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Description

[0001] The invention pertains to a photovoltaic device which comprises at least one active layer and a cover plate that
contains on at least one side an array of optical structures and which is in optical contact with the light receiving surface
of the active layer(s) in order to reduce the reflection losses of said surface. Said plate or sheet may also be used in
combination with luminescent molecules, which are inside or in contact with said plate, to improve the spectral response
of the photovoltaic device.
[0002] Photovoltaic devices are commonly used to convert light energy into electrical energy. These devices contain
an active layer which consists of a light absorbing material which generates charge carriers upon light exposure. An
active layer which is currently common in photovoltaic devices is silicon. However, a variety of materials can be encoun-
tered like for example gallium arsenide (GaAs), cadmium telluride (CdTe) or copper indium gallium diselenide (CIGS).
The charges, which are generated in the active layer, are separated to conductive contacts that will transmit electricity.
Due to the thin and brittle nature of the active layer it is usually protected from external influences by a transparent cover
plate e.g. made of glass. It is known from the art that both the active layer and the cover plate reflect a part of the light
incident to the photovoltaic device. Especially the high refractive index of the active layer causes large reflection losses
which can -in the case of silicon-be up to 22% of the incident light. Since the reflected light can not be converted into
electrical energy these reflection losses cause a large reduction in the efficiency of a photovoltaic device.
[0003] Another effect which reduces the efficiency of a photovoltaic device is the low quantum efficiency of the active
layer for usually short wavelengths, like for example ultra violet (UV) or blue light. This low response is caused by the
band-gap of the material. The band gap refers to the energy difference between the top of the valence band and the
bottom of the conduction band, where electrons are able to jump from one band to another. Due to the band-gap, the
active layer has an optimal wavelength around which light energy is most efficiently converted into electrical energy.
Light with a wavelength which is higher or lower than the optimum wavelength is less efficiently converted into electrical
energy. A second effect which can reduce the spectral response of a photovoltaic device in the short wavelength range
is the absorption of light by the cover plate. Although the cover plate is usually transparent to visible light it often absorbs
in the UV range. As a result this light can not reach the active layer of the photo voltaic device and can not be converted
into electrical energy.
[0004] In order to reduce these reflection losses, an anti reflection coating can be applied on top of the light absorbing
material or so called active layer. An anti reflection coating consists of a single quarter-wave layer of a transparant
material with a refractive index which is between the refractive index of the active layer and the cover plate. Although
this theoretically gives zero reflectance at the center wavelength and decreased reflectance for wavelengths in a broad
band around the center, the processing and material costs of these layers are relativly high. Also the processing techniques
to create the coatings (e.g. chemical vapour deposition) are comprehensive and time consuming. In addition, the anti-
reflection coating only works on the surface to which it is applied. It is therefore not possible to reduce both the reflection
of the active layer and the cover plate by using one single anti reflection coating on either of these surfaces.
[0005] Another method to reduce the reflection losses is to structure the surface of the active layer. This can be done
by either direct structuring of the material itself or by surface structuring of the substrate on which said material is
deposited. By structuring the active layer, with commonly pyramid or V-shaped structures, a reduction in the reflection
losses at active layer is obtained by multiple reflection at the surface offering the light a greater opportunity to enter the
panel. This effect reduces the reflection losses at the surface of the active layer and is therfore often reffered to as an
anti-reflection effect. Secondly, the structures may in some cases partially trap the light which is not absorbed by the
active layer and reflected by surface of the substrate. As a result the chance of light absorption by the active layer is
increased. Although structuring of the active layer can significantly improve the efficiency of a photovoltaic cell, production
methods are very complicated and extremly expensive. Often processes like wet chemical etching, mechanical etching
or reactive ion etching are used to realize the desired effect. Also the structuring of the active layer does not reduce the
reflection losses of the cover plate.
[0006] It is known from the art that the same concept as described in the previous paragraph can be used to improve
the light transmission of a glass plate i.e. the cover plate. Here, V-shaped (G.A. Landis, 21st IEEE photovoltaic specialist
conference, 1304-1307 (1990)) or pyramidal structures as disclosed in WO 03/046617 are applied to a glass plate to
reduce the reflection losses of said plate and hence increase its transmission. The structures can be applied to the glass
plate via for example casting or pressing. However, when using the plate as a cover plate of a photovoltaic device the
maximum efficiency of said device can only be increased by 6%, which is a reduction of approximatly 30% of the reflection
losses, according to a model study (U. Blieske et all, 3rd World Conference on Photovoltaic Energy Conversion, 188-191
(2003)). In practice the results are even less and only 3% can be obtained. Although the structures reduce some of the
reflection losses of the active layer, it reduces predomenantly the reflection losses of the cover plate. Hence the total
reduction in reflection losses, and increase in efficiency of the photovoltaic device, is low. Document US 4,576,850
discloses a microstructures surface for solar cells.
[0007] It is therefore an object of the present invention to improve the efficiency of a photovoltaic device and to provide
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a photovoltaic device in which the reflection losses, especially the reflection losses of the active layer are further reduced.
[0008] This object is achieved by a photovoltaic device as recited in claim 1.
[0009] Although the transparent cover plate could contain only one individual geometrical optical relief structure it is
preferred that the transparent cover plate contains an array of geometrical optical relief structures. An array is to be
understood as a collection or group of elements, in this case individual optical relief structures, placed adjacent to each
other or arranged in rows and columns on one substrate. Preferably the array contains at least 4 geometrical optical
relief structures.
[0010] Surprisingly it could be shown that the cover plate comprising the optical relief structures reduces the reflection
losses of the light receiving surface of the active layer of a photovoltaic device, with the provision that said cover plate
is placed in optical contact with the light receiving side of said active layer. If this requirement is not fulfilled the transmission
through said plate to said active layer is reduced such that it is equal or lower than compared to a non structured surface.
[0011] These given requirements for an optical relief structure according to the present invention are not fulfilled in
the case of a V-shaped or any pyramid structures. An example of an individual geometrical optical relief structure
according to the invention is given in figure 3. This example is by no means meant to limit the invention. Here the
geometrical optical relief structure clearly contains 3 square surfaces which directly connect the hexagonal base to a
single apex and the structure contains 9 surfaces in total. This structure is different from any V-shaped structure or any
pyramid known from prior art. A repeating V-shaped structure contains per definition only parallel surfaces. A pyramid
structure contains per definition n triangles which connect the n-polygonal base to the apex. The structure described in
Figure 3 fulfills neither of these requirements.
[0012] The geometrical optical relief structure according to the invention has two principle functions:

