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(57) The present invention is a method for producing
a solar cell, which produces a single-crystal silicon solar
cell by using a single-crystal silicon substrate, including:
a high-temperature heat treatment process in which the
single-crystal silicon substrate is subjected to heat treat-
ment at 800°C or higher and 1200°C or lower, wherein
the high-temperature heat treatment process includes a
conveying step of loading the single-crystal silicon sub-
strate into a heat treatment apparatus, a heating step of
heating the single-crystal silicon substrate, a tempera-
ture keeping step of keeping the single-crystal silicon
substrate at a predetermined temperature of 800°C or
higher and 1200°C or lower, and a cooling step of cooling
the single-crystal silicon substrate, and, in the high-tem-
perature heat treatment process, the length of time during
which the temperature of the single-crystal silicon sub-
strate is 400°C or higher and 650°C or lower is set at 5
minutes or less throughout the conveying step and the
heating step. There can be provided a method for pro-
ducing a solar cell, which can produce a solar cell having
high photoelectric conversion efficiency and uniform
characteristics in a substrate plane.
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Description

TECHNICAL FIELD

[0001] The present invention relates to a method for producing a high-photoelectric-conversion-efficiency solar cell
and to a high-photoelectric-conversion-efficiency solar cell.

BACKGROUND ART

[0002] FIG. 2 schematically depicts a bifacial solar cell, which is one form of conventional solar cells. Moreover, FIG.
3 schematically depicts a mono-facial solar cell, which is another form of the conventional solar cell. In solar cells 100
and 200 depicted in FIGs. 2 and 3, emitter layers 102 and 202 are formed on substrates 101 and 201, respectively. The
emitter layers 102 and 202 are formed by thermal diffusion of phosphorus or boron in accordance with the conductivity
type of the substrate. Furthermore, back surface field (BSF) layers 103 and 203 are formed by phosphorus diffusion in
the case of an n-type substrate and by boron diffusion or alloying of silicon and aluminum in the case of a p-type substrate.
In addition, on the emitter layers 102 and 202, passivation layers 104 and 204 are respectively formed, and, also on the
back surface field layer 103, the passivation layer 104 is formed. Moreover, the solar cell 100 includes an electrode 105
in contact with the emitter layer 102 and an electrode 106 in contact with the BSF layer 103 on a main surface opposite
to a main surface on which the emitter layer 102 is located. On the other hand, the solar cell 200 includes an electrode
205 in contact with the emitter layer 202 and an electrode 206 in contact with the BSF layer 203 on a main surface (a
main surface on which the back surface field layer 203 is formed) opposite to a main surface on which the emitter layer
202 is located.
[0003] Thermal diffusion of phosphorus is performed by heat treatment at 800°C to 950°C using a vapor phase diffusion
source such as phosphorus oxychloride or a phosphoric acid-based application-type diffusion source. Moreover, thermal
diffusion of boron is performed by heat treatment at 950°C to 1200°C using a vapor phase diffusion source such as
boron bromide or a boric acid-based application-type diffusion source.
[0004] Furthermore, though not depicted in the drawings, when, for example, the diffusion performed on only one
surface of the substrate is desired, a thermal oxide film having a film thickness of about 50 nm to 400 nm is sometimes
formed on a surface to be prevented from being subjected to the diffusion. In this case, heat treatment at 800°C to
1100°C is performed in an atmosphere of oxygen or water vapor.
[0005] Moreover, for the substrates 101 and 201, single crystal silicon (CZ-Si) which is obtained by the Czochralski
(CZ) process is generally used.
[0006] However, when CZ-Si is subjected to the heat treatment, the minority carrier lifetime is often reduced, resulting
in low characteristics of the solar cell, which has been a problem. Defects that cause the above low characteristics,
which are generally called swirls, are considered to be related to a silicon solid-liquid interface shape on the crystal
growth, the concentration of impurities such as oxygen or carbon, and the density of crystal defects such as vacancies
because the swirls are concentrically distributed from the central area of the substrate and considered to be generated
mainly by oxygen precipitation in a heat treatment process in a subsequent solar cell production process. Thus, in the
past, generation of defects has been generally avoided by setting an upper limit on the initial oxygen concentration of
a substrate that is used.
[0007] On the other hand, for example, Patent Document 1 discloses a method in which a silicon substrate is subjected
to heat treatment in an oxygen atmosphere at 1150°C or higher and then cooling quickly to 950°C at a rate between
20°C/sec and 5°C/sec, in order to eliminate oxygen precipitation.

CITATION LIST

PATENT LITERATURE

[0008] Patent Document 1: U.S. Patent. No. 6,336,968

SUMMARY OF INVENTION

TECHNICAL PROBLEM

[0009] However, the problem is that setting the upper limit on the initial oxygen concentration of the substrate causes
a decrease in the rate of utilization of a crystal silicon ingot, or requires use of crystal silicon by the MCZ process (the
magnetic-field applied Czochralski process), which increases the cost of the substrate.
[0010] Moreover, the problem of such heat treatment as that described in Patent Document 1 is the difficulty of applying
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the heat treatment to a solar cell production process. In particular, in the case of a solar cell, there also arises the following
technical problem: since batch processing with a large number of substrates is generally performed to increase produc-
tivity, quick cooling cannot be performed because of heat capacity.
[0011] The present invention has been made in view of the problems, and an object thereof is to provide a method
for producing a solar cell, the method that can stably produce a solar cell whose photoelectric conversion efficiency is
high and whose characteristics are uniform in a substrate plane by preventing a decrease in the minority carrier lifetime
of a substrate in high-temperature heat treatment in a solar cell production process. Moreover, an object of the present
invention is to provide a solar cell whose photoelectric conversion efficiency is high and whose characteristics are uniform
in a substrate plane.

SOLUTION TO PROBLEM

[0012] To attain the object, the present invention provides a method for producing a solar cell, which produces a single-
crystal silicon solar cell by using a single-crystal silicon substrate, the method comprising:

a high-temperature heat treatment process in which the single-crystal silicon substrate is subjected to heat treatment
at 800°C or higher and 1200°C or lower, wherein
the high-temperature heat treatment process includes

a conveying step of loading the single-crystal silicon substrate into a heat treatment apparatus,
a heating step of heating the single-crystal silicon substrate,
a temperature keeping step of keeping the single-crystal silicon substrate at a predetermined temperature of
800°C or higher and 1200°C or lower, and
a cooling step of cooling the single-crystal silicon substrate, and

in the high-temperature heat treatment process, a length of time during which a temperature of the single-crystal
silicon substrate is 400°C or higher and 650°C or lower is set at 5 minutes or less throughout the conveying step
and the heating step.

