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Method for heterojunction interface passivation

Field of the disclosure
This disclosure relates to methods for heterojunction interface passivation, for

example in heterojunction photovoltaic cells.

Background of the disclosure

In a process for fabricating a-Si:H/c-Si heterojunction photovoltaic cells, a p-
type (or n-type) a-Si:H emitter layer is deposited on an n-type (or p-type) c-Si
substrate (base layer) to form a p/n (n/p) heterojunction. The deposition of the
doped a-Si:H layer can for example be done using plasma enhanced chemical vapor
deposition (PECVD). The junction characteristics and thus the current-voltage
characteristics of photovoltaic cells comprising such a heterojunction are negatively
affected by a large amount of defects at the doped a-Si/c-Si heterojunction interface.
As a result, a high V,c (open circuit voltage) cannot be achieved.

In order to obtain a better cell performance, the charge carrier recombination
at the interface between the doped a-Si:H and the doped ¢-Si needs to be reduced.
This is commonly done by providing a thin intrinsic (undoped) a-Si:H layer in
between the two doped layers. By providing a thin high-quality intrinsic a-Si:H layer
in between the doped a-Si:H layer and the crystalline silicon, interface defects can
be passivated. Although the recombination velocity is reduced by providing a thicker
intrinsic layer, this intrinsic layer should be as thin as possible in order to minimize
resistive as well as optical losses in the photovoltaic cell. For a good short circuit
current density (Js¢) the i-a-Si:H needs to be as thin as possible (thickness about 2
nm to 4 nm). On the other hand, on decreasing the thickness of the i-a-Si:H the
charge carrier recombination velocity also increases drastically. Good passivation of
interface defects using thin intrinsic layers is usually obtained by performing an
anneal for up to 60 min at a temperature of typically 200°C in forming gas after the a-
Si:H depositions.

At the rear side of a-Si:H/c-Si heterojunction photovoltaic cells, a doped a-Si
layer can be provided for forming a Back Surface Field (BSF). For example, on the
rear side of an n-type c-Si substrate, an n* a-Si:H layer can be provided and vice

versa, on the rear side of a p-type c¢-Si substrate, a p* a-Si:H layer can be provided.



10

15

20

25

30

WO 2012/085155 PCT/EP2011/073691

The interface recombination velocity in such BSF structures can also be reduced by
providing an intrinsic a-Si:H layer at the interface between the doped a-Si and the c-
Si. Although the recombination velocity is reduced by providing a thicker intrinsic
layer, this intrinsic layer should be as thin as possible in order to reduce resistive
losses in the photovoltaic cell. Good passivation using thin intrinsic layers is usually
obtained by performing an anneal for up to 60 min at a temperature of typically

200°C in forming gas after the a-Si:H depositions.

Summary of the disclosure

It is an object of embodiments of the present disclosure to provide a method
for heterojunction interface passivation by providing a thin passivation layer at the
heterojunction interface, wherein the method can be less time consuming than prior
art methods and wherein the method results in a better passivation quality (lower
charge carrier recombination velocity) than prior art passivation methods. The
thickness of the thin passivation layer is selected such that an electrical current can
flow through the heterojunction without a significant increase of the junction
resistance. The thickness of the passivation layer is preferably less than 100 nm,
e.g. less than 10 nm. For example, the thickness of the passivation layer can be

between 1 nm and 10 nm, e.g. between 2 nm and 7 nm.

A method of the present disclosure can advantageously be used for
heterojunction interface passivation of photovoltaic cells. For example, the method
can be used for emitter junction passivation of photovoltaic cells having a crystalline
silicon base layer of a first doping type and an amorphous silicon emitter layer of a
second doping type opposite to the first doping type. The thin passivation layer can
be a thin hydrogenated amorphous silicon layer at the interface between the base
layer and the emitter layer. For example, the method can also be used for rear side
heterojunction passivation of photovoltaic cells having a crystalline silicon base layer
of a first doping type and a heavily doped amorphous silicon layer of the first doping
type for forming a Back Surface Field layer. The thin passivation layer can be a thin
hydrogenated amorphous silicon layer at the interface between the base layer and
the heavily doped Back Surface Field layer.

The above objective is accomplished by a method according to the present

disclosure.
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Particular and preferred aspects of the disclosure are set out in the
accompanying independent and dependent claims. Features from the dependent
claims may be combined with features of the independent claims as appropriate and
not merely as explicitly set out in the claims.