1. Light which enters the structure via the n-sided polygonal base is at least partially reflected to its original direction
by the surfaces of said structure.
2. Light which enters the structure via the surfaces of said structure is at least partially transmitted.

[0013] In a preferred embodiment of the invention a single geometrical optical structure should be converging over
all surfaces of which the structure is comprised. Preferably the angle between the base and any surface should be 90T
or less.
[0014] In another preferred embodiment of the invention, the transparent cover plate contains an array of geometrical
optical relief structures with adjacent structures abutting each other. The structures can be placed such that the orientation
of all structures is the same, alternating or random with respect to each other.
[0015] It is known that the reflection losses for a flat surface depend on the angle of incidence ϕ. In the case of a flat
surface the reflection losses are small when the light source i.e. the sun is perpendicular (ϕ=0°) to the surface. The
reflection losses increase to a maximum when the angle of incidence ϕ is 90°, i.e. the light source is parallel to the
surface of the photovoltaic device. A similar effect, although the trend is different, is observed for the array of pyramid
structures known from prior art. In both cases the reflection losses are however at, least to a large extent, independent
of the θ angle. The θ angle which may also be referred to as the directional angle, is the angle which determines the
north, east, south, west position of the light source, i.e. the sun with respect to the device. Surprisingly for an array of
geometrical optical relief structures according to the invention the reduction in reflection losses depends significantly on
the θ angle. Due to this dependency the orientation of the array of geometrical optical relief structures with respect to
the trajectory of the sun has significant influence on the performance of the photovoltaic device. In a preferred embodiment
of the photovoltaic device according to the invention the array is therefore positioned in such a way that the optimal
performance for θ is achieved at maximum light intensity.
[0016] When describing the n-polygonal base of the optical structure by a circle wherein the edges of the polygonal
base lie on the circumferential line of the circle, the diameter D of the circle is preferably less than 30 mm, more preferably
less than 10 mm and most preferably less than 3 mm.
[0017] The height of structures depends on the diameter D of the base and is preferably between 0.1*D and 2*D.
[0018] In a preferred embodiment of the photovoltaic device according to the invention the surfaces of the array of
optical relief structures are covered with a coating. The coating may be an anti-fogging coating, anti-fouling coating, anti-
scratch coating or the like.
[0019] In a more preferred embodiment of the photovoltaic device according to the invention the coating has a different
refraction index than the optical relief structures and the shape of the coating is complementary to the array of geometrical
optical relief structures and that the photovoltaic device with the coating has an even non-relief structures. For example,
it is possible to create the optical relief structures in a high refractive index material and coat it with a low refractive index
material such that there is no relief structure after coating. In other words, the high refractive optical relief structures are
"filled" with low refractive index material.
[0020] The cover plate comprising the optical relief structures can be made of any transparent material. A transparent
material is to be understood as a material which has a linear absorption of less than 0.2 mm-1 within the range of 400-1200
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nm. Preferably the optical relief structures are made of a polymeric material. Examples for polymeric materials are
polycarbonate, polymethylmethacrylate, polypropylene, polyethylene, polyamide, polyacrylamide or any combinations
thereof. The polymer is preferably stabilized by UV absorbers and/or hindered amine light stabilizers.
[0021] In another preferred embodiment the optical relief structures are made of a glass, e.g. silicate glass or quartz
glass.
[0022] The thickness of the plate is preferably less than 30 mm, more preferably less than 10 and most preferably
less than 3mm.
[0023] The cover plate comprising the optical relief structures according to the invention may be obtained by processes
known in the art, e.g. injection molding, thermo calendaring, laser structuring, photo-lithographic methods, powder
pressing, casting, grinding or hot pressing.
[0024] To overcome the effect of low spectral response, especially of the lower wavelengths, of the active layer of a
photovoltaic device luminescent dyes can be applied on or above the active layer. Said luminescent dyes improve the
spectral response of the device by converting wavelengths which are not efficiently used by said layer to wavelengths
which are more efficiently used. The luminescent molecules of the dye absorb short wavelengths and re-emit the light
at a longer wavelength.
[0025] Therefore, the present invention also pertains to a photovoltaic device as initially described in which a lumi-
nescent dye is present in the transparent cover plate that contains the array of optical relief structures.
[0026] Part of the light emitted by the luminescent molecules of the luminescent dye can however not be used by the
active layer of prior art photovoltaic devices because it is directed away from the active layer, or because it is reflected
by said layer due to its high refractive index. As a result luminescent dyes can in practice only increase the efficiency of
prior art photovoltaic devices by approximately 2% (H.J. Hovel et all, Solar energy materials, 2, 19-29 (1979).
[0027] When combining a photovoltaic device according to the present invention with luminescent dyes known in the
art, surprisingly a synergetic effect occurs in which the spectral response of a photovoltaic device is improved beyond
what would be expected from the simple addition of luminescent molecules of the luminescent dye.
[0028] It should be noted, however, that when luminescent molecules are added to the transparent cover plate, said
plate might become non transparent within a least a part of the wave length range between 400-1200 nm.
[0029] When adding luminescent molecules to the transparent cover plate comprising the optical relief structures
according to the invention, the spectral response of the photovoltaic device is improved compared to a non structured
surface (See Figure 2). The transparent cover plate comprising the optical structures increases the absorption of light
emitted by the luminescent molecules at the light receiving surface of the active layer of the photovoltaic device by
reducing the reflection losses of luminescent light and redirecting luminescent light emitted away from the active layer
back to the active layer. The luminescent molecules are preferably distributed inside the plate, but can also be present
in a separate layer between the transparent cover plate which contains the array of optical relief structures and the light
receiving surface of the active layer of the photovoltaic device. Optical contact between the transparent cover plate
comprising the optical relief structures and/or the layer containing the luminescent molecules and the light receiving
surface of the active layer of a photovoltaic device is required.
[0030] Also the array of optical structures according to the invention can reduce the required concentration of lumi-
nescent dye and layer thickness. The amount of light converted into another wavelength by a luminescent dye is related
to the amount of light absorbed by said dye, which in its tum is related to the layer thickness and the dye concentration
according to the Lamber-Beer law: 

