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(57) ABSTRACT 

The present invention provides a method of producing a Zinc 
oxide thin ?lm in Which a current is passed betWeen a 
conductive substrate immersed in an aqueous solution con 
taining at least Zinc ions, ammonium ions and Zinc ammonia 
complex ions, and an electrode as an anode immersed in the 
aqueous solution to form a Zinc oxide thin ?lm on the 
conductive substrate. This method stabilizes formation of 
the Zinc oxide thin ?lm and improves adhesion betWeen the 
thin ?lm and the substrate. 
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METHOD OF PRODUCING ZINC OXIDE THIN 
FILM, METHOD OF PRODUCING 

PHOTOVOLTAIC DEVICE AND METHOD OF 
PRODUCING SEMICONDUCTOR DEVICE 

BACKGROUND OF THE INVENTION 

[0001] 1. Field of the Invention 

[0002] The present invention relates to a method of pro 
ducing a Zinc oxide thin ?lm, a method of producing a 
photovoltaic device, and a method of producing a semicon 
ductor device substrate. 

[0003] 2. Description of the Related Art 

[0004] In a conventional photovoltaic device comprising 
amorphous silicon hydride, amorphous silicon germanium 
hydride, amorphous silicon carbide hydride, microcrystal 
line silicon or polycrystalline silicon, a re?ecting layer 
formed on the back thereof is utiliZed for improving a 
collection ef?cient at long Wavelengths. Such a re?ecting 
layer preferably exhibits effective re?ection properties at a 
Wavelength near the band ends of a semiconductor material 
at Which absorption is loW, i.e., a Wavelength of 800 to 1200 
nm. Materials satisfying this condition include metals such 
as gold, silver, copper and aluminum. 

[0005] Also, an uneven layer optically transparent in the 
predetermined Wavelength range is generally provided as a 
light con?nement layer betWeen the metal layer and a 
semiconductor layer in order to improve a short-circuit 
current density Jsc by effectively utiliZing re?ected light. 

[0006] Further, in order to prevent deterioration in prop 
erties due to a shunt path, a layer comprising a translucent 
material exhibiting conductivity, i.e., a transparent conduc 
tive layer, is provided betWeen the metal layer and the 
semiconductor layer. 

[0007] In general, these layers are deposited by a method 
such as vacuum deposition or sputtering, and shoW an 
improvement of 1 mA/cm2 or more in short-circuit current 
density. 
[0008] For example, in “Light Con?nement Effect in 
a-SiGe Solar Cell on 29p-MF-2 Stainless Substrate”, 
Abstracts of the 51st Science Lecture Meeting of the 
Applied Physical Society of Japan, p. 747, 1990, “a-SiC/a 
Si/a-SiGe Multi-Bandgap Stacked Solar Cells With Band 
Gap Pro?ling”; Sannomiya et al., Technical Digest of the 
International PVSEC-5; Kyoto, Japan, p. 387, 1987, and 
“P-IA-15a-SiC/a-Si/a-SiGe Multi-Bandgap Stacked Solar 
Cells With Bandgap Pro?ling”, Sannomiya et al., Technical 
Digest of the International PVSEC-5, Kyoto, Japan, p. 381, 
1990, an improvement in short-circuit photoelectric current 
is achieved by a structure comprising a re?ecting layer as a 
back layer composed of Ag, and a light con?nement layer as 
an uneven front layer composed of Zinc oxide. 

[0009] Also, T. Tiedje, et al., Proc. 16th IEEE Photovoltaic 
Specialist Conf. (1982), p. 1423 and H. Deckman, et al., 
Proc. 16th IEEE Photovoltaic Specialist Conf. (1982); p. 
1425 disclose a technique in Which a back electrode is 
formed in a shape having unevenness (texture structure) of 
a siZe substantially the same as light Wavelength, for scat 
tering light. This lengthens the optical path in a semicon 
ductor layer by scattering light at long Wavelengths Which is 
not absorbed by the semiconductor layer, and increases a 
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short-circuit photoelectric current by improving the long 
Wavelength sensitivity of a photovoltaic device, thereby 
improving the ef?ciency of photoelectric conversion. 