The present disclosure provides a method for heterojunction interface
passivation, the method comprising: providing a thin passivation layer at the
heterojunction interface; and performing a hydrogen plasma treatment after providing
the thin passivation layer. The heterojunction can for example be a junction between
a crystalline silicon substrate and a doped amorphous silicon layer, and the
passivation layer can be a thin amorphous silicon layer, e.g. a thin intrinsic
hydrogenated amorphous silicon (i-a-Si:H) layer. However the present disclosure is
not limited thereto and other suitable passivation layers can be used, such as for
example layers comprising SiON, SiOy, SiC, or any other suitable material known to
a person skilled in the art.

Providing the thin passivation layer can comprise growing the thin passivation
layer on a substrate by means of a CVD (Chemical Vapour Deposition) method,
preferably in the presence of a plasma. For example, growing the thin passivation
layer can be done in a PECVD (Plasma Enhanced CVD) chamber, a remote plasma
CVD chamber, a MWCVD (Microwave Assisted CVD) chamber, an ECR (Electron
Cyclotron Resonance) plasma chamber or any suitable deposition chamber wherein
a plasma is used.

In a first aspect of the present disclosure, providing a thin a-Si:H passivation
layer comprises growing the passivation layer on the substrate using a silicon
precursor gas such as for example SiH4, SiHxCly, SiHCIs, or SiCls as a silicon
source. Providing the thin a-Si:H passivation layer can for example be done at a
temperature in the range between 100°C and 200°C, or between 100°C and 195°C,
or between 100°C and 190C, at a pressure in the range between 0.1 Torr (13.3 Pa)
and 2 Torr (266.6 Pa). However, the present disclosure is not limited thereto and
other suitable temperatures, pressures and/or gas mixtures known to a person
skilled in the art can be used. These parameters also depend on the type of CVD
reactor and on the geometrical dimensions of the CVD reactor used. Suitable
parameter ranges can be determined experimentally. Elements such as CO,, B2Hg
or PH3 can be added during a-Si:H layer growth.
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In a second aspect of the present disclosure, providing a thin a-Si:H
passivation layer comprises growing the passivation layer on the substrate using a
silicon precursor such as for example SiH4, SiH2Clo, SiHCIs, or SiCls as a silicon
source, wherein the silicon precursor is diluted in Hz. The ratio between the silicon
precursor and the hydrogen is preferably in the range between 1:2 and 1:6.
Providing the thin a-Si:H passivation layer can for example be done at a temperature
in the range between 100°C and 200°C, at a pressure in the range between 0.3 Torr
(40 Pa) and 5 Torr (666.6 Pa). However, the present disclosure is not limited thereto
and other suitable temperatures, pressures and/or gas mixtures known to a person
skilled in the art can be used. These parameters also depend on the type of CVD
reactor and on the geometrical dimensions of the CVD reactor used. Suitable
parameter ranges can be determined experimentally. It is an advantage of using a
diluted silicon precursor according to the second aspect of the present disclosure
that it allows to obtain a least disordered a-Si:H layer (close to microcrystalline
silicon) and with the least amount of dangling bonds and the least amount of strained
Si-Si bonds, even for very thin layers (e.g. 5 nm thick layers).

The hydrogen plasma treatment can be performed in a PECVD chamber, e.g.
the chamber wherein the thin passivation layer has been provided. The hydrogen
plasma treatment can for example be done at a temperature in the range between
100°C and 200°C, at a pressure in the range between 0.1 Torr (13.3 Pa) and 5 Torr
(666.6 Pa), using Ho. However, the present disclosure in not limited thereto and
other suitable temperatures or pressures known to a person skilled in the art can be
used. These parameters also depend on the type of CVD reactor and on the
geometrical dimensions of the CVD reactor used. Suitable parameter ranges can be
determined experimentally.

The method according to aspects of the present disclosure can
advantageously be used for interface passivation of heterojunction photovoltaic cells
comprising a crystalline base region and an amorphous emitter layer and/or an
amorphous BSF layer. The passivation method can be used for interface
passivation at the emitter side (front side) of the photovoltaic cells and/or at the BSF
side (rear side) of the photovoltaic cells. The front side is the side to the photovoltaic
cell which is preferably directed towards a light source such as the sun when in use.
The rear side is opposed to the front side.
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When using a method of the present disclosure for heterojunction interface
passivation, a further step in the process after providing the passivation layer is
forming the heterojunction by providing an additional semiconductor layer. For
example, in a process for forming a silicon heterojunction photovoltaic cell, after
providing a thin i-a-Si:H passivation layer, a doped a-Si:H layer can be grown on the
i-a-Si:H layer, for forming an emitter layer or a BSF layer.

