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(57) Abstract: The invention concerns a photovoltaic device on a metal carrier substrate, and a method of manufacturing this pho-
tovoltaic device, or an intermediate product, according to the invention. The manufacturing process comprises the steps of: * pro-
viding a metal carrier substrate (12), * providing an electrically insulating layer (14) having barrier properties on said metal carrier
substrate (12),  providing a first electrically conductive layer (16) on the electrically insulating layer (14), wherein possibly the
electrically insulating layer (14) and the first electrically conductive layer (16) comprise a high temperature resistant material.
providing a photovoltaic layer (18) comprising a semi conductive material on the electrically conductive layer (16) * providing a
transparent second conductive layer (26) on the photovoltaic layer (18).
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1
A METHOD OF MANUFACTURING A PHOTOVOLTAIC DEVICE, AN

INTERMEDIATE MANUFACTURING PRODUCT AND A PHOTOVOLTAIC DEVICE

FIELD OF THE INVENTION
The present invention relates to a method of manufacturing a photovoltaic
device, to an intermediate manufacturing product and to a photovoltaic device as

such.
BACKGROUND OF THE INVENTION

Photovoltaic (PV) devices and manufacturing methods thereof are well known in the
art. A photovoltaic device or solar cell converts light directly into electricity using the
charge separating effect in junctions between semiconducting and light absorbing
materials. In general a photovoltaic device comprises a carrier substrate, which is
isolated from a back electrode. The back electrode is in electrical contact with an
active PV absorber layer, which absorbs part of the incoming light and transforms it
into electricity. On the topside, the PV absorber layer is in electrical contact with a
transparent front electrode, which is usually covered with a transparent material that

can be glass or a plastic film.

Photovoltaic devices can be classified, depending on the nature of the semiconductive
material(s) used. The classical photovoltaic devices, available since the 1950's, are
based on Crystalline Silicon technology, applied to glass substrates. More recently,
thin film PV technologies such as Amorphous Silicon (a-Si), Copper Indium Gallium
Selenide (CIGS) and Cadmium Telluride (CdTe) have been developed, which resulted
in cheaper ways to manufacture solar cells.

Third generation or ‘organic’ PV devices that emerged in the 1990’s use low-cost
materials on flexible carrier substrates such as metal or plastic foil. Dye Sensitised
solar Cells (DSC) fall into this category and are based on nanoparticulate Titania
(TiO2) impregnated with a light-absorbing dye. DSC is the most advanced technology
of its kind. Other third generation PV technologies are based on organic or polymer-
based semiconductors. Third generation PV manufacturing processes tend to be

relatively simple and high speed.

CONFIRMATION COPY
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DSC, also called Gratzel cells, are a technology based on low cost materials that can
be applied to fiexible carrier substrates such as a metal strip or a plastic foil in a
continuous in-line production process. In a traditional batch manufacturing method for
DSC, a transparent substrate like glass is provided with a transparent conductive layer
in order to form a transparent front or ‘window’ electrode. A thin layer of a porous
semiconductor, such as TiO,, is then deposited onto this conductive layer. The porous
semiconductor layer needs to be sintered at 350-550°C to achieve good electrical
interconnectivity between the semiconductor particles, and between the
semiconductor particles and the conductive layer of the cell. A suitable dye is
absorbed into the porous semiconductor; and the carrier substrate with the conductive
layer and dye-sensitised semiconductor forms the working electrode. An electrolyte is
then deposited, which diffuses into the pores and forms a thin film on top of the

working electrode.

The counter electrode can be based on a glass substrate or on a metal carrier
substrate, and is produced separately. This part comprises an electrical conductor
deposited onto the substrate and a molecular layer of a catalyst that could be platinum
(Pt) or carbon (C) deposited onto the electrical conductor, which promotes transfer of
electrons from the conductor to the electrolyte. The working electrode and counter
electrode are assembled and sealed in order to prevent the electrolyte from leaking.
For the cell to work, both the working electrode and the counter electrode need to be
in physical contact with the electrolyte. Most research and development work on DSC
involve batch-produced cells with a window electrode made of glass.

