
Method of manufacturing crystalline silicon solar
cells with improved surface passivation FIELD OF THE
INVENTION The present invention relates to the
manufacture of solar cells. It more particularly
relates to a method of manufacturing crystalline
silicon solar cells comprising a silicon oxide
passivation layer and a dielectric coating. BACKGROUND
Solar cells made of single- or multi- crystalline
silicon are usually provided with a dielectric coating
on a front side (i.e. the light incident side) in
order to lead the incident light effectively to the
semiconductor layer. Such a dielectric coating is
often referred to as anti-reflection coating (ARC)
film. The performance of a solar cell is largely
influenced by the degree of suppression of
recombination of the photo-generated carriers at the
interface between the semiconductor layer and the ARC
film. Suppression of recombination of the
photogenerated carriers is normally realized using
what is called surface passivation. As an ARC film for
multi-crystalline silicon solar cell, a silicon
nitride film is often used because it has a good
anti-refiecting effect and a sufficient surface
passivation effect can be expected. It is also used
for single crystalline silicon solar cells for the
same reason. Alternatively, a thermal oxide film is
used in which case more effective surface passivation
can be expected than by silicon nitride. Normally, a
thermal oxide film with sufficient surface passivation
requires a high temperature process (approximately
1000 0C), which will deteriorate the efficiency of the
solar cells. Additionally, the refraction index of
thermal oxide film (1.45) is too low for the proper
ARC for silicon solar cells. In crystalline silicon
solar cells, a back surface field (BSF) layer is
usually formed by coating and alloying by heat
treatment of an aluminium paste on the back 



side. The thickness of the crystalline silicon solar
cell will most certainly decrease in the future
because of a shortage of the silicon feedstock. This
will lead to a worse effectiveness of the BSF layer
since it will bend the thin substrate and will also
lower the internal reflection at the back side.
Nowadays, in order to replace the BSF layer, a
dielectric film, such as a silicon nitride film, or a
thermal silicon oxide film is adoptedwith a partly
removed area for back side electrodes. As mentioned
above, a silicon nitride film can provide a good
passivation effect and a thermal oxide film can be
even better. Additionally, these dielectric films can
enhance the internal reflection at the back side of
the solar cells as compared to aluminium BSF.
Requirements for a dielectric film deposited on a
semiconductor substrate for a crystalline silicon
solar cell are:  formable at relatively low
temperature  high passivation effect  anti-reflection
effect when formed at the front side  anti-reflection
effect or enhancement of the internal reflection when
formed at the back side. For such a dielectric film,
when used for optimal anti-reflection effect, the
refractive index should be lower than that of silicon
(3.3) and higher than that of packaging resin or cover
glass ( 1.4-1 .6). Silicon nitride film can satisfy
most of the conditions above, but its passivation
effect is inferior to that of a thermal oxide film. A
thin thermal oxide may be inserted between the silicon
and the silicon nitride, to satisfy the conditions
described above, without reducing either optical
effect of anti-reflecting at the front or enhancing
internal reflection at the back in spite of low
refractive index (1-45) of thermal oxide. A thermal
oxide film with sufficient surface passivation
requires a high temperature process (approximately
1000 0C), which will deteriorate the efficiency of the
solar cells. However, forming a sufficiently thin (<
70 nm) thermal oxide with a good surface passivation
and under good control is very difficult. One 