[0010] Zinc oxide has higher resistance to a plasma than 
tin oxide and indium oxide, and is not reduced by hydrogen 
even in a plasma containing hydrogen. Therefore, in forming 
a semiconductor layer comprising amorphous silicon on a 
transparent conductive layer by a plasma CVD process, a 
Zinc oxide thin ?lm is positively used as the transparent 
conductive layer. 

[0011] Japanese Patent Laid-Open No. 60-84888 (Energy 
Conversion Devices) discloses a technique in Which a trans 
parent conductive layer is interposed betWeen a back elec 
trode and a semiconductor layer to decrease a current 
?oWing in a defect region of the semiconductor layer. 

[0012] On the other hand, as seen in 24th IEEE First 
WCPEC; Dec. 5-9, 1994, p. 254 “EFFECTS OF Cd-FREE 
BUFFER LAYER FOR CuInSe2 THIN-FILM SOLAR 
CELLS”; T. Nii, H. Takeshita, a technique using a Zinc oxide 
thin ?lm as a n-type WindoW layer of copper-indium 
selenium (Cu—In—Se2: CIS), copper-(indium, gallium) 
selenium (Cu—(InGa)—Se2; SIGS), or the like has recently 
been disclosed. 

[0013] As described above, a Zinc oxide thin ?lm is 
preferably used as the light con?nement layer having a 
texture structure surface. 

[0014] Although conventional knoWn methods of produc 
ing a Zinc oxide thin ?lm include a vacuum deposition 
method, a sputtering method, an ion plating method, and a 
CVD method, all methods require an expensive vacuum 
apparatus, and an expensive vaporiZation source. Also the 
light con?nement effect at Wavelengths of 600 to 1000 nm 
is insuf?cient. 

[0015] Other knoWn methods include Wet methods such as 
spray pyrolysis, a sol-gel method, a dipping method, and the 
like. HoWever, in these Wet methods, a substrate must be 
heated to about 300 to 800° C., and thus substrates Which 
can be used are limited. Also, Zinc hydroxide is contained in 
the thin ?lm together With Zinc oxide, and it is thus difficult 
to form a pure Zinc oxide thin ?lm. 

[0016] As seen in Japanese Patent Laid-Open No. 
7-23775, Journal of Electrochemical Soc. Vol. 143, No. 3 
“Electrolyte OptimiZation for Cathodic GroWth of Zinc 
Oxide Films”; Masanobu IZaki, Takashi Omi, it has recently 
been reported that a counter electrode is immersed in an 
aqueous solution of Zinc nitrate, and a current is passed to 
electrochemically deposit a transparent Zinc oxide thin ?lm. 

[0017] Also a technique of forming a Zinc oxide thin ?lm 
by a liquid phase deposition method has been reported in 
“Formation of ZnO Film by Electrolysis in Aqueous Solu 
tion”, (Autumn, 1995), 65th Applied Physics Society, p. 410. 
[0018] In these methods, since an expensive vacuum appa 
ratus and expensive target are unnecessary, the production 
cost of a Zinc oxide thin ?lm can signi?cantly be decreased. 
Also a thin ?lm can be deposited on a large substrate, and the 
methods are thus advantageous for large photovoltaic 
devices such as solar cells. HoWever, the electrochemical 
deposition methods have the folloWing problems: 

[0019] (1) Particularly, an increase in current density or 
concentration of the solution causes the problem of easily 
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producing abnormal growth of a needle-like, spherical, 
resin-like shape of the micron order or more on the deposited 
thin ?lm. The use of such a Zinc oxide thin ?lm as a part of 
a photovoltaic device possibly causes the abnormal groWth 
to induce a shunt path in the photovoltaic device. 

[0020] (2) In the Zinc oxide thin ?lm formed by one of the 
above methods, unevenness easily occurs in the grain siZes 
of Zinc oxide crystals, and particularly, the problem of 
unevenness occurs in the case of a large area. 

[0021] (3) The Zinc oxide thin ?lm formed by one of the 
above methods has loWer adhesion to a substrate than the 
vacuum deposition method using resistance heating, an 
electron beam or the like, the sputtering method, an ion 
plating method, and the CVD method. 