DSC may be interconnected into a module to generate a useful output voltage for
which the conductive layer of the DSC must be interrupted. When metal carrier
substrates are used an insulating layer is required to electrically isolate the metal. This
insulating layer also functions to chemically separate the metal carrier substrate from

the electrolyte, thus reducing reactive degradation.

A flexible dye sensitised solar cell comprising an insulating thin film disposed between
a flexible conducting substrate and a conducting thin film is disclosed in
US 2005/0274412 A1. The insulating film comprises an inorganic material such as
SiO,, which is used to separate the electrolyte from the conducting substrate and
improve the stability and energy conversion efficiency of the cell. In such a solar cell
the electrically insulating layer comprises inorganic materials such as silica, which are
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traditionally applied by sputtering, i.e. materials are deposited under vacuum and at
elevated temperatures. Such vacuum based processes typically limit the manufacture
of dye sensitised solar cells according to US 2005/0274412 A1 to a batch process

since they are difficult to implement into a continuous production line.

The electrically insulating layer should not break down at the maximum cell voltage.
The actual voltage will be dependant on the number of cells that are connected in
series, which in turn is determined by an inverter voltage. A typical DC voltage would
be 24-50 V. Maintenance of insulation for voltages in this range can be demonstrated
using commercially available pin-hole detection equipment such as that supplied by

Elcometer.

Conductive layers are usually metallic or conductive oxides, which are also deposited
using vacuum based technologies and may involve sputtering. It has appeared that
sputtered inorganic layers like alumina, silica or conductive oxides can suffer from
damage such as cracking or delamination from the metal carrier substrate during
subsequent manufacturing steps. Additionally, the durability, flexibility and formability
of a metal carrier substrate with inorganic layers may be reduced and are instead
characterised by their inherent rigidity and brittleness. In addition, the relatively high
cost of the raw materials, and the expensive operation of vacuum processing

equipment, adds to the cost of the final product.

An object of the invention is to provide a manufacturing process of a photovoltaic
device, so that the disadvantages mentioned above are reduced or eliminated.
Another object of the invention is to provide such a manufacturing process that can be

carried out on a continuous basis.

Another object of the invention is to provide the design of a photovoltaic device based

on a metal carrier substrate.

A further object of the invention is to provide an intermediate product based on a metal

carrier substrate, which is useful for manufacturing a photovoltaic device.

SUMMARY OF THE INVENTION
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According to the invention there is provided a method of manufacturing a photovoltaic
device as defined in claim 1, as well as a photovoltaic device as defined in claim 9 and

an intermediate product as claimed in claim 12.

The method according to the invention comprises a first step of providing a metal
carrier substrate. A suitable example of a metal carrier substrate is a strip of steel. An
organic electrically insulating layer having barrier properties is provided to prevent
short-circuiting and diffusion of metal atoms from the metal carrier substrate into the
electrolyte. In addition to its barrier and electrical insulating properties, the organic
electrically insulating layer is resistant to the high temperatures used in further
processing steps according to the invention. Advantageously this layer is made from a
material being resistant to temperatures in the range 200°C to 600°C, as will be
explained herein below. The first electrically conductive layer is also made from a high
temperature resistant material. The high temperature resistivity of these layers would
allow the use of high temperature processing steps that are required to obtain the
optimal properties of the semiconductive layer, e.g. sintering of TiO, particles to obtain
a porous structure as in the case of a dye sensitised solar cell, or when using high

temperature PVD/CVD processes such as CIGS, a-Si or CdTe deposition..

The design according to the invention permits the use of a flexible transparent polymer
film carrying a transparent conductive layer which functions as the ‘window electrode’
and is on top of the photovoltaic absorber layer. The transparent polymer film can be
manufactured separately and then combined with the working electrode at a later
stage in the production process, so that it is not subjected to the high temperatures
when sintering the TiO; particles. An additional advantage is that a polymer film is
easier to incorporate in a continuous reel-to-reel manufacturing process than the

alternative, glass.