The hydrogen plasma treatment can be performed after providing the intrinsic
amorphous silicon layer and before providing the additional layer, e.g. doped
amorphous silicon layer. In an alternative embodiment, the hydrogen plasma
treatment can be performed after providing the additional layer, e.g. doped
amorphous silicon layer. This may have a beneficial effect on the additional layer.
The hydrogen plasma treatment can also be performed twice: a first time after
providing the intrinsic amorphous silicon layer and before providing the additional
layer, e.g. doped amorphous silicon layer, and a second time after providing the
additional layer, e.g. doped amorphous silicon layer.

The one or more hydrogen plasma treatments can also be performed at the
same time for two intrinsic amorphous silicon layers which may be provided on
opposite main surfaces of the silicon substrate. Alternatively, one or more plasma
treatments can be performed independently on the front side and on the backside.
The hydrogen plasma conditions can thereby be optimised for front side and rear
side independently, and can thus be different on both sides. The plasma conditions
can for instance be tuned in function of the layer thickness.

It is an advantage of a method according to aspects of the present disclosure
that it provides an integrated approach, wherein the passivation layer deposition and
the hydrogen plasma treatment can be performed in the same chamber, for instance
subsequently. The method of the present disclosure can be less time consuming
than prior art methods wherein a Forming Gas anneal is performed for improving the

heterojunction interface passivation.

It is an advantage of a method according to aspects of the present disclosure that it
provides a degree of freedom when initially providing the thin passivation layer, the
quality of which can, at least partially, be corrected afterwards by the plasma
treatment. It will be appreciated by the skilled person that controlling the properties

and thus quality of the thin passivation layer is crucial for producing optimised and
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optimally performing photovoltaic cells, and that aspects of the present invention
make it easier to control these properties. For instance, it is an advantage of
methods according to aspects of the present invention, that the overall temperature
budget for processing a photovoltaic cell can be reduced significantly. Deposition of
the thin passivation layer can for instance occur at relatively low temperatures, and
can then be followed by a short plasma treatment to still arrive at a predetermined or
sufficient quality of the thin passivation layer, such that the overall temperature
budget can be smaller for a similar end product.lt is an advantage of a method of the
present disclosure that it may lead to a better heterojunction interface passivation as
compared to prior art methods. It may lead to good passivation properties for very

thin passivation layers.

Summarizing again, a method for fabricating a heterojunction photovoltaic cell is
described, comprising
- providing a crystalline silicon substrate,
- providing a thin passivation layer on a first main surface of the
substrate;
- performing a plasma treatment, comprising treating the thin
passivation layer with a plasma, the plasma comprising hydrogen;
- providing a second layer on the thin passivation layer, the second

layer comprising amorphous silicon.

The plasma treatment can be performed before providing the second layer.
The plasma treatment can be performed after providing the second layer.
A first plasma treatment can be provided before providing the second layer and a

second plasma treatment can be provided after the plasma treatment.

According to preferred embodiments, the thin passivation layer comprises intrinsic
hydrogenated amorphous silicon.

According to preferred embodiments, the thin passivation layer comprises SiON
and/or SiOy (x=1,2) and/or SiC.

Preferably, the thickness of the thin passivation layer after plasma treatment is less

than 100 nm. The thickness of the thin passivation layer after plasma treatment can



10

15

20

25

30

WO 2012/085155 PCT/EP2011/073691

be less than 10 nm. The thickness of the thin passivation layer after plasma
treatment can be between 1 and 10 nm.

According to preferred embodiments, providing the thin passivation layer comprises
growing the thin passivation layer.

According to preferred embodiments, the growing of the thin passivation layer
comprises a plasma enhanced CVD process.

According to preferred embodiments, growing the thin passivation layer by using a
silicon precursor gas comprising SiH4, SiH2Cly, SiHCIs, or SiCls,

According to preferred embodiments, the thin passivation layer is provided at a
pressure between 0.1 Torr and 2 Torr.

According to preferred embodiments, the silicon precursor gas is diluted in Hz, The
dilution ratio between the silicon precursor and the hydrogen is preferably comprised
within the range 1:2 to 1:6.

According to preferred embodiments, the method comprises providing the thin
passivation layer at a pressure between 0.1 Torr and 5 Torr.

According to preferred embodiments, the method comprises providing the thin
passivation layer at a temperature between 100 and 200 degrees C.

According to preferred embodiments, providing the thin passivation layer on a first
main surface of the substrate and performing the plasma treatment are performed
within the same vacuum chamber, without breaking a vacuum in the vacuum
chamber.

According to preferred embodiments, a duration of the plasma treatment is
comprised within the range of 10 to 120 seconds.