ε = molar extinction coefficient in [L mol-1 cm-1]

[C] = concentration of dye in [mol L-1]

I = layer thickness in [cm].

[0031] To ensure that most of the incident light is absorbed, and thus the luminescent molecules are used optimally,
either ε, I or [C] has to be large. Since ε is an intrinsic property of the dye and can not be altered, and [C] is limited since
luminescent dyes have a limited solubility into a matrix materials such as polymers, it is thus neccesary to have a thick
layer (I). Due to the thick layer required and high costs of the luminescent dyes itself this is relatively expensive.
[0032] The synergetic effect of the luminescent molecules in combination with the array of optical structures according
to the invention is thus not limited to an increase in output. The array of optical structures increases the path length of
incident light through the layer containing the luminescent dye. As a result, a lower concentration of luminescent molecules
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and thinner layers can be used without a reduction in efficiency.
[0033] The luminescent molecules which may be used can for example be fluorescent or phosphorescent and said
molecules can be both down-conversion luminescent and up-conversion luminescent. The preferred molecules are
fluorescent and can for example be any perelyne, coumarin, rhodamine, naphthalimide, benzoxanthene, acridine, au-
ramine,benzanthrone, cyanine, stilbene, rubrene, leciferin or derivatives thereof.
[0034] The luminescent dye containing the luminescent molecules is thus preferably an organic dye. The luminescent
dye may, however, also be an inorganic dye. Preferably the luminescent dye acts as an UV absorber to stabilize the
polymer building the transparent cover plate.
[0035] The luminescent dye may comprise a mixture of several luminescent dyes. The concentration of the luminescent
dye preferably lies between 0.001 and 50 gram dye per m2 cover plate surface and per mm cover plate thickness.
[0036] It can be observed that a significant amount of light is reflected under all angles. It is therefore concluded that
the efficiency of a photovoltaic device, consisting of silicon layer and which is in optical contact with a glass cover plate;
is significantly reduced by the reflection losses from these layer.

Comparative Example 2:

[0037] A raytrace study was performed in which the reflection losses of a photovoltaic device, comprising of a cover
glass which is structured with an array of pyramid structures known in the art and is in optical contact with a silicon layer.
[0038] The simulated photovoltaic device consisted of a thin layer which has the optical properties of silicon (n=4.295
at λ=500nm, absorption coefficient 889/mm). This layer is in direct contact with a 3.5 mm thick layer which has the optical
properties of glass (n=1.5 at λ=500nm, absorption coefficient 0/mm) and of which the surface opposing the thin layer
with optical properties of silicon, was textured with an array of 20x20 pyramid structures. The pyramid structures had a
3x3 mm square base and a half angle of 45T.
[0039] The sunlight was simulated by the same setup as described in comparative example 1.
[0040] When comparing these results with the results from comparative example 1 it can be observed that structuring
the cover glass with an array of pyramid structures reduces the reflection losses of the photovoltaic device.
[0041] To elucidate, but not to limit the extent of the invention several examples are given in the following:

Comparative Example 1

[0042] A raytrace study was performed in which the reflection losses of a photovoltaic device, which consists of a non
structured cover glass in optical contact with a silicon layer, was simulated. The experimental setup is illustrated in figure 6.
[0043] The simulated photovoltaic device consisted of a thin layer which has the optical properties of silicon (n=4.295
at λ=500nm, absorption coefficient 889/mm). This layer is in direct contact with a 3.5 mm thick layer which has the optical
properties of glass (n=1.5 at A=500nm, absorption coefficient 0/mm).
[0044] The sunlight was simulated by placing a collimated light source above the simulated photovoltaic device. The
light source emitted a total of 1000 rays with a total intensity 1000W and a wavelength of 500nm.
[0045] The reflection losses are determined by comparing the intensity of the incident light and the amount of light
absorbed by the thin layer with the optical properties of silicon. The amount of reflected light is calculated from the
difference between the incident and the absorbed light. In the table below the reflection losses, averaged over the angle
θ, are given as function of the angle of incidence (ϕ). When ϕ is 0, the light source is perpendicular to the simulated
photovoltaic device. The reflection losses under low angles are particularly important since in practice this corresponds
to situations involving high intensity and/or direct sunlight. The high angles are less important and correspond to situations
of low intensity and/or diffuse sunlight and do contribute less to the efficiency of the photovoltaic device. of the at least
one active layer of a photovoltaic device, characterized in that the optical relief structures comprise a base and a single
apex which are connected by at least three n-polygonal surfaces where n is equal to 4 or higher. In view of the present
invention also a plate containing on at least one side an array of geometrical optical relief structures according to the
present invention falls under the scope of the present invention provided that it is manufactured for the purpose of using
it in combination with a photovoltaic device.
[0046] Whether optical contact is achieved depends on the refractive index (n) of the medium or media which connect
the transparent plate comprising the array of optical relief structures and the photovoltaic device. If a medium between
said components is non-existing optical contact is per definition achieved. In all other cases optical contact is achieved
when the refractive index of the medium or media between the components is on average at least 1.2. More favorably
the refractive index of the medium or media is on average at least 1.3 and most favorably the refractive index of the
medium is at least 1.4. To determine the refractive index of a medium an Abbe refractometer should be used. ,
[0047] For example, in case the transparent cover plate comprising the array of optical structures is made of polymeth-
ylmethacrylate with n=1.5, the active layer of the photovoltaic device is made of silicon n =3.8 and the medium between
these two components is air n=1, no optical contact is achieved.
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[0048] In case the transparent cover plate comprising the array of optical structures is made of polymethylmethacrylate
with n=1.5, the active layer of the photovoltaic device is made of silicon n =3.8 and the medium is an adhesive with a
refractive index of n=1.5, optical contact is achieved.
[0049] Whether optical contact is achieved does not depend on the distance between the transparent cover plate
and/or the layer comprising the luminescent molecules and the light receiving surface of the active layer of a photovoltaic
device.
[0050] A photovoltaic device according to the invention may reduce the reflection losses of the active layer of the
photovoltaic device by 30% or even more than 60 % as compared to a non structured surface.
[0051] The invention relates to a photovoltaic device comprising at least one active layer and a transparent cover plate
which contains on at least one side an array of geometrical optical relief structures and which is in optical contact with
the light receiving surface