[0022] Conventionally, only smooth thin ?lms are formed 
by the electrochemical deposition methods, and a method of 
electrochemically depositing a Zinc oxide thin ?lm having 
unevenness for the light con?nement effect has not been 
established yet. 

SUMMARY OF THE INVENTION 

[0023] Accordingly, it is an object of the present invention 
to stabiliZe formation of a Zinc oxide thin ?lm by elec 
trodeposition, and provide a method of forming a Zinc oxide 
thin ?lm having excellent adhesion to a substrate. Particu 
larly, a Zinc oxide thin ?lm suitable for application to a light 
con?nement layer of a photovoltaic device is formed. 

[0024] In order to achieve the object, the present invention 
provides the folloWing methods of producing a Zinc oxide 
thin ?lm and photovoltaic devices formed by using the 
producing methods. 

[0025] (1-1) Amethod of producing a Zinc oxide thin ?lm 
comprising passing a current betWeen a conductive substrate 
immersed in an aqueous solution containing at least Zinc 
ions, ammonium ions, and Zinc ammonia complex ions, and 
an electrode as an anode immersed in the aqueous solution 
to form a Zinc oxide thin ?lm on the conductive substrate. 
This producing method is capable of electrochemically 
forming a Zinc oxide layer and forming an uneven surface 
Which can sufficiently exhibit light con?nement or light 
scattering for light at Wavelength of 600 to 1000 nm. 
Therefore, it is possible to produce a photovoltaic device 
having high quality and loW poWer cost. Particularly, the 
production cost of the Zinc oxide layer can be decreased to 
about 1/ 100 of the sputtering method. 

[0026] (1-2) In the method of producing a Zinc oxide thin 
?lm, the conductive substrate comprises a transparent con 
ductive layer deposited on a support. This producing method 
is capable of relatively easily and uniformly forming an 
initial ?lm of Zinc oxide, and ef?ciently forming the Zinc 
oxide layer. Also, in a photovoltaic device, the Zinc oxide 
?lm can be electrochemically formed on the conductive 
substrate by protecting a high-re?ectance metal previously 
formed on the conductive substrate having an important 
function. 

[0027] (1-3) In the method of producing a Zinc oxide thin 
?lm, the hydrogen ion concentration (pH) of the aqueous 
solution for forming the Zinc oxide thin ?lm is controlled in 
the range of 8 to 12.5. This producing method is capable of 
relatively stably supplying complex ions such as the Zinc 
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ammonia complex ions or the like by keeping the solution 
for forming the Zinc oxide thin ?lm alkali, and ef?ciently 
forming the Zinc oxide layer. Also, since the solution for 
forming the Zinc oxide thin ?lm is kept alkali, a Wide range 
of substrates having no need for acid resistance can be used. 

[0028] (1-4) In the method of producing a Zinc oxide thin 
?lm, the hydrogen ion concentration pH of the aqueous 
solution near the uppermost surface Where the Zinc oxide 
thin ?lm is formed is controlled in the range of 6 to 8. Since 
the hydrogen ion concentration pH of the aqueous solution 
near the uppermost surface Where the Zinc oxide thin ?lm is 
formed is locally controlled in the range of 6 to 8, the dense 
Zinc oxide thin ?lm can be continuously formed. At the same 
time, the hydrogen ion concentration of the aqueous solution 
in the bulk region is preferably in the range described in 
(1-3). 
[0029] (1-5) In the method of producing a Zinc oxide thin 
?lm, the aqueous solution for forming a Zinc oxide thin ?lm 
contains a hydrocarbon. This producing method can signi? 
cantly suppress abnormal groWth in the Zinc oxide layer, and 
thus further improve yield. The uniformity of the Zinc oxide 
layer can further be improved. 

[0030] (1-6) A method of producing a photovoltaic device 
comprising the step of forming the Zinc oxide thin ?lm. This 
forming step is capable of electrochemically forming the 
Zinc oxide layer and forming an uneven surface Which can 
suf?ciently exhibit light con?nement or light scattering for 
light at a Wavelength of 600 to 1000 nm. Therefore, it is 
possible to produce a photovoltaic device having high 
quality and loW poWer cost. Particularly, the production cost 
of the Zinc oxide layer can be decreased to about 1/ 100 of the 
sputtering method. 