[0013] By setting the length of time during which the temperature of the single-crystal silicon substrate is 400°C or
higher and 650°C or lower at 5 minutes or less throughout the conveying step and the heating step, it is possible to
annihilate various defects by minimizing the thermal history in a temperature zone of 400°C or higher and 650°C or
lower in which precursors of oxygen precipitates or the like are formed, and the growth of the defects is prevented in
the subsequent temperature keeping step and cooling step under various conditions. This makes it possible to maintain
the minority carrier lifetime of the single-crystal silicon substrate long and thereby stably produce a solar cell whose
photoelectric conversion efficiency is high and whose characteristics are uniform in a substrate plane.
[0014] At this time, it is preferable that, in a first high-temperature heat treatment process of the high-temperature heat
treatment processes in a production of the solar cell from the single-crystal silicon substrate, the length of time during
which the temperature of the single-crystal silicon substrate is 400°C or higher and 650°C or lower is set at 5 minutes
or less.
[0015] By setting, in a first high-temperature heat treatment process, the length of time during which the temperature
of the single-crystal silicon substrate is 400°C or higher and 650°C or lower at 5 minutes or less, it is possible to produce
a solar cell having higher photoelectric conversion efficiency and more uniform characteristics in a substrate plane.
[0016] Additionally, it is preferable that the high-temperature heat treatment process is performed in an atmosphere
containing an inert gas.
[0017] By performing the high-temperature heat treatment process in an atmosphere containing an inert gas, it is
possible to perform impurity diffusion into the single-crystal silicon substrate reliably and easily.
[0018] Additionally, it is preferable that the inert gas is nitrogen or argon.
[0019] By using nitrogen or argon as the inert gas, it is possible to perform impurity diffusion into the single-crystal
silicon substrate more reliably and easily.
[0020] Alternatively, it is preferable that the high-temperature heat treatment process is performed in an atmosphere
containing oxygen or water.
[0021] By performing the high-temperature heat treatment process in an atmosphere containing oxygen or water, it
is possible to form a silicon oxide film that can be used as, for example, a diffusion barrier layer reliably and easily.
[0022] Additionally, it is preferable that, in the conveying step, the single-crystal silicon substrate is placed in a hot
zone of the heat treatment apparatus in 10 minutes or less.
[0023] By placing the single-crystal silicon substrate in a hot zone in 10 minutes or less, it is possible to set more
reliably the length of time during which the temperature of the single-crystal silicon substrate is 400°C or higher and
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650°C or lower at 5 minutes or less.
[0024] Additionally, it is preferable that the single-crystal silicon substrate is a CZ single-crystal silicon substrate.
[0025] In the CZ single-crystal silicon substrate, since the minority carrier lifetime is easily reduced, the effect of the
present invention is particularly large. In addition, since the CZ single-crystal silicon substrate is inexpensive, it is possible
to produce an inexpensive solar cell.
[0026] Additionally, the single-crystal silicon substrate that is used in production of the solar cell may be a single-
crystal silicon substrate whose initial interstitial oxygen concentration is 12 ppma (JEIDA) or more.
[0027] Even with the single-crystal silicon substrate whose initial interstitial oxygen concentration is 12 ppma (JEIDA)
or more, since oxygen precipitation can be prevented more effectively by applying the present invention, the effect of
the present invention is particularly large.
[0028] Additionally, it is preferable that the amount of oxygen precipitates contained in the single-crystal silicon substrate
after production of the solar cell is set at 2 ppma (JEIDA) or less.
[0029] By setting the amount of oxygen precipitates at 2 ppma (JEIDA) or less, it is possible to prevent more reliably
a reduction in the minority carrier lifetime of the single-crystal silicon substrate.
[0030] Furthermore, the present invention provides a solar cell produced by the above method for producing a solar
cell, wherein
the solar cell has no swirls in electroluminescence or photoluminescence of the single-crystal silicon substrate in the
single-crystal silicon solar cell.
[0031] Such a solar cell has high photoelectric conversion efficiency and uniform characteristics in a substrate plane.
[0032] Furthermore, to attain the object, the present invention provides a single-crystal silicon solar cell comprising a
single-crystal silicon substrate, wherein
an amount of oxygen precipitates contained in the single-crystal silicon substrate is 2 ppma (JEIDA) or less, and
the solar cell has no swirls in electroluminescence or photoluminescence of the single-crystal silicon substrate in the
single-crystal silicon solar cell.
[0033] This solar cell, in which the amount of oxygen precipitates is 2 ppma (JEIDA) or less and no swirls are present,
has high photoelectric conversion efficiency and uniform characteristics in a substrate plane.
[0034] In this solar cell, it is preferable that the residual interstitial oxygen concentration contained in the single-crystal
silicon substrate is 10 ppma (JEIDA) or more.
[0035] If the residual interstitial oxygen concentration in the single-crystal silicon substrate of the solar cell is 10 ppma
(JEIDA) or more, the solar cell has fewer oxygen precipitates, higher photoelectric conversion efficiency, and more
uniform characteristics in a substrate plane.
[0036] Additionally, it is preferable that the single-crystal silicon substrate is a CZ single-crystal silicon substrate.
[0037] If the single-crystal silicon substrate is a CZ single-crystal silicon substrate, the minority carrier lifetime is easily
reduced, which makes it possible to provide a solar cell on which the present invention has a particularly large effect.
In addition, since the CZ single-crystal silicon substrate is inexpensive, it is possible to provide an inexpensive solar cell.
[0038] Furthermore, the present invention provides a photovoltaic module comprising the above solar cells electrically
connected to each other.
[0039] It is possible to provide a photovoltaic module by electrically connecting the solar cells of the present invention.
[0040] Furthermore, the present invention provides a photovoltaic power generation system comprising a plurality of
the above photovoltaic modules electrically connected to each other.
[0041] It is possible to provide a photovoltaic power generation system by electrically connecting a plurality of photo-
voltaic modules, each being formed of the electrically connected solar cells of the present invention.