According to preferred embodiments, a power density of the plasma treatment is
comprised within the range of 0.01 to 0.5 W/cm?.

According to preferred embodiments, the plasma power used during providing a thin
passivation layer on a first main surface of the substrate is smaller than the plasma
power during the plasma treatment.

Typically, the first main surface can correspond to a front surface of the photovoltaic
cell, the second layer corresponding to an emitter layer of the photovoltaic cell.

The first main surface can typically correspond to a back surface of said photovoltaic

cell, the second layer corresponding to a back surface field layer.
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For purposes of summarizing the disclosure and the advantages achieved
over the prior art, certain objects and advantages of the disclosure have been
described herein above. Of course, it is to be understood that not necessarily all
such objects or advantages may be achieved in accordance with any particular
embodiment of the disclosure. Thus, for example, those skilled in the art will
recognize that the disclosure may be embodied or carried out in a manner that
achieves or optimizes one advantage or group of advantages as taught herein
without necessarily achieving other objects or advantages as may be taught or
suggested herein. Further, it is understood that this summary is merely an example
and is not intended to limit the scope of the disclosure as claimed. The disclosure,
both as to organization and method of operation, together with features and
advantages thereof, may best be understood by reference to the following detailed

description when read in conjunction with the accompanying drawings.
Brief description of the drawings

Figure 1 shows measured surface recombination velocities as a function of the
power density of the hydrogen plasma used in a method according to the first aspect
of the present disclosure. The exposure time was 75 seconds.

Figure 2 shows measured surface recombination velocities at different times of
applied hydrogen plasma in a method according to the first aspect of the present
disclosure. The plasma power was 18W, corresponding to a plasma power density of
0.052 W/em?,

Figure 3 shows €5 curves (imaginary part of the dielectric function) for different times
of H, plasma exposure for a plasma power density of 0.052 W/cm?.

Figure 4 shows the thickness of an i-a-Si:H film as a function of the exposure time to
a hydrogen plasma, for a plasma power density of 0.052 W/cm?.

Figure 5 shows ¢, curves at different powers of Hy plasma. The exposure time was
60s.

Figure 6 shows the thickness of an i-a-Si:H film as a function of the hydrogen plasma
power, for an exposure time of 60s.

Figure 7 shows measured surface recombination velocities for FZ wafers covered
with a 4 nm to 5 nm thick i-a-Si:H film after hydrogen plasma treatment, for different

exposure times and for different plasma powers.
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Figure 8 shows the thickness of an i-a-Si:H film as a function of the exposure time to
an 18 W (0.052 W/cm?) hydrogen plasma.
Figure 9 shows &> curves for i-a-Si:H films deposited at various hydrogen / silane
dilution ratios according to the second aspect of the present disclosure.
Figure 10 shows measured SRV values i-a-Si:H films deposited at a dilution ratio of
1:3 according to the second aspect of the present disclosure, for different hydrogen
plasma exposure times.

Any reference signs in the claims shall not be construed as limiting the scope
of the present disclosure.

In the different drawings, the same reference signs refer to the same or

analogous elements.
Detailed description of the disclosure

In the following detailed description, numerous specific details are set forth in
order to provide a thorough understanding of the disclosure and how it may be
practiced in particular embodiments. However, it will be understood that the present
disclosure may be practiced without these specific details. In other instances, well-
known methods, procedures and techniques have not been described in detail, so as
not to obscure the present disclosure. While the present disclosure will be described
with respect to particular embodiments and with reference to certain drawings, the
disclosure is not limited hereto. The drawings included and described herein are
schematic and are not limiting the scope of the disclosure. It is also noted that in the
drawings, the size of some elements may be exaggerated and, therefore, not drawn
to scale for illustrative purposes.

Furthermore, the terms first, second, third and the like in the description and in
the claims, are used for distinguishing between similar elements and not necessarily
for describing a sequence, either temporally, spatially, in ranking or in any other
manner. It is to be understood that the terms so used are interchangeable under
appropriate circumstances and that the embodiments of the disclosure described
herein are capable of operation in other sequences than described or illustrated
herein.

Moreover, the terms top, bottom, over, under and the like in the description

and the claims are used for descriptive purposes and not necessarily for describing
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relative positions. It is to be understood that the terms so used are interchangeable
under appropriate circumstances and that the embodiments of the disclosure
described herein are capable of operation in other orientations than described or
illustrated herein.

It is to be noticed that the term “comprising”, used in the claims, should not be
interpreted as being restricted to the means listed thereafter; it does not exclude
other elements or steps. It is thus to be interpreted as specitying the presence of the
stated features, integers, steps or components as referred to, but does not preclude
the presence or addition of one or more other features, integers, steps or
components, or groups thereof. Thus, the scope of the expression “a device
comprising means A and B” should not be limited to devices consisting only of
components A and B.