possibility is to provide a thermal oxide film on the
silicon substrate and then to thin the thermal oxide
film by way of etching, but in that case it is
impossible to create a thermal oxide film with a
uniform thickness. Even though thermal oxidation at
lower temperatures (around 800 0C) can form a thin
oxide film to some extent, its surface passivation
effect is normally low and sometimes even inferior to
that of a silicon nitride film. SUMMARYIt is an object
of the present invention to provide a method of
manufacturing a crystalline silicon solar cell having
a silicon substrate and a two layered structure for
the surface passivation, wherein the solar cell
efficiency is improved. The object is achieved by
providing a method of manufacturing a crystalline
silicon solar cell, comprising: - providing a
crystalline silicon substrate having a front side and
a back side; - forming a thin silicon oxide film on at
least one of the front and the back side by soaking
the crystalline silicon substrate in a chemical
solution; - forming a dielectric coating film on the
thin silicon oxide film on at least one of the front
and the back side. In the method according to an
embodiment, a dielectric coating film and a thin
silicon oxide film is manufactured at the front and/or
at the back side of the substrate. The thin silicon
oxide film is formed by soaking the crystalline
silicon substrate in a chemical solution. The soaking
process is well-controllable and is performed at a
relative low temperature (<150 0C). So the forming of
this layer will not affect the semiconductor
properties of the (already doped) substrate.
Furthermore, the passivation effect is comparable or
even better than that of a thermal oxide. Also, by
using a chemical solution for oxidation, a very thin
uniform silicon oxide layer can be formed. It is noted
that the crystalline silicon substrate which is
provided may already be partly processed. In addition,
a silicon substrate may be provided that is partly 



protected from being oxidised, for example by a
silicon nitride or other film which partly covers the
surface. Preferably, the dielectric coating film will
be acting as anti-reflection coating when on the front
side, and it will be acting as anti-reflection or
internal reflection coating when formed on the back
side, depending on whether the solar module is
bifacial or not, respectively. In an embodiment the
thin silicon oxide film is formed with a thickness of
0.5-10 nm. It is noted that on an unprotected silicon
surface at room temperature a so-called "native oxide"
film will grow. This very thin film (approx. 0.5 nm
thick) does not have good passivation properties.
Therefore, according to an embodiment, the native
oxide film is removed after which a new silicon oxide
film is grown by soaking the crystalline substrate in
a chemical solution. The thin silicon oxide film will
perform itspassivation task and will be transparent
for the incident light on the front side of the solar
cell. In an embodiment, the silicon oxide film is
formed by treatment of the crystalline silicon
substrate in the chemical solution at a temperature
under 150 0C. This low temperature will avoid a
decreasing quality of the semiconductor properties.
Preferably the temperature is about room temperature,
so that temperature settings can be achieved very
easily. The chemical solution may comprise nitric
acid, hydrogen peroxide, sulphuric acid, hydrochloric
acid, ozone, acetic acid, boiling water, or ammonium
hydride or a combination of these. The thin oxide film
may be formed by an electrochemically-enhanced
reaction. This has the advantage of reducing the
oxidation time and solution concentration. In an
embodiment, the dielectric coating film comprises
hydrogen. The dielectric coating film may comprise for
example silicon nitride including hydrogen, or
amorphous silicon carbide including hydrogen. 



In a further embodiment, after formation of the
dielectric coating film, the method comprises
annealing. The annealing temperature is preferably
more than 50 0C higher than the deposition temperature
of the dielectric coating film. This method allows
hydrogen from said dielectric coating layer to be
emitted and to penetrate the thin silicon oxide film
reacting with the defect states present at the
semiconductor surface or in the silicon oxide film,
thus enhancing the passivation effect of crystalline
silicon. The dielectric coating film when acting as an
anti-reflection coating film, preferably has a
refraction index between 1.8-3.0, since it should be
lower than that of silicon (3.3) and higher than that
of packaging resin or cover glass ( 1.4-1 .6). In an
aspect, the invention also relates to a solar cell
manufactured by a method described above. BRIEF
DESCRIPTION OF THE DRAWINGS Further advantages and
characteristics of the present invention will become
clear on the basis of a description of a number of
embodiments, in which reference is made to the
appended drawings, in which:Figure 1 shows an example
of a practical formation of a solar cell according to
the state of the art; Figure 2 shows a flow chart of a
state of the art manufacturing process corresponding
to the solar cell of Figure 1; Figure 3 shows an
example of a practical formation of an embodiment of
the solar cell; Figure 4 shows a flow chart of a
possible manufacturing process according to the state
of the art; Figure 5 shows a flow chart of a
manufacturing process according to an embodiment of
the invention. DETAILED DESCRIPTION OF EXAMPLARY
EMBODIMENTS 