The invention enables continuous production of flexible DSC onto steel, where
transparent, temperature sensitive, conductive polymer films are used as the ‘window’
electrode. A polymer film based window-electrode cannot be used as the working
electrode, because high temperature (approx. 500°C) sintering of TiO, is required to
achieve good electrical interconnectivity between the semiconductor particles, and
between the semiconductor particies and the back contact of the cell, which would
lead to thermal degradation of the polymer film. Sintering the TiO, onto the ‘back’

electrode instead of the ‘front’ or ‘window’ electrode results in a ‘reverse’ design of the
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photoactive layer with respect to the layout described above of a device obtained by
the batch process. In a reverse design, the light enters through the counter-electrode,

and finds its way through the electrolyte before being absorbed by the dye.

In this reverse design, the working electrode is carried by a metal carrier substrate; an
organic electrically insulating layer is provided on this metal carrier, and an electrical
conductor is provided on top of the organic electrically insulating layer, which will

function as the back contact.

Here, the term "a high temperature resistant material" means a material that is able to
resist the temperature used in subsequent manufacturing steps for the duration of
such steps. As the organic electrically insulating layer and the first conductive layer do
not have to show transparency, unlike the conductive layer on the front electrode,
there is more freedom for selecting suitable high temperature resistant materials.
Therefore, a slight deterioration of the layers on the metal carrier substrate upon

exposure to high temperature is acceptable.

DETAILED DESCRIPTION OF THE INVENTION

Strip metals such as steel and aluminium are very suitable as carrier substrates for
flexible PV layers because both strip metals can be applied in a continuous in-line
process. If the surface is to be divided into cells that are connected in series, the metal
carrier substrate needs to be electrically insulated from the PV layers. According to the
invention a material such as an organic coating for this purpose is used, which is
resistant to the high temperatures of the subsequent processing steps associated with
the deposition of additional PV layers. On top of this organic electrically insulating
layer, a conductive layer needs to be deposited that functions as the back contact of
the PV system.

This first conductive layer, also called the back contact, is located between the PV
absorber and the organic electrically insulating layer on metal carrier substrate, and
comprises a high temperature resistant material. This layer can, but does not
necessarily have to be deposited by a vapour or sputter process. Suitable examples
comprise conductive oxides, such as fluorine doped tin oxide (SnO,:F), indium doped
tin oxide (ITO), zinc oxide (ZnO), titanium (Ti) and titanium nitride (TiN). Another
option is to use paints comprising interconnected metallic particles or inherently
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conductive polymers. Roller coating, doctor-blading, printing and extrusions are

examples of processes useful for applying paints and conductive polymers.

In view of the high temperatures required for obtaining electrically interconnected TiO;
particles with a high surface area, DSC are certain to benefit from the invention. Other
PV technologies that can be applied onto large surface areas in continuous processes
include organic/polymer, CIGS or CdTe solar cells, which will also benefit from the

invention.

The second conductive layer, also called the front contact, is located between the PV
absorber layer and the transparent counter-electrode material, and may be made from
the same materials as the first conductive layer, provided that the layer is transparent.
Transparent films such as polyethylene terephtalate (PET), polyethylene naphtalate
(PEN), polypropylene (PP), polycarbonate (PC) or polyimide foil carrying a transparent
conductive oxide as mentioned above are used for a flexible counter electrode. If
required, the conductivity of the transparent conductive oxide layer can be improved
by providing current carriers and busbars. Normally, the transparent conductive
laminate is fabricated separately and then connected and adhered to the PV absorber

layer on the carrier substrate.

The method according to the invention is preferably carried out in a continuous in-line
process, wherein the organic electrically insulating layer which is a high temperature
resistant material and the first conductive layer are applied in sequence to the metal
carrier substrate. The active photovoltaic layer is applied in the same process line,
followed by in-line application of the transparent conductive film mentioned above.