ADVANTAGEOUS EFFECTS OF INVENTION

[0042] According to the method for producing a solar cell of the present invention, even with a single-crystal silicon
substrate whose interstitial oxygen concentration or concentration of other light element impurities is high, it is possible
to produce stably a solar cell that maintains a long carrier life and has high photoelectric conversion efficiency. Moreover,
the solar cell of the present invention has high photoelectric conversion efficiency and uniform characteristics in a
substrate plane.

BRIEF DESCRIPTION OF DRAWINGS

[0043]

FIG. 1 is a schematic diagram of a temperature profile depicting an example of a high-temperature heat treatment
process according to the present invention;
FIG. 2 is a cross-sectional schematic diagram depicting the structure of a common bifacial solar cell to which the
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present invention can be applied;
FIG. 3 is a cross-sectional schematic diagram depicting the structure of a common mono-facial solar cell to which
the present invention can be applied;
FIG. 4 is a cross-sectional schematic diagram depicting an example of a photovoltaic module according to the
present invention;
FIG. 5 is a schematic diagram depicting an example of a photovoltaic power generation system according to the
present invention;
FIGs. 6 are a diagram ((a)) depicting an EL image of a solar cell of Example 1 and a diagram ((b)) depicting an EL
image of a solar cell of Comparative Example 1; and
FIGs. 7 are a diagram ((a)) depicting a PL image of the solar cell of Example 1 and a diagram ((b)) depicting a PL
image of the solar cell of Comparative Example 1.