[0031] (2-1) Amethod of producing a Zinc oxide thin ?lm 
comprising passing a current betWeen a conductive substrate 
immersed in an aqueous solution containing at least Zinc 
ions, hydrogenZincate ions (HZnO2_) and Zincate ions 
(ZnO22_) and an electrode as a cathode immersed in the 
aqueous solution to form a Zinc oxide thin ?lm on the 
conductive substrate. This producing method is capable of 
electrochemically forming a Zinc oxide layer and forming an 
uneven surface Which can suf?ciently exhibit light con?ne 
ment or light scattering for light at Wavelength of 600 to 
1000 nm. Also, since the Zinc oxide thin ?lm is formed on 
the conductive substrate on the anode side, the Zinc oxide 
thin ?lm contains no Zinc metal. Therefore, it is possible to 
produce a photovoltaic device having high quality and loW 
poWer cost. Particularly, the production cost of the Zinc 
oxide layer can be decreased to about 1/ 100 of the sputtering 
method. 

[0032] (2-2) In the method of producing a Zinc oxide thin 
?lm, the conductive substrate comprises a transparent con 
ductive layer deposited on a support. This producing method 
is capable of relatively easily and uniformly forming an 
initial ?lm of Zinc oxide, and ef?ciently forming the Zinc 
oxide layer. Also, in a photovoltaic device, the Zinc oxide 
?lm can be electrochemically formed on the conductive 
substrate by protecting a high-re?ectance metal previously 
formed on the conductive substrate having an important 
function. 

[0033] (2-3) In the method of producing a Zinc oxide thin 
?lm, the hydrogen ion concentration of the aqueous 
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solution for forming the Zinc oxide thin ?lm is controlled in 
the range of 8 to 12.5. This producing method is capable of 
relatively stably supplying ions such as the hydrogenZincate 
ions, Zincate ions and the like by keeping the solution for 
forming the Zinc oxide thin ?lm alkali, and ef?ciently 
forming the Zinc oxide layer. Also, since the solution for 
forming the Zinc oxide thin ?lm is kept alkali, a Wide range 
of substrates having no need for acid resistance can be used. 

[0034] (2-4) In the method of producing a Zinc oxide thin 
?lm, the hydrogen ion concentration pH of the aqueous 
solution near the uppermost surface Where the Zinc oxide 
thin-?lm is formed is controlled in the range of 6 to 8. Since 
the hydrogen ion concentration pH of the aqueous solution 
near the uppermost surface Where the Zinc oxide thin ?lm is 
formed is locally controlled in the range of 6 to 8, the dense 
Zinc oxide thin ?lm can be continuously formed. At the same 
time, the hydrogen ion concentration of the aqueous solution 
in the bulk region is preferably in the range described in 
(2-3). 
[0035] (2-5) In the method of producing a Zinc oxide thin 
?lm, the aqueous solution for forming a Zinc oxide thin ?lm 
contains a hydrocarbon. This producing method can signi? 
cantly suppress abnormal groWth in the Zinc oxide layer, and 
thus further improve yield. The uniformity of the Zinc oxide 
layer can further be improved. 

[0036] (2-6) A method of producing a photovoltaic device 
comprising the step of forming the Zinc oxide thin ?lm. This 
forming step is capable of electrochemically forming the 
Zinc oxide layer and forming an uneven surface Which can 
sufficiently exhibit light con?nement or light scattering for 
light at a Wavelength of 600 to 1000 nm. Therefore, it is 
possible to produce a photovoltaic device having high 
quality and loW poWer cost. Particularly, the production cost 
of the Zinc oxide layer can be decreased to about 1/ 100 of the 
sputtering method. 

[0037] (3-1) Amethod of producing a Zinc oxide thin ?lm 
comprising passing a current betWeen a conductive substrate 
immersed in an aqueous solution containing at least car 
boxylic acid ions and Zinc ions, and an electrode as an anode 
immersed in the aqueous solution to form a Zinc oxide thin 
?lm on the conductive substrate. This producing method is 
capable of forming the Zinc oxide ?lm having excellent 
optical properties at loW material cost Without the need for 
a large-scale apparatus. 