The invention is also directed to an intermediate product for manufacturing a
photovoltaic device as defined in claim 9 comprising a metal carrier substrate,
preferably a metal strip, an organic electrically insulating layer and a first conductive
layer on top of the organic electrically insulating layer. This intermediate product can
be easily manufactured in a continuous in-line process using techniques as described
hereinbefore. Optionally, the intermediate product can also include the PV absorber
layer, in particular a porous semiconductive layer like TiO,.
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As the various application processes may require different circumstances and
processing times, a separation of the whole process in a number of steps having more

or less the same duration would add to the overall flexibility of the process.

The invention also relates to a photovoltaic device as claimed in claim 12, comprising
a metal carrier substrate, an electrically insulating layer having barrier properties
comprising a high temperature resistant material, that is an organic material deposited
onto the metal carrier substrate, a first electrically conductive layer of a high
temperature resistant material a PV absorber layer comprising a dye sensitised
semiconductive material contacting the first electrically conductive layer and a second
transparent electrically conductive layer in contact with the PV absorber layer.

The preferred embodiments disclosed herein above regarding the manufacturing
method according to the invention are similarly applicable to the intermediate product

and photovoltaic device according to the invention.

In figure 1 an embodiment of a photovoltaic device according to the invention is
indicated in its entirety by reference numeral 10. The device 10 has a metal carrier
substrate 12, which has been coated with an organic, electrically insulating coating
layer 14 having barrier properties, as well as resistance to high temperatures. A back
contact of the photovoltaic device 10 is formed by a conductive layer 16, which can
possibly be a paint comprising conductive metallic particles. A PV absorber layer 18,
which can possibly be dye-sensitized TiO,, is in electrical contact with the back contact
16. Together these two layers form the working electrode. Subsequently, the
semiconductive material may be subjected to a high temperature (200-600°C)
process, such as the sintering of TiO, particles followed by absorption of a suitable dye
to form the PV absorber layer 18;

Alternatively, the PV absorber layer 18 can be provided by PVD/CVD deposition of
other inorganic systems such as CIGS, CdTe or a-Si. A suitable catalyst like Pt may
have been applied to the back contact conductive layer 16.

The assembly 20 consisting of these functional layers is a semi finished product.
Separately a transparent laminate 22 comprising a transparent polymer film 24, and a
transparent conductor 26 has been manufactured. The assembly 20 and film 22 are
put together, appropriately interconnected and then sealed together.
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In the case of a DSC cell, a suitable electrolyte is deposited just before the sealing

process takes place, and encapsulated between assembly 20 and laminate 22.

SHORT DESCRIPTION OF THE DRAWINGS

Fig.1 shows the DSC product according to the invention.

Fig.2 shows Cyclic Voltammetry traces for temperature resistant polymers before and
after heating at 500°C.

EXPERIMENTAL

The insulating layer has multifunctional properties as it has to bond to the substrate
and maintain flexibility and robustness. However, for application in a photovoltaic it

must also display two important functions:

e electrical insulation between the PV cells and the metal carrier

o for DSC, prevent reactive degradation of the metal by the iodine/tri-iodide
containing electrolyte; this property must be maintained even after exposure of
the coating to the heat treatment needed for sintering the TiO, particles.

A requirement for the electrically insulating layer is that the coating should be not
break down at the maximum cell voltage.

The electrolyte contains both tri-iodide ions and iodine molecules, both of which are
capable of oxidising or corroding the steel carrier. Thus, the barrier properties of the
electrically insulating layer should prevent reactive degradation and prevent the
removal of the iodine components from the electrolyte, which would ultimately
compromise the activity and efficiency of the DSC cell. A technique for measuring
activity across the insulating layer is Cyclic Voltammetry, which measures the current
flow per unit area using a potentiostat. A potentiostat is a control and measuring
device that maintains the potential of the working electrode at a constant level with
respect to the reference electrode in an electrolytic cell. It consists of an electric circuit
which controls the potential across the cell by sensing changes in its resistance,
varying accordingly the current supplied to the system: a higher resistance will result in



10

15

20

25

30

35

WO 2010/037554 PCT/EP2009/007076

9

a decreased current, while a lower resistance will result in an increased current, in

order to keep the voltage constant.