DESCRIPTION OF EMBODIMENTS

[0044] As described earlier, in recent years, generation of low-characteristic regions which are concentrically distributed
from the central area of a substrate has become a problem in a solar cell. The inventors have found out that, in heat
treatment at 800°C or higher and 1200°C or lower which is performed on a single-crystal silicon substrate, a condition
under which the temperature is raised greatly influences the generation of defects which cause the problems and
conducted an intensive study of measures to improve the characteristics of such regions, thereby bringing the present
invention to completion.
[0045] Hereinafter, the present invention will be explained in detail with reference to the drawings, but the present
invention is not limited thereto.
[0046] First, a method for producing a solar cell of the present invention will be explained. The method for producing
a solar cell of the present invention is a method for producing a solar cell, which produces a single-crystal silicon solar
cell by using a single-crystal silicon substrate, including a high-temperature heat treatment process in which the single-
crystal silicon substrate is subjected to heat treatment at 800°C or higher and 1200°C or lower, wherein the high-
temperature heat treatment process includes a conveying step of loading the single-crystal silicon substrate into a heat
treatment apparatus, a heating step of heating the single-crystal silicon substrate, a temperature keeping step of keeping
the single-crystal silicon substrate at a predetermined temperature of 800°C or higher and 1200°C or lower, and a cooling
step of cooling the single-crystal silicon substrate, and in the high-temperature heat treatment process, a length of time
during which a temperature of the single-crystal silicon substrate is 400°C or higher and 650°C or lower is set at 5
minutes or less throughout the conveying step and the heating step.
[0047] By setting the length of time during which the temperature of the single-crystal silicon substrate is 400°C or
higher and 650°C or lower at 5 minutes or less throughout the conveying step and the heating step, it is possible to
annihilate various defects by minimizing the thermal history in a temperature zone of 400°C or higher and 650°C or
lower in which precursors of oxygen precipitates or the like are formed, and the growth of the defects is prevented in
the subsequent temperature keeping step and cooling step under various conditions. This makes it possible to maintain
the minority carrier lifetime of the single-crystal silicon substrate long and thereby stably produce a solar cell whose
photoelectric conversion efficiency is high and whose characteristics are uniform in a substrate plane.
[0048] Hereinafter, the method for producing a solar cell of the present invention will be explained in accordance with
the production steps with reference to FIGs. 1, 2, and 3.
[0049] The single-crystal silicon substrate (101 of FIG. 2, 201 of FIG. 3) used in the present invention may be a CZ
single-crystal silicon substrate fabricated by a common CZ process. In general, as the single-crystal silicon substrate,
p-type silicon obtained by doping single crystal silicon with a group-III element such as B or Ga or n-type silicon obtained
by doping single crystal silicon with a group-V element such as phosphorus or antimony can be used. No particular
restriction is imposed on the resistivity of the substrate, and a common substrate having a resistivity of about 0.1 to 10
Ω·cm may be used. Although CZ silicon usually has an initial interstitial oxygen concentration of 10 to 20 ppma (JEIDA),
a substrate having any concentration can be used in the present invention without problems.
[0050] The higher the initial interstitial oxygen concentration, the more easily oxygen precipitates are formed; on the
other hand, it is known that, if the concentration of impurities such as carbon or nitrogen is high, these impurities become
precipitate nuclei and oxygen precipitates are formed even in an initial interstitial oxygen concentration of about 12 ppma.
However, in the present invention, since the growth of precipitate nuclei itself is avoided, even the substrate having high
impurity concentration also can be used without problems.
[0051] Moreover, on the substrate surface, texture for suppressing reflection of incident light may be formed. The
texture can be easily formed by immersing the substrate in an alkaline solution (concentration: 1 to 10%, temperature:
60 to 100°C) such as heated sodium hydroxide, potassium hydroxide, potassium carbonate, sodium carbonate, sodium
hydrogen carbonate, or tetramethylammonium hydroxide for about 10 to 30 minutes. Since the alkali metal sometimes
adheres to the substrate surface after the formation of the texture, it is preferable to clean the substrate surface subse-
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quently in, for example, an acid aqueous solution of hydrochloric acid, sulfuric acid, nitric acid, hydrofluoric acid, or a
mixed solution thereof.
[0052] Main high-temperature heat treatment processes in the course of production of a solar cell are phosphorus
diffusion and boron diffusion, and also include, in some cases, thermal oxidation and, in some rare cases, the formation
of an epitaxial layer of high concentration silicon to which phosphorus or boron was added in high concentration.
[0053] Moreover, due to the need to increase productivity, in general, many substrates are often treated in one batch
by using a horizontal or vertical quartz tube electric furnace. In this method, about 100 to 200 substrates are loaded on
a quartz slave (small) board for holding the substrates, 4 to 8 small boards, each being loaded with substrates, are
mounted on a large board also made of quartz, and this large board is put in a hot zone of a furnace kept at a predetermined
temperature.
[0054] FIG. 1 conceptually depicts the temperature profile of the high-temperature heat treatment process. In the
present invention, from the conveying step to the heating step, the length of time temb. during which the temperature of
the substrate is 400°C or higher and 650°C or lower is set at 5 minutes or less, preferably 3 minutes or less, and heating
is then performed until T1 at which high-temperature heat treatment is performed. As a result, it is possible to annihilate
defects such as oxygen precipitate nuclei formed during the crystal growth and thereby avoid the subsequent formation
of crystal defects such as oxygen precipitate nuclei.
[0055] In order to satisfy the condition that sets the length of time during which the temperature of the substrate is
400°C or higher and 650°C or lower at 5 minutes or less, in the conveying step, although depending on the number of
loaded substrates or the characteristics of the furnace, it is preferable to place the substrate in a hot zone of a heat
treatment apparatus in 10 minutes or less, more preferably 5 minutes or less. Placement performed in 10 minutes or
less makes it easy to set temb. at 5 minutes or less, thereby preventing the formation of oxygen precipitate precursors
in the substrate.
[0056] Moreover, in the course of the substrate reaching the hot zone, the temperature of the furnace decreases in
accordance with, for example, the heat capacity of the substrate or the board. A step in which heating is performed after
the completion of conveyance until the substrate temperature reaches a set temperature (T1) is the heating step. Also
in this step, the output of a heater may be increased if necessary to increase the substrate temperature quickly and
shorten temb. as much as possible. Furthermore, control may be performed in such a way that the furnace temperature
is set at a temperature slightly higher than T1 in expectation of the amount of decrease in temperature so as to be T1
near the completion of the heating step.
[0057] For the formation of an emitter layer (102, 202) when an n-type substrate is used, boron diffusion is usually
performed; in this case, T1 is preferably 950 to 1200°C. As a boron diffusion source, common boron bromide may be
used. In common boron bromide diffusion, when the substrate is heated to a set temperature, the substrate temperature
is then kept constant at the set temperature (the start of the temperature keeping step). When the temperature is
stabilized, boron bromide is bubbled by an inert gas such as nitrogen or argon, and mixed with an inert gas of a different
type as a carrier gas to introduce the mixed gas into the furnace. At this time, a small amount of oxygen may be mixed
in order to accelerate the formation of a boron glass layer on the substrate.
[0058] After a lapse of a predetermined time, bubbling is stopped, and heat treatment may be further performed for
about 10 to 60 minutes in order to diffuse boron continuously into the substrate from the boron glass adhering to the
substrate in an atmosphere containing an inert gas.
[0059] In this way, the high-temperature heat treatment process can be performed in the atmosphere containing an
inert gas. By performing the high-temperature heat treatment process in the atmosphere containing an inert gas, it is
possible to perform impurity diffusion into the substrate reliably and easily.
[0060] Moreover, it is preferable that the inert gas is nitrogen or argon. By using nitrogen or argon as the inert gas, it
is possible to perform impurity diffusion into the substrate more reliably and easily.
[0061] The temperature condition in the temperature keeping step is not limited to a particular temperature condition.
For instance, the substrate may be treated with the temperature kept constant at T1 as indicated by a solid line of (a)
of FIG. 1 or treatment may be performed at a higher temperature T2 from a certain point in time as indicated by a dashed
line of (b) of FIG. 1.
[0062] After the completion of boron diffusion, the procedure proceeds to a cooling step to cool the substrate to a
predetermined temperature. No restriction is imposed on the cooling rate; however, if the substrate is suddenly cooled
from the temperature zone to the room temperature, the substrate sometimes cracks by thermal shock. Therefore, it is
desirable to cool the substrate from 700°C to 500°C and then discharge the substrate from the furnace (discharging step).
[0063] The above description has been given by taking up, as an example, boron diffusion using boron bromide. As
another example of the diffusion source, a mixture of a boron compound and a binder may be applied to the substrate
in advance, and then similar heat treatment may be performed. Alternatively, good results can also be obtained by heat
treatment for diffusing boron from boron glass formed by a chemical vapor deposition method using borohydride, silicon
hydride, oxygen, and so forth as raw materials. Moreover, when doping is performed by ion implantation, applying the
same temperature condition as in the above embodiment employing thermal diffusion to dopant activation heat treatment
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yields results that are equal to those of the case of the thermal diffusion.
[0064] On the other hand, when a p-type substrate is used, phosphorus diffusion is generally adopted in junction
formation, and phosphorus oxychloride is mainly used as the diffusion source. Phosphorus diffusion can be performed
in a manner roughly similar to boron diffusion. However, since phosphorus has a large diffusion coefficient compared
to boron, T1 is generally set at about 800°C or higher and 950°C or lower. Moreover, in addition to phosphorus oxychloride,
phosphoric acid or a phosphorus compound such as Phosmer may be used as the diffusion source. Alternatively, heat
treatment for diffusing phosphorus from phosphorus glass formed by a chemical vapor deposition method using phos-
phorus hydride, silicon hydride, oxygen, and so forth as raw materials also yields good results.
[0065] To fabricate a bifacial solar cell, it is necessary to perform both boron diffusion and phosphorus diffusion which
have been described above. In this case, one of them may be performed before the other or, after the diffusion source
applied film or boron glass and phosphorus glass by chemical vapor deposition are respectively formed on a light-
receiving surface and a back surface opposite thereto of the substrate, heat treatment may be performed at the same time.
[0066] When, for example, there is a desire to prevent a surface opposite to a predetermined substrate surface from
being auto-doped with a dopant, a silicon oxide film may be formed on one surface of the substrate by thermal oxidation
in advance as a diffusion barrier layer. In this case, it is preferable to perform the high-temperature heat treatment
process in an oxygen atmosphere or an atmosphere containing water (for example, a water-vapor atmosphere) with T1
being set at 800°C or higher and 1050°C or lower. Also in this case, if a quartz tube furnace or the like is used, it is
preferable to place the substrate in a hot zone of the furnace in 10 minutes or less, more preferably 5 minutes or less
in the conveying step.
[0067] Moreover, in a first high-temperature heat treatment process in the course of production of a solar cell from a
substrate, it is preferable to set the length of time during which the temperature of the substrate is 400°C or higher and
650°C or lower at 5 minutes or less. The method for producing a solar cell of the present invention can be applied to all
high-temperature heat treatment processes in the course of production of a solar cell; in particular, by applying the
method to the high-temperature heat treatment process which is performed first, it is possible to obtain a higher effect.
[0068] Next, a passivation film (104, 204) is formed. As the passivation film, a film having a refractive index of about
1.9 to 2.2, such as a silicon nitride film, titanium oxide, or tin oxide, can be formed on the substrate surface so as to have
a thickness of about 100 nm. For example, since a silicon nitride film that is formed by a chemical vapor method and
used as a single layer can provide both effects of passivation and antireflection, the silicon nitride film is widely used in
common solar cells. On the other hand, when a thermal silicon oxide film, aluminum oxide, or the like is used as the
passivation film (104, 204), the silicon nitride film may be stacked thereon.
[0069] Next, electrodes (105 and 106 of FIG. 2 and 205 and 206 of FIG. 3) are formed on the light-receiving surface
and the back surface of the substrate. The electrodes (105, 106, 205, 206) can be formed by printing, on the light-
receiving surface and the back surface, conductive paste such as silver paste obtained by mixing silver powder and
glass frit with an organic binder and sintering the conductive paste at a temperature of 500 to 900°C for 1 to 20 seconds.
As a result of this heat treatment, the passivation film (104, 204) is eroded by the conductive paste, and the electrodes
(105, 106, 205, 206) which are sintered bodies of this conductive paste make electrical contact with silicon by penetrating
(fire-through) the passivation film and the like. Incidentally, sintering of the light-receiving surface and back surface
electrodes can be performed for each surface.
[0070] The presence or absence of defects caused by heat treatment in the solar cell thus fabricated can be checked
by measuring the carrier life distribution of the solar cell substrate. The carrier life distribution can be measured by a
photoconductive decay method, and it is preferable that the measuring apparatus thereof has a resolution of 8 mm or
less to obtain a clear result.
[0071] Moreover, in this case, to obtain a measurement sample, it is necessary to bring the solar cell to a substrate
state and then perform surface passivation again. For this reason, the electrodes and the passivation film formed on the
solar cell are first removed by an acid solution, and then the diffusion layer is etched by nitrohydrofluoric acid or an
alkaline solution such as a sodium hydroxide aqueous solution. Then, surface passivation is formed on both surfaces
of the substrate. This surface passivation may be any surface passivation that can be formed at 300°C or lower and
provide a sufficient passivation effect. For example, a silicon nitride film or an aluminum oxide film obtained by CVD can
be suitably used. Moreover, good results can also be obtained by immersing the substrate in a quinhydrone methanol
solution of about 0.1 mol% for about 30 minutes.
[0072] As a simpler method for evaluating the carrier life distribution of the solar cell substrate, an electroluminescence
(EL) method or a photoluminescence (PL) method can be used for the solar cell. These methods allow one to capture
a phenomenon in which the luminescence efficiency of the infrared radiation generated when charge carriers are injected
into silicon is reduced by energy levels such as heat-induced defects between the energy bands of the silicon.
[0073] In the case of EL, a current comparable to a short-circuit current of the solar cell is injected by applying a forward
bias to the solar cell, and light with a wavelength of 900 to 1100 nm is detected.
[0074] In the case of PL, charge carriers are injected by light. Since an excitation light is required to have a sufficient
penetration depth with respect to the substrate, it is preferable to use light with a wavelength of 700 to 900 nm. A detector
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similar to that used in the case of EL can be used, but, to avoid an inadvertent appearance of the excitation light, it is
preferable to use a detector that has no sensitivity to the excitation light waveband.
[0075] One of the reasons to use the carrier lifetime for evaluation of defects as described above is that the amount
of oxygen precipitates which are formed by heat treatment generally performed in the solar cell production process is
very small, and the direct observation thereof is extremely difficult. However, since the initial interstitial oxygen concen-
tration is reduced by precipitation, the amount of precipitates can be evaluated as an oxygen concentration difference
ΔOi between oxygen concentrations before and after the heat treatment. That is, the amount of precipitates can be
determined by using the following relationship. 

