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Title:

Solar cell

Description:

The invention relates to a solar cell with a tunnel contact.

The use of a tunnel layer system for contacting a solar cell is known. In this
arrangement a tunnel layer is inserted between the emitter or base of the
solar cell semiconductor and a metal layer that acts as a collecting layer for
the charge carriers that tunnel through the tunnel layer. For example silicon
oxide (5i0;) is used as such a tunnel layer. It can at the same time be used to
carry out surface passivation in that recombination-active surface states of the
semiconductor are saturated. In solar cells that are formed based on a silicon
the tunnel layer can be produced by means of thermal oxidation. However, an
SiO; layer is associated with a disadvantage in that adequate surface
passivation with at the same time high tunnelling probability of the charge
carriers in the metal layer is difficult to implement from the point of view of

technology.

Furthermore, as a rule, in solar cells with a heterojunction, which comprises,
for example, a crystalline layer and an amorphous layer, which as a rule is
mostly doped, of a semiconductor, an additional layer is inserted between the
two semiconductor layers in order to achieve surface passivation, in particular
of the crystalline semiconductor layer. To this effect, as a rule, a thin,
intrinsic, i.e. essentially doping-free, amorphous semiconductor layer is used.
In this arrangement too, passivation, for example by means of an intrinsic
amorphous silicon layer, is often insufficient, which results in a reduction in
the efficiency of the solar cell. Furthermore, homogeneous layer deposition,
for example by means of vapour-deposition from the gas phase, is
technologically difficult to implement if at the same time a high tunnelling

probability is to be achieved.
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It is thus the object of the invention to provide a solar cell comprising a tunnel
layer that is arranged between a semiconductor layer and a collecting layer,
which solar cell is technologically easy to implement and moreover provides

good efficiency.

According to the invention this object is met by a solar cell with the
characteristics of claim 1. Advantageous embodiments of the invention are

stated in the subordinate claims.

The invention is based on the recognition that a buffer layer with a high
surface charge density of at least 10" cm™?, preferably of at least 5x10'? cm,
more preferably of at least 10" cm?, is particularly well suited to form a
tunnel contact and at the same time to ensure adequate surface passivation by
means of field effect passivation. Moreover, the buffer layer, due to its high
surface charge density, can induce an inversion layer or accumulation layer in
a semiconductor layer situated underneath it. The surface charge density of
the buffer layer can be either negative or positive. The intensity and type of
the induced layer depends in particular on the polarity of the surface charge
density, as well as on the material and any doping of the semiconductor layer.
The electrical properties and the spatial expansion of the tunnel contact also
depend on the electrical characteristics of the inversion layer or accumulation

layer.

In this document the term "layer” can also refer to a layer-shaped structure
that extends only over a limited region on the solar cell. In other words the
semiconductor layer, collecting layer, buffer layer or the like can be limited to
insular or strip-shaped regions on the solar cell. It is thus not necessary for the
layers to essentially extend over the entire solar cell, which is usually planar.
Furthermore, the term "layer” need not necessarily relate to a planar or flat
position; instead, conforming to an underlying structure, it may be curved or

bent, for example it may be dish-shaped or cup-shaped in design.
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A possible method for producing the solar cell comprises a step of providing the
semiconductor layer, subsequent application of the buffer layer onto the
semiconductor layer, and furthermore the application of the collecting layer
onto the buffer layer. Additional application steps for applying intermediate
layers or structuring steps may be provided. The semiconductor layer can be
present in the form of a wafer, or can be vapour-deposited onto a substrate in
a thin-film process. In the latter case the sequence of layer depositing can also
be reversed so that, for example, at first a collecting layer is applied to a
substrate or a superstrate, and subsequently the buffer layer and the

semiconductor layer are vapour-deposited onto said collecting layer.

That the buffer layer is essentially made of a certain material means in
particular that the buffer layer may comprise traces of other materials due to

imperfections in the fabrication process, in the raw materials or the like.