In order to explain the benefits of the invention,
below some examples are described of solar cells using
known methods and using the method according to
embodiment of the invention. Wafers selected for these
practical examples consist of a n-type
multi-crystalline silicon (Si) substrate with a
resistivity of 0.3-1.5 Ohm-cm. The wafers were sliced
out from a casted ingot which was previously cut to
12.5 x 12.5 cm2. The wafers are divided in four
groups, each group having 25 wafers. Hereafter, the
groups are named as group A, group B, group C, and
group D. Group A is the reference group of a
conventional multi-crystalline silicon solar cell
whose surface passivation is provided by the silicon
nitride anti-reflection coating layer. The structure
of the solar cells is shown in Figure 1 and its
fabrication process steps are shown in Figure 2. The
solar cell 100 comprises a silicon substrate 101
having a phosphorous diffused back layer 103 and a
boron diffused front layer 102. On both sides of the
substrate 101, a silicon nitride film is formed; see
back side silicon nitride film 105 and front side
silicon nitride film 104. At both sides electrodes
106, 107 are manufactured. The specific process
conditions at each process step are shown in Figure 2.
In a first step 201 a n-type silicon substrate is
provided, by way of for example cutting a wafer from
an ingot. Then in a step 202, a surface texturing is
performed using a chemical solution of NaOH. Next, in
a step 203, boron is diffused into the substrate at
the front side, at a temperature of 900-950 0C. This
can be done using for example a back-to-back
configuration wherein two substrates are placed with
their back side pressed together. Then in a step 204
phosphorous is diffusion on the back side, at
atemperature of 850-880 0C in a front-to-front
configuration wherein two substrates are placed with
their front side pressed together. Step 204 is
followed by a step 205 in which the substrate is
dipped in a hydrofluoric acid solution in order to
remove the native oxide from the surface prior to the
anti-reflection layer deposition. Then, silicon
nitride (SiN) is deposited (in step 206) on the front
side using plasma enhanced chemical vapour deposition
(PECVD) at 300-500 0C with mixed gasses of 



SiH4/NH3/N2. In a following step 207, silicon nitride
is also deposited on the back side using PECVD at
300-500 0C with mixed gasses of SiH4/NH3/N2. Finally
at a step 208, a screen printing using mixed silver
and aluminium pastes for the front side and a silver
paste for the back side is performed as is known to
the skilled person. After the screen printing a
simultaneously firing (thermal annealing) of the front
and back pastes at temperature between 750-950 0C is
used. Figure 3 shows an example of a solar cell 300
according to the state of the art. The solar cell 300
is picked out of a reference group, referred to as
Group B. The solar cell 300 comprises a silicon
substrate 301 having a phosphorous diffused back layer
303 and boron diffused front layer 302. On both sides
of the substrate 301, a silicon nitride film is
formed; see back side silicon nitride film 305 and
front side silicon nitride film 304. At both sides
electrodes 306, 307 are manufactured. As compared to
the solar cell of Figure 1, in between the substrate
301 and the silicon nitride films 304, 305, in situ
thermal oxide layers 308, 309 are formed. Figure 4
shows a flow chart of a manufacturing process of Group
B. The specific process condition at each process step
is as follows step 401: same as step 201. step 402:
same as step 202. step 403: same as step 203. step
404: same as step 204. In step 405 a 20 nm silicon
oxide film is grown using a thermal oxidation process
by heating the substrate in a tube furnace at a
temperature between 850-900 0C. step 406: same as step
206. step 407: same as step 207. step 408: same as
step 208.Group C is the typical example of the
invention. The fabrication process is the same as for
the group B except that the silicon oxide films 308,
309 as shown in Figure 