[0076] In the method for producing a solar cell of the present invention, as the substrate that is used in the production
of a solar cell, a substrate whose initial interstitial oxygen concentration is 12 ppma (JEIDA) or more can be adopted.
As described above, even with a substrate whose initial interstitial oxygen concentration is 12 ppma (JEIDA) or more,
since it is possible to prevent oxygen precipitation more effectively by applying the present invention, the effect of the
present invention is particularly large.
[0077] Moreover, it is preferable to set the amount of oxygen precipitates contained in the substrate after the production
of the solar cell measured by the above evaluation method at 2 ppma (JEIDA) or less. By setting the amount of oxygen
precipitates at 2 ppma (JEIDA) or less, it is possible to suppress a reduction in the minority carrier lifetime of the substrate
more reliably.
[0078] Moreover, the present invention provides a solar cell produced by the above method for producing a solar cell,
in which the solar cell has no swirls in electroluminescence or photoluminescence of the single-crystal silicon substrate
in the single-crystal silicon solar cell. Such a solar cell has high photoelectric conversion efficiency and uniform charac-
teristics in a substrate plane.
[0079] Hereinafter, the solar cell of the present invention will be further described. The solar cell of the present invention
is a single-crystal silicon solar cell provided with a single-crystal silicon substrate. The single-crystal silicon substrate
contains oxygen precipitates in an amount of 2 ppma (JEIDA) or less, and the single-crystal silicon solar cell has no
swirls in electroluminescence or photoluminescence of the single-crystal silicon substrate.
[0080] This solar cell, in which the amount of oxygen precipitates is 2 ppma (JEIDA) or less and no swirls are present,
has high photoelectric conversion efficiency and uniform characteristics in a substrate plane.
[0081] Moreover, it is preferable that the residual interstitial oxygen concentration contained in the single-crystal silicon
substrate is 10 ppma (JEIDA) or more. If the residual interstitial oxygen concentration in the single-crystal silicon substrate
of the solar cell is 10 ppma (JEIDA) or more, the solar cell has fewer oxygen precipitates, higher photoelectric conversion
efficiency, and more uniform characteristics in a substrate plane.
[0082] Furthermore, it is preferable that the single-crystal silicon substrate is a CZ single-crystal silicon substrate. If
the single-crystal silicon substrate is a CZ single-crystal silicon substrate, the minority carrier lifetime is easily reduced,
which makes it possible to provide a solar cell on which the present invention has a particularly large effect. In addition,
since the CZ single-crystal silicon substrate is inexpensive, it is possible to provide an inexpensive solar cell.
[0083] Moreover, it is possible to obtain a photovoltaic module by electrically connecting the solar cells. A plurality of
solar cells can be electrically connected in series. In FIG. 4, a cross-sectional view of an example of a photovoltaic
module 400 of the present invention is depicted. Adjacent solar cells 401 are electrically connected by tabs 402. The
connected solar cells 401 are sealed with a filler 403, a cover glass 404, and a back sheet 405. As the cover glass 404,
soda-lime glass is widely used. Furthermore, as the filler 403, ethylenevinyl acetate, polyolefin, silicone, or the like is
used. As the back sheet 405, a functional film using polyethylene terephthalate is generally used.
[0084] FIG. 5 is a schematic diagram depicting an example of a basic configuration of a photovoltaic power generation
system in which photovoltaic modules of the present invention are coupled. A plurality of photovoltaic modules 400 are
coupled by wiring 502 and supply generated electric power to an external load circuit 504 via an inverter 503. Though
not depicted in this drawing, this system may further include a secondary battery that stores the generated electric power.

