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(57) Abstract: Method for dyeing a layer of a nanocrystalline material on a substrate using a liquid dye, comprising the successive
steps of (i) providing said layer on a substrate, (ii) providing an apparatus for dyeing said layer, which apparatus comprises at least a
supply container for the liquid dye, a closable substrate holder provided with at least one inlet and at least one outlet for a substrate
provided with a layer of nanocrystalline material, and conduit and circulation means for causing the liquid dye to circulate through
the supply container and the substrate holder, (iii) placing the substrate with said layer in the substrate holder and closing the substrate
holder, and providing a liquid dye in the supply container, and (iv) causing the liquid dye from the supply container to circulate for
a determined time through the substrate holder, and apparatus for performing this method.
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METHOD AND APPARATUS FOR DYEING A LAYER OF A
NANOCRYSTALLINE MATERIAL

The invention relates to a method for dyeing a
layer of a nanocrystalline material on a substrate using
a liquid dye.

An example of a layer of nanocrystalline material
on a substrate is the work electrode of a liquid-
containing photovoltaic element. (

A liquid-containing photovoltaic element is known
from the American patent no. 5,350,644. The known
photovoltaic element comprises a work electrode which is
formed by a layered structure of at least a first
electrically conductive layer which is for instance
deposited on a first substrate, or even forms a first
substrate, a layer of nanocrystalline metal oxide
semiconductor material deposited on the first
electrically conductive layer, a counter-electrode which
is formed by a transparent second electrically
conductive layer deposited on a transparent second
substrate, and an electrolytic liquid contained between
the layer of semiconductor material and the second
electrically conductive layer. In practical situations
use is usually made of a glass plate for the first and
second substrate. The nanocrystalline metal oxide
semiconductor material is dyed with an organic dye which
sensitizes the semiconductor material to light incident
upon the photovoltaic element in order to cause a
photovoltaic effect in the element with this incident
light, resulting in the creation of a negative and a
positive electrical charge carrier (respectively an
electron and a hole).

During manufacture of a work electrode it has to be
dyed with the organic dye.

In the prior art the dyeing takes place as desired
in batches or one by one, but in both cases manually.

Here the surface of a work electrode is successively
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brought jinto contact with the organic dye, heated and
rinsed with an ethanol and dried.

Manual dyeing of work electrodes has the drawback
of being laborious, time-consuming and expensive. It is
moreover difficult during manual dyeing to control the
process parameters, such as dye concentration, process
temperature and duration of the dyeing process.

It is an object of the invention to provide a
method according to which a layer of a nanocrystalline
material on a substrate, and in particular a work
electrode, can be dyed in a short time.

A further object is to provide a method according
to which the process parameters important for the dyeing
process are adjustable in reproducible manner within
predetermined tolerances.

These objectives are achieved with a method of the
type stated in the preamble which according to the
invention comprises the successive steps of (i)
providing said layer on a substrate, (ii) providing an
apparatus for dyeing said layer, which apparatus
comprises at least a supply container for the liquid
dye, a closable substrate holder provided with at least
one inlet and at least one outlet for a substrate
provided with a layer of nanocrystalline material, and
conduit and circulation means for causing the liquid dye
to circulate through the supply container and the
substrate holder, (iii) placing the substrate with said
layer in the substrate holder and closing the substrate
holder, and providing a liquid dye in the supply
container and (iv) causing the liquid dye from the
supply container to circulate for a determined time
through the substrate holder.

The substrate holder to be provided in the second
step (ii) is preferably provided with heating means, and
in the fourth step (iv) the substrate and the liquid dye
are heated during circulation of the liquid dye using
these heating means.

PCT/NL03/00375
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The adhesion of the liquid dye to the
nanocrystalline material is enhanced by heating the
liquid dye and the substrate.

In a method according to the invention the liquid
dye is preferably set into turbulence in the substrate
holder during performing of the fourth step (iv) so that
the liquid dye is brought into contact in the shortest
possible time with the whole surface of the
nanocrystalline material to be dyed, and the process
time is thus kept as short as possible.

The invention further relates to an apparatus for
performing the above described method, which apparatus
according to the invention comprises a supply container
for a liquid dye, a closable substrate holder provided
with at least one inlet and at least one outlet for a
substrate provided with a layer of nanocrystalline
material, and conduit and circulation means for causing
the liquid dye from the supply container to circulate .
through the substrate holder.

In a practically advantageous embodiment the
substrate holder in an apparatus according to the
invention comprises a platform for placing the substrate
thereon, which platform is provided with at least one
inlet channel which co-acts with the inlet and which is
provided with outflow openings directed at a substrate
placed on the platform and with at least one outlet
channel which co-acts with the outlet and which is
provided with inflow openings.

In this latter embodiment the platform is
manufactured for instance from a chemically inert
plastic material, preferably from
polytetrafluorcethylene (PTFE).

The substrate holder is preferably provided with
heating means for heating a substrate placed in the

substrate holder and liquid dye circulating through this
holder.
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In one embodiment such heating means comprise an
inductive element.

In another embodiment such heating means comprise a
resistor element which is manufactured for instance from
a transparent conducting oxide (TCO) which is arranged
on a plate which in the operating situation extends
above a substrate placed in the substrate holder.