[0038] (3-2) In the method of producing a Zinc oxide thin 
?lm, the aqueous solution is an aqueous solution of Zinc 
acetate. This producing method is capable of forming the 
Zinc oxide ?lm having excellent optical properties at loW 
material cost Without the need for a large-scale apparatus. 

[0039] (3-3) In the method of producing a Zinc oxide thin 
?lm, the aqueous solution is an aqueous solution of a Zinc 
formate. This producing method is capable of forming the 
Zinc oxide ?lm having excellent optical properties at loW 
material cost Without the need for a large-scale apparatus. 

[0040] (3-4) In the method of producing a Zinc oxide thin 
?lm, the conductive substrate comprises a transparent con 
ductive layer deposited on a support. This producing method 
is capable of forming the Zinc oxide thin ?lm having less 
abnormal groWth and excellent uniformity. 

[0041] (3-5) In the method of producing a Zinc oxide thin 
?lm, the hydrogen ion concentration pH of the aqueous 

Jan. 27, 2005 

solution for depositing the Zinc oxide thin ?lm is controlled 
in the range of 3.5 to 5.5. This producing method is capable 
of forming the Zinc oxide thin ?lm having less abnormal 
groWth and excellent uniformity. 

[0042] (3-6) A method of producing a photovoltaic device 
comprising the step of forming the Zinc oxide thin ?lm. This 
producing method is capable of stably forming the high 
performance device at loW cost. 

[0043] Further objects, features and advantages of the 
present invention Will become apparent from the folloWing 
description of the preferred embodiments With reference to 
the attached draWings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0044] FIG. 1 is a schematic sectional vieW shoWing an 
example of apparatus for producing a Zinc oxide thin ?lm of 
the present invention; 

[0045] FIG. 2 is a schematic sectional vieW shoWing an 
example of apparatus for continuously producing a Zinc 
oxide thin ?lm of the present invention: 

[0046] FIG. 3A is a schematic sectional vieW shoWing an 
example of a photovoltaic device having a Zinc oxide thin 
?lm of the present invention, and FIG. 3B is a top vieW of 
the same: 

[0047] FIG. 4 is a schematic sectional vieW shoWing an 
example of the con?guration of a semiconductor layer; 

[0048] FIG. 5A is a schematic exploded sectional vieW 
shoWing an example of the con?guration of a photovoltaic 
device module, and FIG. 5B is a top vieW of the device 
portion thereof; 
[0049] FIG. 6 is a graph shoWing the relation betWeen the 
hydrogen ion exponent of an aqueous solution and ef?ciency 
of photoelectric conversion; 

[0050] FIG. 7 is a graph shoWing the relation betWeen the 
hydrogen ion exponent of an aqueous solution near the 
uppermost surface Where a Zinc oxide thin ?lm is formed 
and ef?ciency of photoelectric conversion; 

[0051] FIG. 8 is a graph shoWing the relation betWeen the 
sucrose content of an aqueous solution and ef?ciency of 
photoelectric conversion; 

[0052] FIG. 9 is a graph shoWing the relation betWeen the 
dextrin content of an aqueous solution and ef?ciency of 
photoelectric conversion; 
[0053] FIG. 10 is a schematic sectional vieW shoWing an 
example in Which a Zinc oxide thin ?lm of the present 
invention Was applied to a CIGS type photovoltaic device; 

[0054] FIG. 11 is a graph shoWing the relation betWeen 
the hydrogen ion exponent of an aqueous solution and 
ef?ciency of photoelectric conversion; 

[0055] FIG. 12 is a graph shoWing the relation betWeen 
the hydrogen ion exponent of an aqueous solution near the 
uppermost surface Where a Zinc oxide thin ?lm is formed 
and ef?ciency of photoelectric conversion; 

[0056] FIG. 13 is a graph shoWing the relation betWeen 
the sucrose content of an aqueous solution and ef?ciency of 
photoelectric conversion; 
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[0057] FIG. 14 is a graph showing the relation between 
the dextrin content of an aqueous solution and ef?ciency of 
photoelectric conversion; 
[0058] FIG. 15 is a schematic sectional vieW shoWing an 
example of apparatus for continuously producing a Zinc 
oxide thin ?lm of the present invention; 

[0059] FIG. 16 is a schematic sectional vieW shoWing an 
example of apparatus for continuously producing a Zinc 
oxide thin ?lm of the present invention; and 

[0060] FIG. 17 is a graph shoWing changes in pH of an 
aqueous solution in Examples 22 to 24. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENT 

[0061] The method of producing a Zinc oxide thin ?lm of 
the present invention, and a photovoltaic device formed by 
using the producing method Will be described in detail 
beloW With reference to the draWings. 