Example 1

[0052] A raytrace study was performed in which the reflection losses of a photovoltaic device according to the invention
were simulated.
[0053] The simulated photovoltaic device consisted of a thin layer which has the optical properties of silicon (n=4.295
at λ=500nm, absorption coefficient 889/mm). This layer is in direct contact with a 3.5 mm thick layer which has the optical
properties of glass (n=1.5 at λ=500nm, absorption coefficient 0/mm) and of which the surface opposing the thin layer
with optical properties of silicon, was textured with an array of 20x20 optical relief structure, the individual optical relief
structures exhibited a shape as shown in figure 2.
[0054] The sunlight was simulated by the same setup as described in comparative example 1.
[0055] When comparing these results with the results from comparative example 1 and 2 it can be observed that under
low angles between 0-15T the reflection losses are reduced up to 19.6% as compared to non structured glass cover
plate and up to 7.2% as compared to a cover plate structured with an array of pyramids known from prior art. Also under
high angles between 50°-90T the reflection losses are reduced as compared to a non-structured and a pyramid structured
glass cover plate.
[0056] It is concluded that the efficiency of a photovoltaic device, consisting of silicon layer and which is in optical
contact with a glass cover plate having a structure according to the invention, is significantly increased compared to a
non structured glass cover plate and a pyramid structures cover plate known in the art. The reduction in reflection losses,
and consequently the increase in efficiency of the photovoltaic device, is particularly large between 0-15T and 50-90T.
[0057] The results of Comparative Example 1 and 2 and the results of Example 1 are given in the following table:

Table 1: Reflection losses of a photovoltaic device with a non-structured cover plate (Comparative Example 1), 
reflection losses of a photovoltaic device with a pyramid textured surface (Comparative Example 2) and Reflection 

losses of a photovoltaic device with a surface structure according to the invention (Example 1).

Angle of incidence [T] Comparative Example 1 
Reflection losses [%]

Comparative Example 2 
Reflection losses [%]

Example 1 Reflection 
losses [%]

0 25.8 13.4 6.2

5 25.8 13.7 6.7

10 25.8 16.1 9.4

15 25.8 17.1 12.7

20 25.8 16.3 14.7

25 25.8 16.3 15.3

30 25.9 15.9 16.9

35 26.0 16.0 17.9

40 26.1 16.3 18.3

45 26.4 18.3 18.4

50 26.9 19.6 17.6

55 27.7 19.9 16.1

60 28.9 19.3 14.4
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Comparative Example 3:

[0058] A raytrace study was performed to investigate the quantity of light absorbed by a photovoltaic device and which
is emitted by luminescent molecules in a separate layer on top of a photovoltaic device.
[0059] The simulated photovoltaic device consisted of a thin layer which has the optical properties of silicon (n=4.295
at λ=500nm, absorption coefficient 889/mm). This layer is in direct contact with a 3.5 mm thick layer which has the optical
properties of glass (n=1.5 at λ=500nm, absorption coefficient 0/mm).
[0060] An additional 1.25 mm thick layer was positioned on top of the photovoltaic device. This layer is in direct contact
with the 3.5 mm thick layer which has the optical properties of glass (n=1.5 at λ=500nm, absorption coefficient 0/mm)
and has the same optical properties. In this layer 20 spherical light sources were randomly distributed. The light sources
emit a total of a 1000 rays with a total intensity of a 1000 W.
[0061] It was observed that 547W of the emitted light was absorbed by the silicon layer and 460W is either reflected
by the silicon layer or emitted away from the silicon layer.