The present disclosure provides a method for heterojunction interface
passivation by providing a thin passivation layer at the heterojunction interface,
wherein the method is less time consuming than prior art methods and wherein the
method results in a better passivation quality (lower charge carrier recombination
velocity) than prior art passivation methods. The thickness of the thin passivation
layer is selected such that an electrical current can flow through the heterojunction
without a significant increase of the junction resistance. The thickness of the
passivation layer is preferably less than 100 nm, e.g. less than 10 nm. For example,
the thickness of the passivation layer can be between 1 nm and 10 nm, e.g. between
2nmand 7 nm.

The method of the present disclosure comprises: providing a thin passivation
layer at the heterojunction interface; and performing a hydrogen plasma treatment
after providing the thin passivation layer. The heterojunction can for example be a
junction between a crystalline silicon substrate and a doped amorphous silicon layer,
and the passivation layer can for example be a thin amorphous layer, for example a
thin intrinsic hydrogenated amorphous silicon (i-a-Si:H) layer.

The present disclosure is further described for embodiments wherein the
passivation layer is an amorphous silicon layer. However, the present disclosure is
not limited thereto and other materials such as for example SiO4 or SiON can be

used for forming the passivation layer.
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In a first aspect of the present disclosure, providing a thin a-Si:H passivation
layer comprises growing the passivation layer on the substrate using a silicon
precursor such as for example SiH4, SiHxClo, SiHCIs, or SiCly as a silicon source.

In a second aspect of the present disclosure, providing a thin a-Si:H
passivation layer comprises growing the passivation layer on the substrate using a
silicon precursor such as for example SiH4, SiH>Cl,, SiHCIs, or SiCly as a silicon
source, wherein the silicon precursor is diluted in Hz. The ratio between the silicon
precursor and the hydrogen is preferably in the range between 1:2 and 1:6.

The method of the present disclosure can advantageously be used for
interface  passivation of heterojunction photovoltaic cells comprising a
monocrystalline, multicrystalline or polycrystalline base region and an amorphous
emitter layer and/or an amorphous BSF layer. The passivation method can be used
for interface passivation at the emitter side (front side) of the photovoltaic cells
and/or at the BSF side (rear side) of the photovoltaic cells.

When using a method of the present disclosure for heterojunction interface
passivation, a further step in the process after providing the passivation layer is
forming the heterojunction by providing an additional layer. For example, in a
process for forming a silicon heterojunction photovoltaic cell, after providing a thin i-
a-Si:H passivation layer a doped a-Si:H layer can be grown, for forming an emitter
layer or a BSF layer.

The hydrogen plasma treatment can be performed after providing the intrinsic
amorphous silicon layer and before providing the additional layer, e.g. doped
amorphous silicon layer. In an alternative embodiment, the hydrogen plasma
treatment can be performed after providing the additional layer, e.g. doped
amorphous silicon layer. The hydrogen plasma treatment can also be performed
twice: a first time after providing the intrinsic amorphous silicon layer and before
providing the additional layer, e.g. doped amorphous silicon layer, and a second time
after providing the additional layer, e.g. doped amorphous silicon layer.

To study the passivation effect of a H, plasma treatment in a method
according to the first aspect of the present disclosure, experiments were performed
wherein an i-a-Si:H layer was deposited on both sides of double side polished, 280
micrometer thick, n-type c-Si <100>, float zone wafers having a resistivity of 1-3 Qcm
and a bulk lifetime of more than 4 ms. The wafers were cleaned with a H,SO4:H0;
(4:1) mixture, followed by HF:HCI:H2O, (1:1:20) mixture. Finally a chemical oxide
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was grown on the wafers using HCI:H>O2:H,O (1:1:5). Prior to the i-a-Si:H deposition
an HF:HCI:H,O, (1:1:20) dip was performed for 2 minutes. The time between the
HF/HCI dip and the loading of the wafers in the deposition chamber was kept as
short as possible. Next, the i-a-Si:H deposition was performed by means of a plasma
enhanced chemical vapor deposition (PECVD) method using an RF plasma (13.56
MHz). This was followed by a H, plasma exposure in the same chamber, without
breaking the vacuum. Table 1 gives an overview of the conditions used. The
thickness of the i-a-Si:H layers was in the range between 7 nm and 8 nm.