Method of Forming Zinc Oxide Thin Film 

[0062] FIG. 1 shoWs an example of apparatus for forming 
the Zinc oxide ?lm of the present invention. An aqueous 
solution 102 of the present invention is held in a corrosion 
resistant vessel 101. 

[0063] In FIG. 1, a conductive substrate 103 serves as a 
cathode, and a counter electrode 104 can be made of 
platinum, carbon, platinum-plated titanium, or the like other 
than Zinc as a metal to be deposited in a liquid phase. In FIG. 
1, the counter electrode 104 serves as an anode. Load 
resistance 106 and a poWer supply 105 are connected 
betWeen the conductive substrate 103 serving as a cathode, 
and the counter electrode 104 serving as an anode so as to 
pass a substantially constant current. 

[0064] The solution is stirred to decrease nonuniformity in 
formation of the thin ?lm. In order to increase the rate of thin 
?lm formation to improve efficiency, a solution circulation 
system is used, Which comprises an inlet bar 108 having a 
plurality of solution inlets, an injection bar 107 having a 
plurality of solution injection ports, a solution circulating 
pump 111, an intake solution pipe 109 connecting the 
solution inlet bar 108 and the solution circulating pump 111, 
and an injection solution pipe 110 connecting the solution 
injection bar 107 and the solution circulating pump 111. In 
small-scale apparatus, stirring means such as a magnetic 
stirrer or the like can be used in place of such a solution 
circulating system. 

[0065] A heater 112 and a thermocouple 113 are used for 
controlling the temperature of the aqueous solution While 
monitoring the temperature. In order to obtain a desired Zinc 
oxide thin ?lm, the temperature of the aqueous solution is 
preferably 50° C. or higher. 

[0066] Before the Zinc oxide thin ?lm is formed, the 
conductive substrate 103 may be previously immersed in a 
hot Water bath 114 in order to heat the conductive substrate 
103. Hot Water Whose temperature is controlled by using a 
heater 115 and a thermocouple 116 is contained in the hot 
Water bath 114 so that the conductive substrate 103 can be 
heated. 

[0067] The conductive substrate 103 is preferably formed 
by depositing a metal layer as a re?ecting layer on a support. 
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Particularly, aluminum has high re?ectance for light at 
Wavelengths of 600 to 1000 nm, and causes no electrochemi 
cal migration, and is thus a most promising metal for the 
metal layer of a photovoltaic device. HoWever, since it is 
dif?cult to electrochemically groW (electroplate) Zinc oxide 
directly on aluminum in an aqueous solution, in the use of 
aluminum for the metal layer, a transparent conductive thin 
layer is preferably provided on aluminum. 

[0068] The transparent conductive layer must be transpar 
ent for light at Wavelengths of 600 to 1000 nm, and have 
some conductivity. For example, the transparent conductive 
layer is made of tin oxide (SnOZ), indium oxide (In2O3), ITO 
(SnO2+In2O3), Zinc oxide (ZnO), indium Zinc oxide, tin Zinc 
oxide, or the like. These oxides can be deposited by the 
sputtering method, the CVD method, or the vacuum depo 
sition method; The Zinc oxide thin ?lm can be formed on the 
transparent conductive layer by the method of the present 
invention. For light at Wavelengths of 600 to 1000 nm, light 
con?nement or light scattering is suf?ciently achieved. 
Therefore, the photovoltaic device of the present invention 
exhibits high quality and loW poWer cost. 