According to an advantageous embodiment, the buffer layer is essentially
made of a material with a negative surface charge density. Aluminium fluoride
(ALF3) with a negative charge density of between approximately 10" and
approximately 10" cm?is one example of a material with negative surface
charge density. Negative surface charge density provides an advantage in that
the material is particularly suitable for contacting a p-type semiconductor
layer, which, for example, in silicon-based photovoltaics is by far the most

frequently-used conductive type for an absorber.

An expedient improvement provides for the buffer layer to essentially be made
of aluminium oxide. With the use of a suitable application process or vapour-
depositing process, aluminium oxide (Al;0;) can be applied in a homogeneous
layer thickness. Furthermore, such an aluminium oxide layer is particularly
well suited for surface passivation. As a result of its high negative surface
charge density, an inversion layer or accumulation layer induced in this manner

further comprises good conductivity.
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A preferred embodiment provides for the buffer layer to be formed without
pinholes. In other words the buffer layer is essentially free of faults, and in
particular does not contain any openings (pinholes) that extend through the

thickness of the buffer layer.

According to an advantageous embodiment, the buffer layer has been applied
by means of atomic layer deposition (ALD). By means of ALD, in which layer
deposition of one atomic layer after another takes place, in particular thin
layers can be produced without any defects. In this process the layer thickness
can be controlled very precisely. In particular in the production of aluminium
oxide layers, ALD results in buffer layers with very advantageous electronic

characteristics.

Preferably, the buffer layer comprises a thickness ranging between 0.1 and 10
nanometres, preferably ranging between 1 and 3 nanometres. In particular in a
thickness of between 1 and 3 nm, due to a sufficient number of bound charges,

good passivation will result, at the same time with high tunnelling probability.

An advantageous improvement provides for the semiconductor layer to be
made of a crystalline semiconductor. This can, for example, be a
semiconductor wafer that serves as the starting point in the production of the

solar cell.

An expedient embodiment provides for the semiconductor layer to be an n-
type or p-type semiconductor layer. The semiconductor layer thus comprises
base doping. Due to the buffer layer, furthermore an inversion layer or an
accumulation layer underneath the buffer layer can be induced, wherein, for
example, a buffer layer, depending on the signs of its surface charge density,
in an n-type semiconductor layer induces an n*-type accumulation layer or a p-
type inversion layer. Doping of the semiconductor layer can take place during

its manufacture or subsequently by means of a diffusion step.
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In this context it should be pointed out that the terms "n-type” or "p-type”
denote that the semiconductor layer has been doped with a doping material in
such a way that it forms an n-type or a p-type semiconductor. In the present
document these terms are used synonymously with the terms "n-doped” and "p-

doped”.

According to a preferred embodiment, the semiconductor layer adjoining the
buffer layer comprises a doping layer and/or an inversion layer or
accumulation layer induced by means of the buffer layer. Both the doping layer
and the inversion layer are suitable for generating band bending such that in
the semiconductor, separation of charge carriers takes place, which charge
carriers were generated by means of light incidence. In this arrangement, for
example, the semiconductor layer can comprise base doping so that this layer

together with the inversion layer induced therein forms a pn-junction.

As an alternative, such a pn-junction can already have been formed between
the base-doped semiconductor layer and the doping layer. In this case the
induced accumulation layer can be used to control the electronic
characteristics of the tunnel contact, formed by means of the buffer layer,

between the semiconductor layer and the collecting layer.

Expediently it is provided for the buffer layer to be designed as an anti-
reflection layer (AR layer). An anti-reflection layer is used to reduce or entirely
prevent back reflection of incident light impinging on the solar cell.
Consequently the efficiency of the solar cell is increased. The AR layer should
preferably be effective for the wavelength range for which the solar cell is
tailored, for example in that it is most sensitive in this range. This
characteristic can be set by means of suitable selection of the material and of

the layer thickness of the buffer layer.