Temperature | Power density | Pressure Flow rate Time
(°C) (W/ecm?) (Torr) (sccm) (seconds)
SiH4s | Hy
a-Si:H 170 0.05 0.525 100 | O 30

(70 Pa) i

Hao 170 0.05-0.2 2 0 200 | 30-120
plasma (266.6 Pa) ;

Table 1

However, the present disclosure is not limited to the conditions shown in
Table 1. Examples of suitable ranges for the different parameters are shown in
Table 2, the present disclosure not being limited thereto.

Temperature | Power density | Pressure Flow rate Time
(°C) (W/cm?) (Torr) (sccm) (seconds)
SiHis!{ H

a-Si:H 100-200 0.01-0.1 0.1-2 10- . O 10-120
(13.3- 100 !
266.6 Pa) i

Ho 100-200 0.01-0.5 0.1-5 0 :10-500 | 10-120
plasma (13.3- =

666.6 Pa)
Table 2

Spectroscopic ellipsometry was used to determine the thickness and the
optical constants of the i-a-Si:H films. The Tauc-Lorentz model was used for the
analysis of the raw data obtained from the ellipsometric measurements. This model
allows finding the €, dispersion (the imaginary part of the dielectric function). The

minority carrier lifetimes were measured using Quasi Steady State Photo
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Conductance measurements (QSSPC). The lifetimes are reported at an excess
carrier density of 10" cm™. Since FZ-Si material with high bulk lifetime was used, the
effective surface recombination velocity (SRV), may be approximated by SRV=
d*(21e)", with d being the wafer thickness and T being the effective minority
charge carrier lifetime.

The thickness of the i-a-Si:H layer deposited according to the parameters
shown in Table 1 was 7 nm to 8 nm. After deposition (without Hy plasma treatment)
the SRV was 15.45 cm/s. Annealing in forming gas at 250°C for 30 minutes resulted
in a decrease of the SRV to 10.86 cm/s.

Experiments were performed, wherein after deposition of the i-a-Si:H layer a
hydrogen plasma treatment was performed instead of a forming gas anneal. For
studying the effect of a Hy plasma treatment on the passivation quality of the
interface between the crystalline silicon substrate and the i-a-Si:H layer the hydrogen
plasma power density was varied in the range between 0.05 W/cm? and 0.2 W/cm?
and the time of exposure to the hydrogen plasma was varied between 30 seconds
and 120 seconds (Table 1). Surface Recombination Velocities were evaluated as a
function of Hy, plasma process parameters.

Figure 1 shows measured surface recombination velocities for different
applied plasma power densities during the hydrogen plasma treatment. The time of
the exposure was kept constant at 75 seconds. The points at zero power correspond
to the standard conditions without Hy plasma treatment. From the measured results
it can be concluded that after deposition of the i-a-Si:H layer the SRV is in the range
between 13 cm/s and 29 cm/s (different samples). After hydrogen plasma treatment
the SRV is reduced, depending on the power of the hydrogen plasma. The largest
reduction of the SRV is obtained for the lowest plasma power density. For example,
for a plasma power density of 0.05 W/cm? (18 W) the SRV measured on one of the
samples was reduced from 29.1 cm/s to 6.6 cm/s. For another sample the SRV was
reduced from 15.45 cm/s to 4.7 cm/s.

Figure 2 shows measured surface recombination velocities at different
hydrogen plasma exposure times. In these experiments, the power density was kept
constant at 0.05 W/cm?® With the increase in time of exposure the SRV decreases

up till 75 seconds and then it starts increasing.
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To understand these trends of passivation quality, ellipsometric
measurements were done to estimate the thickness and hydrogen content of the i-a-
Si:H films.

The imaginary part of the dielectric function (€z), of a 7 nm thick film is plotted
in Figure 3 for different hydrogen plasma exposure times, for a plasma power density
of 0.05 W/cm?®. The peak at 3.6eV is characteristic of as-deposited a-Si:H. After
exposure to the H; plasma the peak shifts and the amplitude decreases. This
decrease in amplitude mainly occurs in the first 75 seconds of H, plasma exposure
and then becomes constant. The decrease in amplitude is attributed to an increase
in hydrogen content of the film. The hydrogen content increases in the first 75
seconds, and after this a reduction in film thickness is observed. This is illustrated in
Figure 4, showing the amorphous film thickness as a function of the hydrogen
plasma exposure time (0.05 W/cm? plasma power density).

With the increase in Hp plasma power an increase in concentration of
hydrogen is observed (illustrated in Figure 5 for 60s exposure time) in the film but the
thickness of the film remains constant (Figure 6, 60s exposure time).