Example 2

[0062] A raytrace study was performed to investigate the quantity of light absorbed by a photovoltaic device and which
is emitted by luminescent molecules in a separate layer on top of a photovoltaic device. This layer is structured according
to the invention.
[0063] The simulated photovoltaic device consisted of a thin layer which has the optical properties of silicon (n=4.295
at λ=500nm, absorption coefficient 889/mm). This layer is in direct contact with a 3.5 mm thick layer which has the optical
properties of glass (n=1.5 at λ=500nm, absorption coefficient 0/mm).
[0064] An additional 1.25 mm thick layer was positioned on top of the photovoltaic device. This layer is in direct contact
with the 3.5 mm thick layer which has the optical properties of glass (n=1.5 at λ=500nm, absorption coefficient 0/mm)
and has the same optical properties. The surface of this layer opposing the photovoltaic device was structured with a
20x20 array of structures according to the invention. In this layer 20 spherical light sources were randomly distributed.
The light sources emit a total of a 1000 rays with a total intensity of a 1000 W.
[0065] It was observed that 653W of the emitted light was absorbed by the silicon layer and 360W is either reflected
by the silicon layer or emitted away from the silicon layer. When comparing this result with the results from comparative
example 3, it can be concluded that by structuring the layer containing the luminescent molecules with an array of
structures according to the invention, the efficiency of the effect of the luminescent molecules can be increased up to 20%.

Example 3

[0066] The reflection losses from the surface of an amorphous silicon (a-Si) solar cell containing a flat glass front
surface as known from the prior art were determined by a UV-3100 UV-VIS-NIR spectrometer (Shimadzu) equipped
with MCP-3100 external sample compartment. The solar cell was mounted at the back of the integrating sphere in the
external sample compartment under an angle of 8-degree with respect to the incident sample beam. The reflection
losses were compared to an amorphous silicon solar cell comprising a front cover with an array of optical structures
according to the invention (as shown in figure 3a stacked in an array as figure 5c). The reflection losses of both solar
cells are given in Figure 7. It can be concluded that the solar cell containing comprising the front cover with an array of
optical structures according to the invention has significantly less reflection losses. Between 500-700 nm the reflection
losses were reduced from 20.8 to 2.0 percent.

(continued)

Angle of incidence [T] Comparative Example 1 
Reflection losses [%]

Comparative Example 2 
Reflection losses [%]

Example 1 Reflection 
losses [%]

65 30.9 20.8 15.0

70 34.0 20.7 15.4

75 39.4 20.1 18.1

80 48.6 22.7 21.5

85 65.5 24.2 17.5
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Example 4

[0067] The reflection losses from the surface of a monocrystalline silicon (m-Si) solar cell with an antireflection coating
and a flat glass front surface as known from the prior art were determined by a UV-3100 UV-VIS-NIR spectrometer
(Shimadzu) equipped with MCP-3100 external sample compartment. The solar cell was mounted at the back of the
integrating sphere in the external sample compartment under an angle of 8-degree with respect to the incident sample
beam. The reflection losses were compared to a monocrystalline silicon solar cell with an antireflection coating and a
front cover with an array of optical structures according to the invention (as shown in figure 3a stacked in an array as
figure 5c). The reflection losses of both solar cells are given in figure 8. It can be concluded that the solar cell containing
a front cover with an array of optical structures according to the invention has significantly less reflection losses. Between
700-800 nm the reflection losses are reduced from 11.9 to 2.3 percent.

Example 5

[0068] The reflection losses from the surface of a polycrystalline silicon (p-Si) solar cell with a flat glass front surface
as known from the prior art were determined by a UV-3100 UV-VIS-NIR spectrometer (Shimadzu) equipped with MCP-
3100 external sample compartment. The solar cell was mounted at the back of the integrating sphere in the external
sample compartment under an angle of 8-degree with respect to the incident sample beam. The reflection losses were
compared to a polycrystalline silicon solar cell comprising a front cover with an array of optical structures according to
the invention (as shown in figure 3a stacked in an array as figure 5c). The reflection losses of both solar cells are given
in figure 9. It can be concluded that the solar cell containing a front cover with an array of optical structures according
to the invention has significantly less reflection losses. Between 700-800 nm the reflection losses were reduced from
20.0 to 7.2 percent.

Example 6

[0069] The short circuit current (Isc) and open circuit voltage (Voc) of an amorphous silicon (a-Si) solar cell with a flat
front cover and amorphous silicon solar cell with a structured front cover according to the invention (as shown in Figure
3a stacked in an array as Figure 5c) have been measured using a solar simulator. The results show that the Isc and
Voc were significantly higher for an a-Si solar cell with a structured front cover according to the invention.
[0070] a-Si with a flat front cover:

Isc = 9.54 mA

Voc = 11.49 V

[0071] a-Si with a structured front cover according to the invention:

Isc = 11.32 mA

Voc = 11.62 V

Example 7

[0072] The short circuit current (Isc) and open circuit voltage (Voc) of an monocrystalline silicon (m-Si) solar cell with
an antireflection coating and a flat front cover and monocrystalline solar cell with and antireflection coating and a structured
front cover according to the invention (as shown in figure 3a stacked in an array as figure 5c) have been measured using
a solar simulator. The results show that the Isc and Voc were significantly higher for an m-Si solar cell with a structured
front cover according to the invention.
[0073] m-Si with a flat front cover:

Isc = 1.670 A

Voc = 0.570 V

[0074] m-Si with a structured front cover according to the invention:

Isc = 1.840 A



EP 2 208 234 B1

9

5

10

15

20

25

30

35

40

45

50

55

Voc = 0.574 V

Example 8

[0075] The short circuit current (Isc) and open circuit voltage (Voc) of a polycrystalline silicon (p-Si) solar cell with a
flat front cover and a polycrystalline silicon (p-Si) solar cell with a structured front cover according to the invention (as
shown in figure 3a stacked in an array as figure 5c) have been measured using a solar simulator. The results show that
the Isc and Voc were significantly higher for a p-Si solar cell with a structured front cover according to the invention.
[0076] p-Si with a flat front cover:

Isc = 1.480 A

Voc = 0.552 V

[0077] p-Si with a structured front cover according to the invention:

Isc = 1.540 A

Voc = 0.558 V

[0078] The invention is illustrated in more detail by means of the following figures:

Figure 1 a,b - Schematic representation of reduction in reflection losses of the active layer by the structured plate

Figure 2 a,b - Schematic representation of the increase in spectral response by the plate comprising the optical
structures and the luminescent molecules

Figure 3- Perspective view of an individual optical relief structure were a) n=4 and b), c) n=∞.