The current flow that is measured with this method is an effective measure of
consumption of the iodine components of the electrolyte, without which the cell would
cease to function. For a typical millimolar tri-iodide concentration within the electrolyte
it has been established that CV current densities should be equal to or below 0.15
nA/cm? to ensure a 25 year product lifetime for a DSC cell. When current densities
flowing through the insulating layer are above this value, it can be shown that the
concentration of iodide ions, which function as charge carriers in the electrolyte, will
diminish to the extent that the DSC will cease to operate effectively before the end of
its 25 year product lifetime. An example of such performance is shown for a silicon-
bearing temperature resistant polymer. The following conditions were used to perform

the CV experiment:

e Commercial Solartron type 1287 and 1280B potentiostats were used. A
standard three electrode arrangement was employed with the material under
test forming the working electrode and a Platinum electrode forming the
counter electrode with a Ag/AgCl electrode in saturated KCI solution acting as
reference.

e Scanrate 10 mV/s

e Scan VoltageOto1V,t0-05V,to0V.

o Test solution of 1M NaCl solution

e Cell area approximately 5 cm® This area was chosen for convenience, as
tested samples were small and a 25mm internal diameter tube was used to
define the cell walls with the sample under test forming the base of the test

cell.

The CV trace in Figure 2 clearly shows current densities of approximately 0.1nA/cm?
before heat treatment and lower current densities of approximately 0.02-0.03 nA/cm?
after heat treatment at 500°C; from this we can derive that the tested silicon-bearing
temperature resistant polymer is a suitable candidate to function as the organic

insulating layer of a DSC cell on a steel carrier substrate.

Advantageously, the resistivity of the electrically insulating layer after the step of
providing a photovoltaic absorber layer comprising a dye sensitised semiconductive
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material on the first electrically insulating layer results in a current density below 0.15
nA/cm? as measured by the CV experiment. Such a value will ensure that the active
components within the electrolyte are not consumed during the lifetime of the said

photovoltaic device. .

A critical property of the first electrically conductive layer is its sheet resistance, which
is a measure of electrical resistance of thin films that have a uniform thickness. Sheet
resistance can be expressed in ‘Ohms per square’; this value gives the resistance in
Ohms of current passing from one side of a square region in the conductive thin film to

the opposite side, regardless of the size of the square.

Advantageously, the sheet resistance of the first electrically conductive layer after the
step of providing a photovoltaic absorber layer comprising a dye sensitised
semiconductive material on the electrically conductive layer equal to or below 15
Ohms per square to minimise resistive losses within the cell. More preferably the
sheet resistance value of the first electrically conductive layer after the heat treatment

is equal to or lower than its original value.

The following materials are preferred when organic coatings are used to insulate DSC

from metal carrier substrates;

e Polyimides / polyamides; these are applied with coating thicknesses of tens of
microns and are routinely used for high temperature applications.

o Similarly Silicone-based paints, also applied in tens of microns and also able to
withstand high temperatures

o Sol-gels, applied in thin layers (few microns), but shown to enhance the
insulating properties when combined with polyimides/amides and silicone
based paints.

o polyestersulfones (PES), normally used for applications such as car exhausts,
have good resistance to chemicals and high temperatures.

¢ polyfluorinated polymers like (poly)tetrafluorethylenes (PTFE; ETFE); used for

bakeware applications.

It has been shown that layers from these materials allow high-temperature processing,
in particular, heat treatments for achieving a high efficiency between 200°C and
600°C, that are required for the deposition of thin film semiconductors like CIGS, CIS,
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CdTe and TiO, for DSC cells. The functionalisation of metal carrier substrates with
organic layers offers increased flexibility and ease of manipulation/modification to
obtain a cost effective intermediate product, possessing desirable properties for use in
a PV device. These materials can be applied using techniques like roller coating,

doctor-blading, spray coating, printing, extrusion and lamination.