A preferred improvement provides for the collecting layer to comprise a metal,
a metal alloy and/or a transparent conductive material. Furthermore, the

collecting layer can be structured, for example in order to form electrode
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fingers by means of which the current generated in the solar cell can be
tapped. The transparent conductive material is a material that is transparent
to the wavelength spectrum for which the solar cell is designed, for example to
the visible and/or infrared spectrum. Preferably the material is a transparent

conductive oxide (TCO) such as indium tin oxide (ITO), zinc oxide or the like.

An advantageous embodiment provides for the collecting layer to comprise a
semiconductor. In this case, over the collecting layer preferably a contact
layer that is also structured is applied in order to accommodate the charge
carriers that have tunnelled into the collecting layer. Advantageously it is
provided for the collecting layer to be n-doped or p-doped. A layer comprising
highly-doped polycrystalline silicon is one example of a collecting layer

comprising semiconductors.

An expedient embodiment provides for the collecting layer to comprise an
amorphous semiconductor. For example this can be a heterojunction layer
which comprises an amorphous or a microcrystalline semiconductor material,
while the semiconductor layer that is arranged underneath the buffer layer is
crystalline. Usually, for passivation purposes an intrinsic amorphous
semiconductor layer is inserted between these semiconductor layers with
different crystal structures. A layer arrangement comprising crystalline silicon
(c-Si) and amorphous or microcrystalline silicon (a-Si or pc-Si) is one example

of a heterojunction.

In the present embodiment the intrinsic amorphous semiconductor layer is
replaced by the buffer layer so that a tunnel contact forms between the
semiconductor layer and the heterojunction layer. Replacing the intrinsic
amorphous semiconductor layer is associated with an advantage in that it is not
necessary, as is normally the case, to find a compromise between Voc-gain
(with Voc denoting the open circuit voltage) and fill factor losses (FF-losses) by

means of setting the layer thickness of the intrinsic layer.
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An expedient improvement provides for a contact layer made of a conductive
material to be formed on the collecting layer. In this arrangement the contact
layer can comprise a metal, a metal alloy and/or a transparent conductive
material. Furthermore, the contact layer, which can be a front or a back
contact, can be structured, for example in order to form finger-shaped

contacts if applicable with busbars.

A preferred embodiment provides for a further buffer layer to be provided
between the semiconductor layer and a further collecting layer, namely on a
face of the semiconductor layer, which face points away from the buffer layer.
Independently of the buffer layer and the collecting layer, the further buffer
layer and the further collecting layer can comprise the embodiments described
above and below in the context of said collecting layer. For example, the
collecting layer can comprise a metal layer, while the further collecting layer

forms a heterojunction with the semiconductor layer.

Below, the invention is explained with reference to the figures by means of
exemplary embodiments. The following are shown in diagrammatic cross-

sectional drawings:

Fig. 1 an embodiment of a solar cell comprising a buffer layer and a
collecting layer designed as finger electrodes;

Fig. 2 a further embodiment of the solar cell comprising a buffer layer
and a continuous collecting layer;

Fig. 3 a solar cell comprising a heterojunction, in which the buffer layer
is incorporated;

Fig. 4 a solar cell comprising buffer layers arranged on both faces of the
semiconductor layer;

Fig. 5 a further solar cell comprising a doping layer underneath the
buffer layer;

Fig. 6 an embodiment of a back-contacted solar cell; and

Fig. 7 a further embodiment of a back-contacted solar cell.



10

15

20

25

30

WO 2010/070013 PCT/EP2009/067340

-8 -
Fig. 1 shows a solar cell comprising a semiconductor layer 1, a buffer layer 3
arranged thereon, and a collecting layer 6 vapour-deposited on the buffer layer
3. The collecting layer 6 is structured to form finger-shaped metal electrodes
and is used to collect charge carriers that have been generated in the
semiconductor layer by means of incident light. To this effect the electrically
insulating buffer layer 3 forms tunnel contacts 31 between the semiconductor
layer 1 and the collecting layer 6, through which the charge carriers tunnel

into the collecting layer 6.