The invention is elucidated hereinbelow on the
basis of an embodiment of an apparatus, with reference
to the drawings.

In the drawings

Fig. 1 shows a top view of an embodiment of a
substrate holder for an apparatus for dyeing a work
electrode for a solar cell, and

Fig. 2 is a vertical cross-section through the
substrate holder shown in fig. 1 along the line II-II.

Corresponding components are designated in the
drawihgs with the same reference numerals.

Fig. 1 shows a substrate holder 1 provided with
inlets 2 and outlets 3 which are connected via a
circulation line (not shown) to a supply container (not
shown) for a liquid dye which, using a pump (not shown),
can be set into circulation in the direction of arrows 4
through substrate holder 1 and the supply container.
Laid into substrate holder 1 is a plate which forms a
platform 5 on which a substrate can be laid, which
platform 5 is provided with respective inlet channels 6
which are connected onto inlets 3 and which are provided
with outflow openings 7 which are directed at a
substrate placed on platform 5 and out of which liquid
dye can flow (indicated symbolically by arrows 10), and
with respective outlet channels 8 which are connected
onto outlets 3 and which are provided with inflow
openings 9.

Fig. 2 shows substrate holder 1 in a vertical
cross-section along the line II-II in fig. 1, with, in

addition to the already described components, a heating
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plate 15_which is provided on its underside with a
spacer ring 13 with a seal 14 of a suitable silicone
material. Arranged in heating plate 15 is a resistive
film of a transparent conducting oxide (TCO), provided
with electrical connections (not shown). In the
operating situation the heating plate 15 is pressed
using a pneumatic pressing element (not shown) onto a
work electrode 16, of which the layer of nanocrystalline
material for dyeing is directed downward, and of which a
peripheral edge not covered with nanocrystalline
material rests on seal 14 with which the work electrode
is sealed onto the platform 5. During the dyeing liquid
dye, which is preferably preheated to a temperature of
for instance 60°C, flows via inlets 2, inlet channels 6
and outflow openings 7 as according to arrows 10 against
the work electrode 16, which is heated to a temperature
of a maximum of 60°C using heating plate 15.
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CLAIMS

1. Method for dyeing a layer of a nanocrystalline
material on a substrate (16) using a liquid dye,
comprising the successive steps of

(i) providing said layer on a substrate (16),

(ii) providing an apparatus for dyeing said layer,
which apparatus comprises at least a supply container
for the liquid dye, a closable substrate holder (1)
provided with at least one inlet (2) and at least one
outlet (3) for a substrate (16) provided with a layer of
nanocrystalline material, and conduit and circulation
means (6, 7, 8, 9) for causing the liquid dye to
circulate through the supply container and the substrate
holder (1),

(iii) placing the substrate (16) with said layer in
the substrate holder (1) and closing the substrate
holder (1), and providing a liquid dye in the supply
container and

(iv) causing the liquid dye from the supply
container to circulate for a determined time through the
substrate holder (1).

2. Method as claimed in claim 1, characterized in
that in the second step (ii) an apparatus is provided
which comprises a substrate holder (1) which is provided
with heating means (15), and in the fourth step (iv) the
substrate (16) and the liquid dye are heated during
circulation of the liquid dye using said heating means
(15) .

3. Method as claimed in either of the claims 1-2,
characterized in that the liquid dye is set into
turbulence in the éubstrate holder (1) during performing
of the fourth step (iv).

4. Apparatus for performing a method as claimed in
claim 1, comprisiné a supply container for a liquid dye,
a closable substrate holder (1) provided with at least
one inlet (2) and at least one outlet (3) for a
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substrate (16) provided with a layer of nanocrystalline
material, and conduit and circulation means (6, 7, 8, 9)
for causing the liquid dye from the supply container to
circulate through the substrate holder (1).

5. Apparatus as claimed in claim 4, characterized
in that the substrate holder (1) comprises a platform
(5) for placing the substrate (16) thereon, which
platform (5) is provided with at least one inlet channel
(6) which co-acts with the inlet (2) and which is
provided with outflow openings (7) directed at a
substrate (16) placed on the platform (5) and with at
least one outlet channel (8) which co-acts with the
outlet (3) and which is provided with inflow openings
(9) .

6. Apparatus as claimed in claim 5, characterized
in that the platform (5) is manufactured from a
chemically inert plastic material.

7. Apparatus as claimed in claim 6, characterized
in that the platform (5) is manufactured from
polytetrafluoroethylene (PTFE).

8. Apparatus as claimed in any of the claims 4-7
for performing a method as claimed in claim 2,
characterized in that the substrate holder (1) is
provided with heating means (15) for heating a substrate
(16) placed in the substrate holder (1) and liquid dye
circulating through this holder.

9. Apparatus as claimed in claim 8, characterized
in that the heating means comprise an inductive element.

10. Apparatus as claimed in claim 8, characterized
in that the heating means (15) comprise a resistor
element.

11. Apparatus as claimed in‘claim 10, characterized
in that the resistor element (15) is manufactured from a
transparent conducting oxide (TCO) which is arranged on
a plate which in the operating situation extends above a
substrate (16) placed in the substrate holder (1).
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