EXAMPLE

[0085] Hereinafter, the present invention will be explained more specifically with Examples and Comparative Examples,
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but the present invention is not limited to these examples.

(Example 1)

[0086] First, 100 phosphorus-doped n-type CZ silicon substrates with a resistivity of 1 Ω·cm and an initial interstitial
oxygen concentration of 20 ppma were prepared, and texture was formed on the surfaces thereof.
[0087] These substrates were transferred to a quartz board and then conveyed to a hot zone of a quartz furnace kept
at a temperature of 1100°C at a rate of 2000 mm/min, and conveyance was completed in 1 minute and 20 seconds.
Then, the output of a heater was adjusted, whereby the furnace temperature was kept at 1000°C in about 2 minutes
after the completion of conveyance. Then, boron bromide was bubbled by argon gas for 10 minutes and supplied to the
inside of the furnace, whereby boron glass was formed on the substrate surfaces, and boron was then diffused for 30
minutes. Changes in the substrate temperature during this period were measured with a monitor substrate on which a
thermocouple was installed, which revealed that the residence time (temb.) from 400 to 650°C was 1 minute and 40
seconds.
[0088] Next, after surfaces opposite to the boron diffusion surfaces were etched with nitrohydrofluoric acid and cleaned,
the substrates were loaded on the quartz board such that the boron-diffused surface of a substrate was superposed on
the boron-diffused surface of another substrate and conveyed to the hot zone of the quartz furnace kept at a temperature
of 950°C at a rate of 2000 mm/min, and conveyance was completed in 1 minute and 20 seconds. Then, the output of
the heater was adjusted, whereby the furnace temperature was kept at 900°C in about 2 minutes after the completion
of conveyance. Then, phosphorus oxychloride was bubbled for 5 minutes and supplied to the inside of the furnace,
whereby phosphorus glass was formed on the substrate surfaces, and phosphorus was then diffused for 30 minutes.
Changes in the substrate temperature during this period were measured with the monitor substrate on which the ther-
mocouple was installed, which revealed that temb. was 55 seconds.
[0089] From the substrates taken out of the quartz furnace, the boron glass and the phosphorus glass were removed
with an aqueous hydrofluoric acid solution, and the substrates were cleaned with a mixed solution of hydrochloric acid
water and hydrogen peroxide. Then, an aluminum oxide film having a thickness of 20 nm was formed on the light-
receiving surfaces by using plasma CVD, and silicon nitride was then formed on both surfaces of the substrates so as
to have a thickness of 100 nm. Next, silver paste was printed on the light-receiving surfaces and the back surfaces of
the substrates by screen printing and, after being dried at 150°C for about 30 seconds, the silver paste was sintered at
840°C for 3 seconds, whereby electrodes were formed. In this way, solar cells were fabricated.
[0090] The characteristics of these solar cells were measured by using pseudo sunlight of a Xe lamp light source. The
measurement results are shown in Table 1. Each numerical value shown in Table 1 is the average value of the 100
substrates. In Table 1, the measurement results of Comparative Example 1, which will be described later, are also shown.

(Comparative Example 1)

[0091] 100 substrates similar to those of Example 1 were prepared, and texture was formed on the surfaces thereof.
These substrates were transferred to the quartz board and then conveyed to a hot zone of the quartz furnace kept at a
temperature of 600°C at a rate of 2000 mm/min, and conveyance was completed in 1 minute and 20 seconds. After the
furnace temperature was stabilized at 600°C, the temperature was kept constant for 5 minutes and the furnace temper-
ature was then raised to 1000°C. After the furnace temperature was stabilized at 1000°C, boron bromide was bubbled
for 10 minutes and supplied to the inside of the furnace, whereby boron glass was formed on the substrate surfaces,
and boron was then diffused for 30 minutes. Changes in the substrate temperature during this period were measured
with the monitor substrate on which the thermocouple was installed, which revealed that temb. was 9 minutes and 30
seconds.
[0092] The subsequent processes were performed in the same manner as in Example 1 except that temb. at the time
of diffusion of phosphorus was set at 6 minutes, whereby solar cells were fabricated. The characteristics of these solar
cells were measured by using pseudo sunlight of the Xe lamp light source. The measurement results are shown in Table
1. Each numerical value shown in Table 1 is the average value of the 100 substrates.