The buffer layer 3 is preferably an aluminium oxide layer that has been applied
to the semiconductor layer 1 by means of atomic layer deposition (ADL). Thus a
layer thickness is obtained which essentially stays the same over the entire
buffer layer 3, with the atomic scale of said layer thickness in addition being
precisely settable. In this manner the electronic characteristics of the tunnel
contacts 31 can be precisely set. The tunnel contacts 31 are thus tunnel

regions 31 in the buffer layer 3.

Directly underneath the buffer layer 3 a doping layer 5 is formed in the
semiconductor layer 1 by means of diffusion. As an alternative, the doping
layer 5 can have been applied to the semiconductor layer 1 by means of a
vapour-deposition process. Due to the surface charge density of the buffer
layer 3, instead of the doping layer 5 directly underneath the buffer layer 3 an
inversion layer or accumulation layer 4 can be induced. For example, if the
semiconductor layer 1 is n-doped, for example in the form of a base-doped
semiconductor wafer, by means of a subsequent overcompensating diffusion
process a p-doped doping layer 5 can be produced in order to obtain a pn-
junction. As an alternative, the use of a suitable material, for example of
aluminium oxide, for the buffer layer 3 can result in the buffer layer 3 inducing
a p-doped inversion layer 4 in the semiconductor layer 1, thereby producing

the pn-junction.

Furthermore, it is possible for the buffer layer 3 to produce in the

semiconductor layer 1 an accumulation layer 4 that adjoins it. This is the case,
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for example, if the semiconductor layer 1 is p-doped and the buffer layer 3
comprises aluminium oxide, as a result of which a p*-doped accumulation layer

4 is produced.

Above the buffer layer 3 an anti-reflection layer 11 is arranged, which with the
selection of a suitable refractive index and a suitable layer thickness is
designed to minimise or avoid reflection of the incident light at least over a
defined spectral region and angle of incidence region. The finger-shaped
electrodes that form the collecting layer 6 are partly surrounded by the anti-
reflection layer 11. Instead of the additional anti-reflection layer 11, with
suitable selection of the material and of the layer thickness, the buffer layer 3

can be used as an anti-reflection layer.

Fig. 2 shows a solar cell according to a further embodiment in which the
collecting layer 6 comprises a continuous layer, which without structure
extends over a surface of a solar cell, which layer comprises a conductive
material, for example metal. To ensure that the tunnel contact 31 between
the inversion layer or accumulation layer 4 or doping layer 5 in the
semiconductor layer 1 through the buffer layer 3 only forms locally rather than
along the entire buffer layer 3, between the buffer layer 3 and the collecting
layer 6 an insulation layer 8 is arranged which comprises an opening above the

tunnel contact 31.

Figs. 1 and 2 only show front contacting of the solar cell. In order to provide a
better overview the back surface contacts have been left out in these figures.
For example, it is possible for the collecting layers 3 shown in Figs 1 and 2 in
each case to form a front collecting layer 3 and a back collecting layer 3 of one

and the same solar cell.

Fig. 3 shows a solar cell that is contacted on both sides, which solar cell
comprises a heterojunction. The heterojunction forms between the
semiconductor layer 1 and the collecting layer 6 between which the buffer

layer 3 is arranged. For example, the collecting layer 6 can comprise
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amorphous silicon, while the semiconductor layer 1 is formed from crystalline
silicon. Essentially the entire buffer layer 3 acts as a tunnel layer 31. When
compared to a conventional heterojunction with a crystalline semiconductor
layer, an amorphous semiconductor layer and an intrinsic amorphous
semiconductor layer arranged in between, in the present embodiment an

alternative heterojunction is thus created.

