV
ended 2006. A new project has started
2007, where there is financing for a new
PhD student. This new student started in
June 2007.

Collaborations within Uppsala
University:

Professor Klaus Leifer, Department for
Nanotechnology

Post-Doc Ernesto Coronel, hired half time
in the CIGS group and half time at the
Department for Nanotechnology.

Hans Siegbahn, Department of Physics

In a collaboration with a physics group
including Hakan Rensmo, Anders Sandell
and Hans Siegbahn at Uppsala University
measurements on CIGS structures have
been performed at the synchrotron
MAXLAB in Lund and BESSY in Berlin.
The collaboration is still in an initial stage
where the aim is to identify how the
additional information obtained from
synchrotron measurements can also be
useful in our technical development.

Ewa Wackelgard, Forskarskolan
Energisystem

One PhD student, Joakim Widén, is
supervised by Ewa Wackelgard and with
Marika Edoff as assistant supervisor. The
PhD project deals with incorporation of
solar cells in small systems (domestic
houses) up to large systems (Swedish
electric grid). Joakim was accepted as a
PhD student in 2006.

Teaching

Members of the group have given lectures
at three courses in the diploma engineer
program Energy System during 2006 and
first half of 2007:
Introduktion till Energitekniker
Energitekniker del 3
Solar Energy Technology and
Systems (course responsible)
In addition introductory lectures to solar
cells have been given on SLU, KTH and
Stockholm University.
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Group members during 2006
and 2007

Senior staff:

Marika Edoff, group leader

Lars Stolt (on leave of absence)
Uwe Zimmermann

Charlotte Platzer-Bjorkman
Tobias Térndahl

Ernesto Coronel

PhD students

Jens Scholdstrom

Ulf Malm

Sebastian Schleussner

Adam Hultgvist

Per-Oskar Westin

Jonas Pettersson (started June 2007)

Engineers

Einar S6derman

Marta Ruth

Sara Woldegiorgis

Karin Ottosson (until September 2006)

Changes in the group

Charlotte Platzer-Bjorkman started as a
senior in the group after her dissertation
Adam Hultgvist was accepted as a PhD
student in April 2006.

Karin Ottosson left the group to work at
Solibro AB

Jonas Pettersson was accepted as a PhD

student in June 2007
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