Figure 4 - a), top view b), side view 0T c), side view 60T of an individual optical relief structure

Figure 5 a, b, c - Schematic representation showing a part of an array of geometrical optical relief structures with
adjacent structures abutting each other

Figure 6 - Experimental setup for measuring the reflection losses of a photovoltaic device with a non-structured
cover plate

Figure 7 - Reflection losses from the surface of an amorphous silicon (a-Si) solar cell containing a flat glass front
surface and reflection losses of an amorphous silicon solar cell comprising a front cover with an array of optical
structures according to the invention

Figure 8 - Reflection losses from the surface of a monocrystalline silicon (m-Si) solar cell with an antireflection
coating and a flat glass front surface reflection losses of a monocrystalline silicon solar cell with an antireflection
coating and a front cover with an array of optical structures according to the invention

Figure 9 - Reflection losses from the surface of a polycrystalline silicon (p-Si) solar cell with a flat glass front surface
and reflection losses of a polycrystalline silicon solar cell comprising a front cover with an array of optical structures
according to the invention

[0079] Figure 1 a shows a schematic representation of the reflection losses of the active layer with a prior art flat
transparent cover plate in comparison with the reduction in reflection losses of the active layer by a cover plate comprising
an array of optical relief structures as shown in figure 1 b. The optical relief structures reduce the reflection losses of the
light receiving surface of the active layer of a photovoltaic device. Light reflected from the active layer enters the optical
relief structure via the base and is at least partially reflected to its original direction, i.e. to the active layer, by the surfaces
of said optical relief structure.
[0080] Figure 2 a shows a schematic representation of the spectral response of a photovoltaic device with an active
layer with a prior art flat transparent cover plate and an additional layer of luminescent dye. The cover plate comprising
the optical structures in combination with luminescent molecules as shown in figure 2 b improves the spectral response
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of the photovoltaic device compared to a non structured surface. The cover plate comprising the optical structures and
luminescent molecules increases the absorption of light emitted by the luminescent molecules at the light receiving
surface of the active layer of the photovoltaic device by reducing the reflection losses of emitted light and redirecting
light emitted away from the active layer.
[0081] Figure 3 shows a perspective view of an individual optical relief structure according to the invention. Figure 3a
shows an optical relief structure containing 3 square surfaces (n=4) which directly connect the hexagonal base to a
single apex and the structure contains 9 surfaces in total. Figures 3b, 3c show examples for partially rounded surfaces.
A rounded, curved or partially curved surface is a n-polygonal surface where n is infinite.
[0082] Figure 4 shows the individual optical relief structure of figure 3 in a) top view, b) side view 0T and c) side view 60T.
[0083] Figure 5 is a schematic representation showing a part of an array of geometrical optical relief structures with
adjacent structures abutting each other in top view. Figure 5 a shows the geometrical optical relief structures placed
such that the orientation of all structures is the same with respect to each other. Figure 5 b shows the geometrical optical
relief structures placed such that the orientation of the structures is alternating with respect to each other. Figure 5 c
shows the geometrical optical relief structures placed such that the orientation of all structures is random with respect
to each other.
[0084] Figure 6 shows the experimental setup for measuring the reflection losses of a photovoltaic device with a non-
structured cover plate. The simulated photovoltaic device consisted of a thin layer which had the optical properties of
silicon. This layer is in direct contact with a layer which had the optical properties of glass. The sunlight was simulated
by placing a collimated light source above the simulated photovoltaic device. The reflection losses are determined by
comparing the intensity of the incident light and the amount of light absorbed by the thin layer with the optical properties
of silicon. The amount of reflected light is calculated from the difference between the incident and the absorbed light.
The figure also illustrates the angle θ and the angle of incidence (ϕ). The reflection losses, averaged over the angle θ,
are given as function of the angle of incidence (ϕ). When ϕ is 0, the light source is perpendicular to the simulated
photovoltaic device.

Claims

1. photovoltaic device comprising at least one active layer and a transparent cover plate which contains on at least
one side an array of geometrical optical relief structures and which is in optical contact with The light receiving
surface of the at least one active layer of the photovoltaic device, wherein the optical relief structures comprise a
base and a single apex which are connected by at least three n-polygonal surfaces where n is equal to 4 or higher,
whereby the apex is defined as the upper part of an individual geometrical optical relief structure and is a single
most distant point of an individual geometrical optical relief structure contrasting with the base and the apex is that
point of which the distance to the base is the longest, measured in a straight line perpendicular to the base and
characterised in that the base of the optical relief structure comprises an m-sided polygonal shape and the optical
structure contains In total at least m+1 surfaces.

2. A photovoltaic device according to claim 1 characterized in that the transparent cover plate contains an array of
geometrical optical relief structures with adjacent structures abutting each other.

3. A photovoltaic device according to any one of claims 1 to 2 characterized in that the transparent cover plate
contains an array of geometrical optical relief structures which have the same orientation, an alternating orientation
or a random orientation with respect to each other.

4. A photovoltaic device according to any one of claims 1 to 3 characterized in that the surfaces of the array of optical
relief structures are covered with a coating.

5. A photovoltaic device according to claim 4 characterized in that the coating has a different refraction index than
the optical relief structures and that the shape of the coating is complementary to the array of geometrical optical
relief structures and that the photovoltaic device with the coating has even non-relief structures.

6. A photovoltaic device according to any one of claims 1 to 5 characterized in that the transparent cover plate which
contains on at least one side an array of geometrical optical relief structures is made of a glass.

7. A photovoltaic device according to any one of claims 1 to 5 characterized in that the transparent cover plate which
contains on at least one side an array of geometrical optical relief structures is made of a polymeric material.
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8. A photovoltaic device according to claim 7 characterized in that the polymer is polymethylmethacrylate.