With the use of ADL the layer thickness of a buffer layer 3 that, for example,
comprises aluminium oxide can be precisely controlled. Buffer layers 3 that
have been vapour-deposited in this way and that comprise a sufficiently high
surface charge density furthermore result in very good surface passivation.
Furthermore, here too, as already explained with reference to Figs. 1 and 2, an
inversion layer or accumulation layer 4 (not shown) can form underneath the

buffer layer 3 in the semiconductor layer 1.

On the collecting layer 6 a contact layer 7 is arranged which comprises, for
example, a conductive transparent material. Finally, the solar cell comprises a
front-surface electrode 91 and a back-surface electrode 92. While the front-
surface electrode 91 is structured to form electrode fingers so that incident
light can reach the solar cell through the contact layer 7 with only little
shading, the back-surface electrode 92 is planar in shape. Above the back-
surface electrode 92 the semiconductor layer 1 can additionally comprise a
doping layer in order to improve ohmic contact between the semiconductor

layer 1 and the back-surface electrode 92.

Fig. 4 shows a further solar cell that is contacted on both faces. On both faces
of the semiconductor layer 1 this solar cell comprises a buffer layer 3. A front-
surface buffer layer 3a is followed by an inversion layer or accumulation layer
4 that is induced in the semiconductor layer 1 as a result of the former, while a
back-surface buffer layer 3b is formed on a doping layer 5. The collecting
layers 6 associated with the buffer layers 3a, 3b are a structured front-surface
electrode 91 and a back-surface electrode 92 that extends over the entire

surface. Correspondingly, tunnel regions 31 that are delimited in area form in
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the front-surface buffer layer 3a, while the back-surface buffer layer 3b

essentially acts completely as a tunnel contact 31.

In a manner similar to that in the embodiment according to Fig. 1, here, too,
an anti-reflection layer 11 is formed on the front-surface buffer layer 3a. In
the front embodiment the inversion layer or accumulation layer 4 and the
doping layer 5 can be exchanged, or the semiconductor layer 1 can on both
sides comprise an inversion layer or accumulation layer 4 and/or a doping layer
5.

Fig. 5 shows a solar cell in which the semiconductor layer 1 on one face
comprises both an inversion layer or accumulation layer 4 and a doping layer 5.
For the formation of the doping layer 5 the semiconductor layer 1 is, however,
only doped in those sections that are located underneath the finger-shaped
front-surface electrode 91 and thus underneath the tunnel regions 31 that form
between the collecting layer 6 and the semiconductor layer 1. While in the
present embodiment the inversion layer or accumulation layer 4 is responsible
for band bending and thus for charge carrier separation, with a suitable
selection of their doping parameters such as, for example, doping type, doping
intensity, doping depth and the like, the doping layer 5 serves partly or

exclusively to improve the tunnel contact 31.

Fig. 6 shows a back-contacted solar cell that comprises a semiconductor layer 1
and on the back face comprises a buffer layer 3. The buffer layer 3 comprises
an insulation layer 8 from a suitable electrically insulating material, on which
insulation layer 8 a collecting layer 6 is arranged. The collecting layer 6 is
divided into a back-surface base electrode 92a, and an back-surface emitter
electrode 92b. The back-surface base electrode 92a is connected to a doping
layer 5 by way of a tunnel contact 31 formed in the buffer layer 3. By way of a
further tunnel contact 31 the back-surface emitter electrode 92b is connected
to an inversion layer or accumulation layer 4 that is induced in the
semiconductor layer 1 due to the surface charge of the buffer layer 3. The

inversion layer or accumulation layer 4 thus forms the emitter in the solar cell.
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In this embodiment, too, the inversion layer or accumulation layer 4 and the

doping layer 5 can overlap.