The higher temperature limit of 600°C is based on the phase transition from anatase
to rutile of TiO,, whereas the lower temperature limit is based on the maximum
processing temperatures of commodity polymers like PEN; if the processing
temperatures of flexible PV technologies are below 200°C, they can be deposited
directly on PEN and the ‘reverse design’ as used in the invention is not advantageous

because the sunlight has to travel further to reach the PV absorber layer.
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CLAIMS

A method of manufacturing a photovoltaic device (10), comprising the steps of:
. providing a metal carrier substrate (12),
o providing an electrically insulating layer (14) having barrier properties on
said metal carrier substrate (12),
. providing a first electrically conductive layer (16) on the electrically
insulating layer (14),
. providing a photovoltaic absorber layer (18) comprising a semiconductive
material on the electrically conductive layer (16)
. providing a transparent second conductive layer (26) on the photovoltaic
layer (18),
wherein at least the electrically insulating layer (14) and the first electrically
conductive layer (16) comprise a high temperature resistant material,

characterised in that the electrically insulating layer (14) is an organic material.

A method according to claim 1, wherein the electrically insulating layer (14) has
a resistivity that produces a current density equal to or below 0.15 nA/cm? during
the Cyclic Voltammetry test before providing the PV absorber layer.

A method according to one of the preceding claims, wherein the first electrically
conductive layer has a sheet resistance of equal to or below 15 Ohms per

square before providing a PV absorber layer.

A method according to one of the preceding claims, wherein the resistivity of
the electrically insulating layer after the step of providing the photovoltaic
absorber layer (18) on the first electrically conductive layer (16) maintains a
value equal to or below 0.15 nA/cm? when subjected to the CV test.

A method according to one of the preceding claims, wherein the sheet
resistance of the first electrically conductive layer after the step of providing a
photovoltaic absorber layer (18) on the electrically conductive layer (16) is
maintained at a value equal to or below 15 Ohms per square.
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A method according to one of the preceding claims, wherein the step of
providing a photovoltaic absorber layer is carried out at a temperature in the
range from about 200°C to about 600°C.

A method according to one of the preceding claims, wherein the step of
providing a photovoltaic absorber layer (18) comprises depositing a
nanoparticulate semiconductor material, which is subjected to a 350-550°C
sintering process to obtain a porous structure and good electrical connectivity
between the particles, followed by the absorption of a light-absorbing dye into

the interconnected porous semiconductor structure.

A method according to one of the preceding claims, wherein an assembly (20)
of the metal carrier substrate (12), electrically insulating layer (14), first
conductive layer (16) and photovoltaic absorber layer (18) is made, as well as a
transparent film (22) comprising a transparent foil (24) carrying the transparent
second conductive layer (26) and optionally a catalyst, followed by assembling
the assembly (20) and film (22) together.

An intermediate product for manufacturing a photovoltaic device, comprising a
metal carrier substrate (12), an electrically insulating layer (14) and a first
conductive layer (16) on top of the electrically insulating layer (14) wherein at
least the electrically insulating layer is an organic material (14) and the
electrically insulating layer and the first electrically conductive layer (16)

comprise a high temperature resistant material.

An intermediate product according to claim 9, furthermore comprising a

photovoltaic absorber layer (18).

An intermediate product or photovoltaic device according to one of the
preceding claims 9-10, wherein the photovoltaic absorber layer (18) comprises a
semiconductor material sintered into a porous structure, which has been

sensitized by a dye.

A photovoltaic device (10), comprising

. a metal carrier substrate (12)
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. an organic electrically insulating layer (14) having barrier properties
comprising a high temperature resistant material on the metal carrier
substrate (12)

o a first electrically conductive layer (16) of a high temperature resistant

5 material

. a photovoltaic absorber layer (18) comprising a semi conductive material
contacting the first electrically conductive layer (16), a transparent
second conductive layer (26) on the photovoltaic layer (18).

10 13. A photovoltaic device according to claim 12, further comprising a catalyst
deposited on the second electrically conductive layer (26) that promotes transfer

of electrons from the counter electrode to the charge carriers in the electrolyte.
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