9. A photovoltaic device according to claim 7 characterized in that the polymer is polycarbonate.

10. A photovoltaic device according to any one of claims 7 to 9 characterized in that the polymer is stabilized by UV
absorbers and/or hindered amine light stabilizers.

11. A photovoltaic device according to any one of claims 1 to 10 characterized in that a luminescent dye is present
in the transparent cover plate which contains the array of optical relief structures.

12. A photovoltaic device according to claim 1 to 10 characterized in that a luminescent dye is present in a layer
between the transparent cover plate which contains the array of optical relief structures and the light receiving
surface of the active layer of the photovoltaic device.

13. A photovoltaic device according to claim 11 or 12 characterized in that the luminescent dye comprises a mixture
of several luminescent dyes.

14. A photovoltaic device according to any one of claims 11 to 13 characterized in that the concentration of luminescent
dye lies between 0.001 and 50 gram dye per m2 cover plate surface and per mm cover plate thickness.

15. A photovoltaic device according to any one of claims 11 to 14 characterized in that the luminescent dye is an
organic dye.

16. A photovoltaic device according to any one of claims 11 to 14 characterized in that the luminescent dye is an
inorganic dye.

17. A photovoltaic device according to any one of claims 11 to 14 characterized in that the luminescent dye acts as
a UV absorber to stabilize the polymer provided that the transparent cover plate which contains on at least one side
an array of geometrical optical relief structures is made of a polymeric material.

Patentansprüche

1. Photovoltaikelement, umfassend mindestens eine aktive Schicht und eine transparente Abdeckplatte, die auf min-
destens einer Seite eine Anordnung von geometrischen optischen Reliefstrukturen enthält und in optischem Kontakt
mit einer lichtaufnehmenden Fläche der mindestens einen aktiven Schicht des Photovoltaikelements steht, wobei
die optischen Reliefstrukturen eine Basis und eine einzelne Spitze umfassen, die über mindestens drei n-polygonale
Flächen miteinander verbunden sind, wobei n gleich oder größer 4 ist, wobei die Spitze als oberer Teil einer einzelnen
geometrischen optischen Reliefstruktur definiert ist und ein einzelner, am weitesten entfernter Punkt einer einzelnen
geometrischen optischen Reliefstruktur ist, der entgegengesetzt zur Basis liegt, und die Spitze der Punkt ist mit
dem weitesten Abstand zur Basis, gemessen in gerader Linie senkrecht zur Basis, und dadurch gekennzeichnet,
dass die Basis einer einzelnen optischen Reliefstruktur eine m-seitige polygonale Form aufweist und die einzelne
optische Reliefstruktur insgesamt mindestens m+1 Flächen enthält.

2. Photovoltaikelement nach Anspruch 1, dadurch gekennzeichnet, dass die transparente Abdeckplatte eine An-
ordnung von geometrischen optischen Reliefstrukturen enthält, wobei benachbarte Strukturen aneinander angren-
zen.

3. Photovoltaikelement nach einem der Ansprüche 1 bis 2, dadurch gekennzeichnet, dass die transparente Abdeck-
platte eine Anordnung von geometrischen optischen Reliefstrukturen enthält, die identisch, abwechselnd oder be-
liebig zueinander ausgerichtet sind.

4. Photovoltaikelement nach einem der Ansprüche 1 bis 3, dadurch gekennzeichnet, dass die Oberflächen der
Anordnung von optischen Reliefstrukturen mit einer Beschichtung versehen sind.

5. Photovoltaikelement nach Anspruch 4, dadurch gekennzeichnet, dass die Beschichtung einen anderen Bre-
chungsindex aufweist als die optischen Reliefstrukturen und dass die Form der Beschichtung komplementär zur
Anordnung von geometrischen optischen Reliefstrukturen ist und dass das Photovoltaikelement mit der Beschich-
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tung glatte Strukturen ohne Relief aufweist.

6. Photovoltaikelement nach einem der Ansprüche 1 bis 5, dadurch gekennzeichnet, dass die transparente Abdeck-
platte, die auf mindestens einer Seite eine Anordnung von geometrischen optischen Reliefstrukturen enthält, aus
einem Glas hergestellt ist.

7. Photovoltaikelement nach einem der Ansprüche 1 bis 5, dadurch gekennzeichnet, dass die transparente Abdeck-
platte, die auf mindestens einer Seite eine Anordnung von geometrischen optischen Reliefstrukturen enthält, aus
einem Polymermaterial hergestellt ist.

8. Photovoltaikelement nach Anspruch 7, dadurch gekennzeichnet, dass das Polymer Polymethylmethacrylat ist.

9. Photovoltaikelement nach Anspruch 7, dadurch gekennzeichnet, dass das Polymer Polycarbonat ist.

10. Photovoltaikelement nach einem der Ansprüche 7 bis 9, dadurch gekennzeichnet, dass das Polymer mit UV-
Absorbern und/oder sterisch gehinderten Aminen stabilisiert ist.

11. Photovoltaikelement nach einem der Ansprüche 1 bis 10, dadurch gekennzeichnet, dass in der transparenten
Abdeckplatte, die die Anordnung von optischen Reliefstrukturen enthält, ein Leuchtfarbstoff enthalten ist.

12. Photovoltaikelement nach Anspruch 1 bis 10, dadurch gekennzeichnet, dass in einer Schicht zwischen der trans-
parenten Abdeckplatte, die die Anordnung von optischen Reliefstrukturen enthält, und der lichtaufnehmenden Fläche
der aktiven Schicht des Photovoltaikelements ein Leuchtfarbstoff enthalten ist.