[Table 1]

Short-circuit current [mA/ 
cm2]

Open-circuit voltage 
[mV]

Fill factor
Conversion efficiency 

[%]

Example 1 39.7 0.655 0.805 20.9

Comparative Example 
1

38.2 0.635 0.802 19.5
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[0093] As shown in Table 1, the characteristics of the solar cells of Example 1 were better than the characteristics of
the solar cells of Comparative Example 1.
[0094] Moreover, one sample (solar cell) exhibiting an average value was extracted from each of Example 1 and
Comparative Example 1, and a forward current of 9A was injected into these solar cells by an EL imaging device (PVX100
manufactured by ITES Co., Ltd.) and an EL image of each cell was obtained with an exposure time of 8 seconds at ISO
800 and f/4.
[0095] FIG. 6(a) is an EL image of the solar cell of Example 1, and FIG. 6(b) is an EL image of the solar cell of
Comparative Example 1. In FIG. 6(a), uniform light emission in a plane of the solar cell was observed; however, in FIG.
6(b), swirls were formed and regions with low solar cell characteristics were observed as concentric, low-contrast portions.
[0096] Next, the entire surfaces of the solar cells depicted in FIGs. 6(a) and 6(b) were irradiated with light with a
wavelength of 800 nm by a PL imaging device (POPLI manufactured by ITES Co., Ltd.), and a PL image of each cell
was obtained at an exposure time of 30 seconds at ISO 1600 and f/1.8.
[0097] FIG. 7(a) is a PL image of the solar cell (Example 1) of FIG. 6(a), and FIG. 7(b) is a PL image of the solar cell
(Comparative Example 1) of FIG. 6(b). Also in the PL method, as in the EL method, uniform light emission in a plane of
the solar cell was observed in the solar cell of Example 1; however, swirls were observed in the solar cell of Comparative
Example 1.

(Example 2)

[0098] 100 boron-doped p-type CZ silicon substrates with a resistivity of 1 Ω·cm and an interstitial oxygen concentration
of 20 ppma were prepared, and texture was formed on the surfaces thereof.
[0099] These substrates were transferred to the quartz board and then conveyed to a hot zone of the quartz furnace
kept at a temperature of 900°C at a rate of 2000 mm/min, and conveyance was completed in 1 minute and 20 seconds.
Then, the output of the heater was adjusted, whereby the furnace temperature was kept at 900°C in about 1 minute
after the completion of conveyance. Then, phosphorus oxychloride was bubbled by argon gas for 10 minutes and supplied
to the inside of the furnace, whereby phosphorus glass was formed on the substrate surfaces, and phosphorus was
then diffused for 30 minutes. Changes in the substrate temperature during this period were measured with the monitor
substrate on which the thermocouple was installed, which revealed that temb. was about 30 seconds.
[0100] From the substrates taken out of the quartz furnace, the phosphorus glass was removed by an aqueous
hydrofluoric acid solution, and the substrates were cleaned with a mixed solution of hydrochloric acid water and hydrogen
peroxide. Then, a silicon nitride film having a thickness of 100 nm was formed on the light-receiving surfaces by using
plasma CVD. Next, silver paste was printed on the light-receiving surfaces of the substrates and aluminum paste was
printed on the back surfaces by screen printing, and, after being dried at 150°C for about 30 minutes, the silver paste
and the aluminum paste were sintered at 840°C for 3 seconds, whereby electrodes were formed. In this way, solar cells
were fabricated.
[0101] The characteristics of these solar cells were measured by using pseudo sunlight of the Xe lamp light source.
The measurement results are shown in Table 2. Each numerical value shown in Table 2 is the average value of the 100
substrates. In Table 2, the measurement results of Comparative Example 2, which will be described later, are also shown.

(Comparative Example 2)

[0102] 100 substrates similar to those of Example 2 were prepared, and texture was formed on the surfaces thereof.
These substrates were transferred to the quartz board and conveyed to a hot zone of the quartz furnace kept at a
temperature of 900°C at a rate of 300 mm/min, and conveyance was completed in 8 minutes and 50 seconds. Then,
the output of the heater was adjusted, whereby the furnace temperature was kept at 900°C in about 1 minute after the
completion of conveyance. Then, phosphorus oxychloride was bubbled by argon gas for 10 minutes and supplied to the
inside of the furnace, whereby phosphorus glass was formed on the substrate surfaces, and phosphorus was then
diffused for 30 minutes. Changes in the substrate temperature during this period were measured with the monitor
substrate on which the thermocouple was installed, which revealed that temb. was about 6 minutes and 20 seconds.

[Table 2]

Short-circuit current 
[mA/cm2]

Open-circuit voltage 
[mV]

Fill 
factor

Conversion efficiency 
[%]

Example 2 38.5 0.633 0.792 19.3

Comparative 
Example 2

37.6 0.615 0.795 18.4
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[0103] The subsequent processes were performed in the same manner as in Example 2, whereby solar cells were
fabricated. The characteristics of these solar cells were measured by using pseudo sunlight of the Xe lamp light source.
The measurement results are shown in Table 2. Each numerical value shown in Table 2 is the average value of the 100
substrates.
[0104] As shown in Table 2, the characteristics of the solar cells of Example 2 were better than the characteristics of
the solar cells of Comparative Example 2.

(Example 3)

[0105] 100 substrates similar to those of Example 1 were prepared, and texture was formed on the surfaces thereof.
Next, these substrates were conveyed to a hot zone of the quartz furnace kept at 1000°C in an oxygen atmosphere at
a rate of 2000 mm/min, and conveyance was completed in 1 minute and 20 seconds. Then, the output of the heater
was adjusted, whereby the furnace temperature was kept at 1000°C for 180 minutes in about 2 minutes after the
completion of conveyance, and a silicon oxide film having a thickness of about 100 nm was formed on the substrate
surfaces. Changes in the substrate temperature during this period were measured with the monitor substrate on which
the thermocouple was installed, which revealed that temb. was 1 minute and 40 seconds.
[0106] Then, the oxide film on one surface of each substrate was removed by an aqueous hydrofluoric acid solution,
and boron was diffused over the surface from which the oxide film was removed in the same manner as in Example 1.
The subsequent processes were performed in the same manner as in Example 1, whereby solar cells were fabricated.
[0107] The characteristics of these solar cells were measured by using pseudo sunlight of the Xe lamp light source.
The measurement results are shown in Table 3. Each numerical value shown in Table 3 is the average value of the 100
substrates. Incidentally, in Table 3, the measurement results of Comparative Example 3, which will be described later,
are also shown.