Above the semiconductor layer 1 and thus on a face of light incidence of the
solar cell there is a further doping layer 5, which is covered by an anti-
reflection layer 11. Here, too, the doping layer 5 can have been replaced by an
inversion layer or accumulation layer 4 which is induced by means of a buffer
layer 3 arranged underneath the anti-reflection layer 11 (which buffer layer 3

in the present embodiment, however, only serves as an inversion layer).

Fig. 7 shows a further embodiment of a back-contacted solar cell. It differs
from the solar cell shown in Fig. 6 in that the back-surface emitter electrode
92b is connected to the semiconductor layer 1 by way of a heterojunction
similar to the one shown in Fig. 3. In this embodiment, too, the buffer layer 3
underneath the collecting layer 6 forms a tunnel contact 31 that expands in a

planar manner.
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List of reference characters:
1 Semiconductor layer
3 Buffer layer
3a Front-surface buffer layer
3b Back-surface buffer layer
31 Tunnel contact (tunnel region)
4 Inversion layer (accumulation layer)
5 Doping layer
6 Collecting layer
7 Contact layer
8 Insulation layer
91 Front-surface electrode
92 Back-surface electrode
92a Back-surface base electrode
92b Back-surface emitter electrode

11 Anti-reflection layer
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Claims:

1.

A solar cell comprising a semiconductor layer (1), a collecting layer (6)
for collecting free charge carriers from the semiconductor layer (1) and
a buffer layer (3) which is arranged between the semiconductor layer (1)
and the collecting layer (6), which buffer layer (3) is designed as a
tunnel contact (31) between the semiconductor layer (1) and the
collecting layer (6), characterised in that the buffer layer (3) is
essentially made of a material with a surface charge density of at least
10" cm™?, preferably of at least 5x10'> cm, more preferably of at least

10" cm™.

The solar cell according to claim 1 or 2, characterised in that the buffer
layer (3) is essentially made of a material with a negative surface charge

density.

The solar cell according to claim 1 or 2, characterised in that the buffer

layer (3) is essentially made of aluminium oxide.

The solar cell according to any one of the preceding claims,

characterised in that the buffer layer (3) is formed without pinholes.

The solar cell according to any one of the preceding claims,
characterised in that the buffer layer (3) has been applied by means of

atomic layer deposition.

The solar cell according to any one of the preceding claims,
characterised in that the buffer layer (3) comprises a thickness ranging

between 0.1 and 10 nm, preferably ranging between 1 and 3 nm.

The solar cell according to any one of the preceding claims,
characterised in that the semiconductor layer (1) is made of a

crystalline semiconductor.
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1.

12.

13.

14.

15.

16.

-15 -

The solar cell according to any one of the preceding claims,

characterised in that the semiconductor layer (1) is n-doped or p-doped.

The solar cell according to any one of the preceding claims,
characterised in that the semiconductor layer (1), adjacent to the buffer
layer (3) comprises a doping layer (5) and/or an inversion layer (4) or

accumulation layer (4) induced by means of the buffer layer (3).

The solar cell according to any one of the preceding claims,
characterised in that the buffer layer (3) is designed as an anti-

reflection layer (11).

The solar cell according to any one of the preceding claims,
characterised in that the collecting layer (6) comprises a metal, a metal

alloy and/or a transparent conductive material.

The solar cell according to any one of claims 1 to 9, characterised in

that the collecting layer (6) comprises a semiconductor.

The solar cell according to claim 11, characterised in that the collecting

layer (6) comprises an amorphous semiconductor.

The solar cell according to claim 11 or 12, characterised in that the

collecting layer (6) is n-doped or p-doped.

The solar cell according to any one of claims 11 to 13, characterised in
that on the collecting layer (6) a contact layer (7) of a conductive

material is formed.

The solar cell according to any one of the preceding claims,
characterised in that on a face of the semiconductor layer (1), which

face points away from the buffer layer (3a; 3b), a further buffer layer
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(3b; 3a) is provided between the semiconductor layer (1) and a further

collecting layer (3).
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