13. Photovoltaikelement nach Anspruch 11 oder 12, dadurch gekennzeichnet, dass der Leuchtfarbstoff eine Mischung
aus verschiedenen Leuchtfarbstoffen umfasst.

14. Photovoltaikelement nach einem der Ansprüche 11 bis 13, dadurch gekennzeichnet, dass die Konzentration des
Leuchtfarbstoffs zwischen 0,001 und 50 Gramm Farbstoff pro m2 Abdeckplattenfläche und pro mm Abdeckplatten-
dicke beträgt.

15. Photovoltaikelement nach einem der Ansprüche 11 bis 14, dadurch gekennzeichnet, dass der Leuchtfarbstoff
ein organischer Farbstoff ist.

16. Photovoltaikelement nach einem der Ansprüche 11 bis 14, dadurch gekennzeichnet, dass der Leuchtfarbstoff
ein anorganischer Farbstoff ist.

17. Photovoltaikelement nach einem der Ansprüche 11 bis 16, dadurch gekennzeichnet, dass der Leuchtfarbstoff
als UV-Absorber zur Stabilisierung des Polymers dient, sofern die transparente Abdeckplatte, die auf mindestens
einer Seite eine Anordnung von geometrischen optischen Reliefstrukturen enthält, aus einem Polymermaterial
hergestellt ist.

Revendications

1. Dispositif photovoltaïque comprenant au moins une couche active et une plaque de protection transparente qui
contient sur au moins un côté un ensemble de structures optiques géométriques en relief et qui est en contact
optique avec une surface de réception de lumière de ladite au moins une couche active du dispositif photovoltaïque,
dans lequel les structures optiques en relief comprennent une base et un seul sommet qui sont reliés par au moins
trois surfaces polygonales d’ordre n, où n est supérieur ou égal à 4, le sommet étant défini comme la partie supérieure
d’une structure optique géométrique en relief individuelle et est un point simple le plus distant d’une structure optique
géométrique en relief individuelle contrastant avec la base et le sommet est le point dont la distance à la base est
la plus grande, mesurée selon une ligne droite perpendiculaire à la base et caractérisé en ce que la base de la
structure optique en relief comprend une forme polygonale à m côtés et la structure optique contient au total au
moins m+1 surfaces.

2. Dispositif photovoltaïque selon la revendication 1, caractérisé en ce que la plaque de protection transparente
contient un ensemble de structures optiques géométriques en relief, où les structures adjacentes abutent entre elles.
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3. Dispositif photovoltaïque selon l’une quelconque des revendications 1 à 2, caractérisé en ce que la plaque de
protection transparente contient un ensemble de structures optiques géométriques en relief qui ont la même orien-
tation, une orientation alternée ou une orientation aléatoire les unes par rapport aux autres.

4. Dispositif photovoltaïque selon l’une quelconque des revendications 1 à 3, caractérisé en ce que les surfaces de
l’ensemble de structures optiques en relief sont couvertes d’un revêtement.

5. Dispositif photovoltaïque selon la revendication 4, caractérisé en ce que le revêtement a un indice de réfraction
différent de celui des structures optiques en relief et en ce que la forme du revêtement est complémentaire de celle
de l’ensemble de structures optiques géométriques en relief et en ce que le dispositif photovoltaïque muni du
revêtement présente une structure régulière sans relief.

6. Dispositif photovoltaïque selon l’une quelconque des revendications 1 à 5, caractérisé en ce que la plaque de
protection transparente qui contient sur au moins un côté un ensemble de structures optiques géométriques en
relief est faite d’un verre.

7. Dispositif photovoltaïque selon l’une quelconque des revendications 1 à 5, caractérisé en ce que la plaque de
protection transparente qui contient sur au moins un côté un ensemble de structures optiques géométriques en
relief est faite d’un matériau polymère.

8. Dispositif photovoltaïque selon la revendication 7, caractérisé en ce que le polymère est du polyméthacrylate de
méthyle.

9. Dispositif photovoltaïque selon la revendication 7, caractérisé en ce que le polymère est du polycarbonate.

10. Dispositif photovoltaïque selon l’une quelconque des revendications 7 à 9, caractérisé en ce que le polymère est
stabilisé par des absorbeurs d’ultraviolets et/ou des photostabilisants à amine entravée.

11. Dispositif photovoltaïque selon l’une quelconque des revendications 1 à 10, caractérisé en ce qu’un colorant
luminescent est présent dans la plaque de protection transparente qui contient l’ensemble de structures optiques
en relief.

12. Dispositif photovoltaïque selon les revendications 1 à 10, caractérisé en ce qu’un colorant luminescent est présent
dans une couche située entre la plaque de protection transparente qui contient l’ensemble de structures optiques
en relief et la surface de réception de lumière de la couche active du dispositif photovoltaïque.

13. Dispositif photovoltaïque selon la revendication 11 ou 12, caractérisé en ce que le colorant luminescent comprend
un mélange de plusieurs colorants luminescents.

14. Dispositif photovoltaïque selon l’une quelconque des revendications 11 à 13, caractérisé en ce que la concentration
en colorant luminescent vaut de 0.001 à 50 grammes de colorant par m2 de surface de plaque de protection et par
mm d’épaisseur de plaque de protection.

15. Dispositif photovoltaïque selon l’une quelconque des revendications 11 à 14, caractérisé en ce que le colorant
luminescent est un colorant organique.

16. Dispositif photovoltaïque selon l’une quelconque des revendications 11 à 14, caractérisé en ce que le colorant
luminescent est un colorant inorganique.

17. Dispositif photovoltaïque selon l’une quelconque des revendications 11 à 16, caractérisé en ce que le colorant
luminescent agit en tant qu’absorbeur d’ultraviolets pour stabiliser le polymère à condition que la plaque de protection
transparente qui contient sur au moins un côté un ensemble de structures optiques géométriques en relief soit faite
d’un matériau polymère.
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