(Comparative Example 3)

[0108] 100 substrates similar to those of Example 1 were prepared, and texture was formed on the surfaces thereof.
Next, these substrates were conveyed to a hot zone of the quartz furnace kept at 600°C in an oxygen atmosphere at a
rate of 2000 mm/min, and conveyance was completed in 1 minute and 20 seconds. After the furnace temperature was
stabilized at 600°C, the temperature was kept constant for 5 minutes, and the furnace temperature was then raised to
1000°C. After the furnace temperature was stabilized at 1000°C, the temperature was kept as it is for 180 minutes,
whereby a silicon oxide film having a thickness of about 100 nm was formed on the substrate surfaces. Changes in the
substrate temperature during this period were measured with the monitor substrate on which the thermocouple was
installed, which revealed that temb. was 9 minutes and 20 seconds.
[0109] Then, the oxide film on one surface of each substrate was removed by an aqueous hydrofluoric acid solution,
and boron was diffused over the surface from which the oxide film was removed in the same manner as in Comparative
Example 1. The subsequent processes were performed in the same manner as in Comparative Example 1, whereby
solar cells were fabricated. The characteristics of these solar cells were measured by using pseudo sunlight of the Xe
lamp light source. The measurement results are shown in Table 3. Each numerical value shown in Table 3 is the average
value of the 100 substrates.
[0110] As shown in Table 3, the characteristics of the solar cells of Example 3 were better than the characteristics of
the solar cells of Comparative Example 3.
[0111] Moreover, for 10 solar cells of each of Examples 1 to 3 and Comparative Examples 1 to 3, the interstitial oxygen
concentration was measured. Table 4 shows the averaged ΔOi (obtained by rounding off the number to one decimal
place), which is difference between the initial interstitial oxygen concentration of the substrate measured in advance
and the residual interstitial oxygen concentration after the fabrication of the solar cell, of the 10 samples. This reveals
that, in Comparative Examples 1 to 3, the initial interstitial oxygen concentration decreases significantly (ΔOi is large)
and, in response to the swirls observed in FIG. 6(b) and FIG. 7(b), a relatively large amount of oxygen precipitates are
formed.

[Table 3]

Short-circuit current 
[mA/cm2]

Open-circuit voltage 
[mV]

Fill 
factor

Conversion efficiency 
[%]

Example 3 39.5 0.650 0.802 20.6

Comparative 
Example 3

38.1 0.623 0.802 19.0
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[0112] It is to be understood that the present invention is not limited in any way by the embodiment thereof described
above. The above embodiment is merely an example, and anything that has substantially the same structure as the
technical idea recited in the claims of the present invention and that offers similar workings and benefits falls within the
technical scope of the present invention.

Claims

1. A method for producing a solar cell, which produces a single-crystal silicon solar cell by using a single-crystal silicon
substrate, the method comprising:

a high-temperature heat treatment process in which the single-crystal silicon substrate is subjected to heat
treatment at 800°C or higher and 1200°C or lower, wherein
the high-temperature heat treatment process includes

a conveying step of loading the single-crystal silicon substrate into a heat treatment apparatus,
a heating step of heating the single-crystal silicon substrate,
a temperature keeping step of keeping the single-crystal silicon substrate at a predetermined temperature
of 800°C or higher and 1200°C or lower, and
a cooling step of cooling the single-crystal silicon substrate, and

in the high-temperature heat treatment process, a length of time during which a temperature of the single-crystal
silicon substrate is 400°C or higher and 650°C or lower is set at 5 minutes or less throughout the conveying
step and the heating step.

2. The method for producing a solar cell according to claim 1, wherein
in a first high-temperature heat treatment process in a production of the solar cell from the single-crystal silicon
substrate, the length of time during which the temperature of the single-crystal silicon substrate is 400°C or higher
and 650°C or lower is set at 5 minutes or less.

3. The method for producing a solar cell according to claim 1 or 2, wherein
the high-temperature heat treatment process is performed in an atmosphere containing an inert gas.

4. The method for producing a solar cell according to claim 3, wherein
the inert gas is nitrogen or argon.

5. The method for producing a solar cell according to claim 1 or 2, wherein
the high-temperature heat treatment process is performed in an atmosphere containing oxygen or water.

6. The method for producing a solar cell according to any one of claims 1 to 5, wherein
in the conveying step, the single-crystal silicon substrate is placed in a hot zone of the heat treatment apparatus in
10 minutes or less.

7. The method for producing a solar cell according to any one of claims 1 to 6, wherein

[Table 4]

ΔOi [ppma]

Example 1 0.9

Example 2 0.2

Example 3 1.3

Comparative Example 1 7.4

Comparative Example 2 5.5

Comparative Example 3 8.2
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the single-crystal silicon substrate is a CZ single-crystal silicon substrate.

8. The method for producing a solar cell according to any one of claims 1 to 7, wherein
the single-crystal silicon substrate that is used in production of the solar cell is a single-crystal silicon substrate
whose initial interstitial oxygen concentration is 12 ppma (JEIDA) or more.

9. The method for producing a solar cell according to claim 8, wherein
an amount of oxygen precipitates contained in the single-crystal silicon substrate after production of the solar cell
is set at 2 ppma (JEIDA) or less.

10. A solar cell produced by the method for producing a solar cell according to any one of claims 1 to 9, wherein
the solar cell has no swirls in electroluminescence or photoluminescence of the single-crystal silicon substrate in
the single-crystal silicon solar cell.

11. A single-crystal silicon solar cell comprising a single-crystal silicon substrate, wherein
an amount of oxygen precipitates contained in the single-crystal silicon substrate is 2 ppma (JEIDA) or less, and
the solar cell has no swirls in electroluminescence or photoluminescence of the single-crystal silicon substrate in
the single-crystal silicon solar cell.

12. The solar cell according to claim 11, wherein
a residual interstitial oxygen concentration contained in the single-crystal silicon substrate is 10 ppma (JEIDA) or
more.

13. The solar cell according to claim 11 or 12, wherein
the single-crystal silicon substrate is a CZ single-crystal silicon substrate.

14. A photovoltaic module comprising the solar cells according to any one of claims 10 to 13 electrically connected to
each other.

15. A photovoltaic power generation system comprising a plurality of the photovoltaic modules according to claim 14
electrically connected to each other.
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