3, are grown by soaking the wafers in a chemical
solution of 68% nitric acid at room temperature for
duration of 15 minutes. The thickness of the grown
silicon oxide is 1.4 nm. Figure 5 is a flow chart
showing an example of the manufacturing process
according to this embodiment. The specific process
condition at each process step is as follows. step
501: same as step 201. step 502: same as step 202.
step 503: same as step 203. step 504: same as step
204. step 505: same as step 205. In step 506, a
silicon oxide film having a thickness of 1.4 nm is
grown, by soaking the wafers in a chemical solution of
68% nitric acid at room temperature for duration of 15
minutes. step 507: same as step 206. step 508: same as
step 207. step 509: same as step 208. In another
embodiment of the invention, the fabrication process
is the same as for the group B as shown in Figure 3,
except that the silicon oxide film 308, 309 is grown
by soaking the wafers in a chemical solution of 68%
nitric acid at a temperature of 120 0C for duration of
15 minutes. Solar cells resulting from this embodiment
are referred to as Group D. The solar cell properties
are characterized under the condition of IEC 60904 as
will be known to the skilled person. The averaged
values of the solar cell parameters are shown in table
I for each of the above mentioned groups, wherein Jsc
is the short circuit current, Voc is the open circuit
voltage and FF is the Fill Factor.Comparing group A
with groups C and D, one can see that the Voc and the
power conversion efficiency are improved. Because of
the thin silicon oxide intermediate 



layer between silicon nitride anti-reflection and
semiconductor surface of groups C and D, the surface
passivation of the semiconductor is strongly enhanced
reducing the recombination probability of photo
generated charges. Comparing group B with groups C and
D, one can see that the Voc and the power efficiency
is further improved as a result of better passivation
of the thin chemical oxide compared with the thermal
oxide. With adopting the invention described above, an
improvement of 0.8-1.9 points in the power conversion
efficiency is achieved as compared to the conventional
solar cell process of n-type multi-crystalline
substrate. It will be understood that variants will
occur to those skilled in the art on reading the above
text. Those variants are deemed to lie within the
scope of the invention as described in the appended
claims.Claims 1. Method of manufacturing a crystalline
silicon solar cell, comprising: - providing a
crystalline silicon substrate having a front side and
a back side; - forming a thin silicon oxide film on at
least one of said front and said back side by soaking
the crystalline silicon substrate in a chemical
solution; - forming a dielectric coating film on said
thin silicon oxide film on at least one of said front
and said back side. 2. Method according to claim 1,
wherein said thin silicon oxide film is formed with a
thickness of 0.5-10 nm. 3. Method according to any of
the preceding claims, wherein said thin silicon oxide
film is formed by treatment of said crystalline
silicon substrate in said chemical solution at a
temperature under 150 0C. 4. Method according to claim
3, wherein said temperature is room temperature. 5.
Method according to any of the preceding claims,
wherein said chemical solution comprises at least one
solution selected from the group consisting of: 



A. a solution containing nitric acid, B. a solution
containing hydrogen peroxide, C. a solution containing
sulphuric acid, D. a solution containing hydrochloric
acid, E. a solution containing ozone, F. a solution
containing acetic acid, G. a solution containing
boiling water, H. a solution containing ammonium
hydride. 6. Method according to any of the preceding
claims, wherein said thin oxide film is formed by an
electrochemically enhanced reaction.7. Method
according to any of the preceding claims, wherein said
dielectric coating film comprises hydrogen. 8. Method
according to any of the preceding claims, wherein said
dielectric coating film comprises silicon nitride
including hydrogen, or amorphous silicon carbide
including hydrogen. 9. Method according to any of the
preceding claims, wherein after formation of said
dielectric coating film, the method comprises
annealing. 10. Method according to claim 9, wherein an
annealing temperature is more than 50 0C higher than a
deposition temperature of said dielectric coating
film. 11. Method according to any of the preceding
claims, wherein said dielectric coating film has a
refraction index between 1.8-3.0. 12. Method according
to any of the preceding claims, wherein said
dielectric coating film, at least in use, functions as
an anti-reflection coating film. 13. Method according
to any of the claims 1-1 1, wherein said dielectric
coating film, at least in use, functions as an
internal-reflection coating film. 14. A solar cell
manufactured by a method according to any of the
preceding claims. 