It was seen that the passivation increased till an optimum exposure time of 75
seconds (for the conditions used in the experiments) and then dropped as the
exposure time was increased. The hydrogen content of the film increases up till 75
seconds of plasma exposure and then becomes constant. After 75 seconds a
decrease in film thickness is observed (Figure 4). The initial increase in passivation
quality can be attributed to the increase in hydrogen content of the film, which helps
passivating the dangling bonds at the surface of the c-Si substrate. After 75 seconds,
even though the hydrogen content of the film is constant, the quality of the i-a-Si:H
film decreases, possibly due to an increase in porosity of the film and due to
thickness reduction, hence the lifetime decreases with duration of H, plasma
exposure.

Although in the experiments an optimum exposure time of 75 seconds to the
hydrogen plasma was found, this optimum exposure time can be different for other
layer thicknesses, other pressures, temperatures, hydrogen flows, etc. For example,
in experiments done for i-a-Si:H films with a thickness in the range between 4 nm
and 5 nm an optimum hydrogen plasma exposure time of 35 seconds was found. An
optimum hydrogen exposure time can be experimentally determined for other

process conditions.
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In the experiments, the highest lifetimes (best passivation quality) were
obtained at a H, plasma power density of 0.05 W/cm?, and then started to decrease
as the power density of the Ho plasma was increased. This reduction in lifetime may
be due to an increased hydrogen induced damage to the interface, hence increasing
defects density.

The measured decrease in SRV after plasma treatment was much larger as
compared to values obtained after forming gas anneal. The SRV decreased from
15.45 cm/s to 4.67 cm/s in 7 nm thick i-a-Si:H using hydrogen plasma treatment
while the surface recombination velocity was 10.85 cm/s when annealed at 250°C for
30 minutes.

The effect of a hydrogen plasma treatment on the passivation quality of thin i-
a-Si:H layers was also studied for thinner layers (thickness 4 nm to 5 nm). The
deposition conditions shown in Table 1 were used, with a deposition time of 20
seconds instead of 30 seconds. The SRV values obtained for different exposure
times and for different plasma powers are shown in Figure 7. As can be seen in
figure 7, the SRV increased as the time of exposure was increased. Also at higher
powers of Hy plasma the SRV was higher. The trend is similar to that observed for 7
nm to 8 nm thick films, though the increase of SRV is observed for lower powers as
compared to the relatively thicker films. The lowest SRV (17.8cm/s) was obtained for
a treatment of 30s at 12W hydrogen plasma power. It may be possible to achieve
lower SRV values at lower hydrogen plasma powers.

The effect of the duration (exposure time) of an 0.05 W/cm? hydrogen plasma
treatment on the thickness of the i-a-Si:H layer is shown in Figure 8. It can be
concluded that there is no effect on the thickness of the layer for exposure times less
than 45s. For longer exposure times (e.g. 75s) a decrease in thickness is observed
for the 4 nm to 5 nm thick layers. Hence the decrease in thickness occurs earlier as
compared to films of thicknesses 7nm to 8nm.

To study the passivation effect of a Ho plasma treatment in a method
according to the second aspect of the present disclosure, additional experiments
were performed wherein Hy gas dilution of SiHs4 during i-a-Si:H deposition was
combined with a hydrogen plasma treatment. For a better control of disorder of the

a-Si layer formed, hydrogen gas was introduced with the silane gas in the chamber
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while depositing the i-a-Si:H thin film. The parameters used for deposition are given
in table 3.

Dilution Temperature Power Pressure (Torr) | Flow rate (sccm)
(SiH4:Hy) (C) (W/ecm?)
H, SiH,4
1:1 170 0.05 1.7 (226.6 Pa) | 50 50
1:3 170 0.05 1.7 (226.6 Pa) | 75 25
1:4 170 0.05 1.7 (226.6 Pa) | 80 20
1:6 170 0.05 1.7 (226.6 Pa) | 86 14
1:8 170 0.05 1.7 (226.6 Pa) | 89 11
1:10 170 0.05 1.7 (226.6 Pa) | 91 9
Table 3

For hydrogen dilution ratios of 1:3 and 1:4 and for a deposition time of 15s,
the film thickness was 7 nm to 8 nm, and the best passivation quality (lowest SRV)
was obtained at these dilution ratios. For lower and higher dilution ratios the film
was thinner, and the measured SRV was significantly larger. As compared to films
grown according to the first aspect of the present disclosure, a slight decrease in
SRV was observed for similar thickness (about 7 nm to 8 nm) for a 1:3 dilution. For
example, when using a dilution ratio of 1:3 an SRV of 9.84 cm/s was measured,
whereas for a film of similar thickness deposited with pure silane the SRV value was
15.45 cm/s.

To understand the variation in thickness and passivating properties of the
films deposited with hydrogen dilution the imaginary part of the dielectric function (&)
was measured using ellipsometry. Figure 9 shows the measured &, curves for
various films. It can be seen that, as the dilution is increased, there is a change in
the hydrogen content of the film as well as a peak shift. For increasing dilution it is
observed that the peak shifts towards higher values. This shift points towards the
evolution of the film from an amorphous phase towards a micro-crystalline phase.
There is an abrupt peak shift above a dilution of 1:4 (SiH4:Hz) from about 3.6 eV to
about 4.2eV. This marks a transformation from the amorphous phase to the micro
crystalline phase. This peak shift towards higher energies for higher dilution ratios,
coupled with the lower thicknesses observed point towards epitaxial growth at these
values of dilution. A decrease in the hydrogen content of the film is observed as the

film becomes more crystalline.
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In the experiments described above, the best surface passivation quality
(lowest SRV) was obtained for films deposited at a 1:3 dilution ratio. In order to
further increase the passivation quality, a hydrogen plasma treatment was performed
after deposition of the film. The plasma treatment was done at 0.06 W/cm? for
different exposure times. Figure 10 shows the measured SRV values for a film
deposited with a hydrogen dilution of 1:3, for different hydrogen plasma exposure
times after deposition. It can be seen that the best passivation quality was obtained
for a 45s hydrogen plasma exposure. The thickness of these films was in the range
between 4 nm and 5 nm. Thus, for a 4 nm to 5 nm thick i-a-Si:H film, an SRV of 5.38

cm/s was obtained.



WO 2012/085155 PCT/EP2011/073691
18

Claims

1. A method for fabricating a heterojunction photovoltaic cell, comprising
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- providing a crystalline silicon substrate,

- providing a thin passivation layer on a first main surface of said
substrate;

- performing a plasma treatment, comprising treating said thin
passivation layer with a plasma, said plasma comprising hydrogen;

- providing a second layer on said thin passivation layer, said second

layer comprising amorphous silicon.

. A method according to claim 1, wherein said plasma treatment is performed

before providing said second layer.

. A method according to claim 1 or 2, wherein said plasma treatment is

performed after providing said second layer.

. A method according to any of the previous claims, wherein said thin

passivation layer comprises intrinsic hydrogenated amorphous silicon.

. A method according to any of claims 1 to 3 , wherein said thin passivation

layer comprises SiON and/or SiOy (x=1,2) and/or SiC.

. A method according to any of the previous claims, wherein the thickness of

said thin passivation layer after plasma treatment is less than 100 nm.

. A method according to claim 6, wherein the thickness of said thin passivation

layer after plasma treatment is less than 10 nm.

. A method according to claim 7, wherein said thickness of said thin passivation

layer after plasma treatment is between 1 and 10 nm.

. A method according to any of the previous claims, wherein providing said thin

passivation layer comprises growing said thin passivation layer.
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10. A method according to claim 9, wherein said growing of said thin passivation
layer comprises a plasma enhanced CVD process.

11. A method according to claim 9 or 10, comprising growing said thin passivation
layer by using a silicon precursor gas comprising SiH,4, SiH>Cl,, SiHCl3, or
SiCly,

12. A method according to claim 11, comprising providing said thin passivation

layer at a pressure between 0.1 Torr and 2 Torr.

13. A method according to claim 11, wherein said silicon precursor gas is diluted

in H2,

14. A method according to claim 13, wherein said dilution ratio between the
silicon precursor and the hydrogen is comprised within the range 1:2 to 1:6.

15. A method according to any of claims 13 to 14, comprising providing said thin
passivation layer at a pressure between 0.1 Torr and 5 Torr.

16. A method according to any of the previous claims, comprising providing said
thin passivation layer at a temperature between 100 and 200 degrees C.

17. A method according to any of the previous claims, wherein providing said thin
passivation layer on a first main surface of said substrate and performing said
plasma treatment are performed within the same vacuum chamber, without

breaking a vacuum in said vacuum chamber.

18. A method according to any of said previous claims, wherein a duration of said

plasma treatment is comprised within the range of 10 to 120 seconds.

19. A method according to any of said previous claims, wherein a power density

of said plasma treatment is comprised within the range of 0.01 to 0.5 W/cm?.

20. A method according to any of the previous claims, wherein said first main
surface corresponds to a front surface of said photovoltaic cell, the second
layer corresponding to an emitter layer of said photovoltaic cell.
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21. A method according to any of the previous claims, wherein said first main
surface corresponds to a back surface of said photovoltaic cell, the second

layer corresponding to a back surface field layer.
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