[0069] Conditions for forming the Zinc oxide thin ?lm Will 
be described for each of the aqueous solutions used. Since 
the formation conditions beloW depend upon the type, 
sectional shape and crystal state of the metal layer, the 
conditions cannot be determined collectively. HoWever, gen 
erally, as the ion concentration increases, the grain siZe of 
Zinc oxide crystals increases, and unevenness easily occurs 
in the surface. As the formation temperature decreases, the 
grain siZe of Zinc oxide crystals increases. 

[0070] Also, as the current density increases, unevenness 
less occurs in the surface. HoWever, since the current density 
is roughly proportional to the formation rate, unevenness is 
preferably formed on the surface at a current density 
increased for decreasing the cost of the transparent conduc 
tive layer comprising Zinc oxide. 

[0071] A case is ?rst described in Which the aqueous 
solution 102 contains at least Zinc ions, ammonium ions, and 
Zinc ammonia complex ions (Zinc ammine complex ions). In 
this case, as shoWn in FIG. 1, the conductive substrate 103 
and the counter electrode 104 are used as a cathode and an 

anode, respectively. 

[0072] As a supply source for Zinc ions, excessive ammo 
nium ions, and complex ions such as Zinc ammonia ions, for 
example, an aqueous solution such as an ammonia aqueous 
solution of Zinc hydroxide, an ammonia aqueous solution of 
Zinc acetate, an ammonia aqueous solution of Zinc oxalate, 
an ammonia aqueous solution of Zinc oxide or the like is 
used. In this case, the concentration of Zinc ammonia 
complex ions is preferably 0.001 to 3.0 mol/l. The hydrogen 
ion exponent of the aqueous solution is preferably 
controlled in the range of pH 8 to pH 12.5. The temperature 
is preferably 50° C. or higher. In addition, the current density 
on the surface of the conductive substrate is preferably 0.1 
to 100 mA/cm2. 

[0073] Next, a case is described in Which the aqueous 
solution 102 contains Zinc ions, hydrogenZincate ions, and 
Zincate ions. In this case, in FIG. 1, the poWer source 105 
is connected so that the conductive substrate 103 and the 
counter electrode 104 serve as an anode and a cathode, 
respectively. 
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[0074] Where excessive ammonia aqueous solution is 
added to an aqueous solution containing Zinc ions to form a 
supply source for ions such as Zinc ions, hydrogenZincate 
ions, Zincate ions, and the like, for example, an aqueous 
solution such as an ammonia aqueous solution of Zinc 
hydroxide, an ammonia aqueous solution of Zinc acetate, an 
ammonia aqueous solution of Zinc oxalate, an ammonia 
aqueous solution of Zinc oxide, or the like is used. The 
concentration of ions such as hydrogenZincate ions, Zincate 
ions and the like is preferably 0.01 to 3.0 mol/l. The 
hydrogen ion exponent of the aqueous solution is 
preferably controlled in the range of pH 8 to pH 12.5. The 
temperature is preferably 50° C. or higher. In addition, the 
current density on the surface of the conductive substrate is 
preferably 0.1 to 100 mA/cm2. 

[0075] To each of the above tWo types of aqueous solu 
tions is preferably added as an additive a hydrocarbon, for 
example, 1 to 300 g/l of sucrose or 0.001 to 10 g/l of dextrin. 
Although it is advantageous from the industrial vieWpoint to 
increase the current density, in formation of the Zinc oxide 
thin ?lm at a current density increased to 5 mA/cm2 or more, 
abnormal groWth of an erect plate-like shape of 10 pm or 
more signi?cantly occurs. Such abnormal groWth of an erect 
plate-like shape causes local thinning of the semiconductor 
layer formed in a position Where the abnormal groWths 
occur, and excessive leakage current occurs, thereby causing 
malfunction in the device. 

[0076] The addition of a hydrocarbon to the aqueous 
solution is capable of suppress abnormal groWth of a crystal. 
As the hydrocarbon, for example, a monosaccharide such as 
glucose, fructose, or the like; a disaccharide such as maltose, 
sucrose, or the like; or a polysaccharide such as dextrin, 
starch, or the like can be used. In combination of at least tWo 
of these hydrocarbons to make use of the above advantages, 
a good Zinc oxide thin ?lm can be formed. 

[0077] In order to obtain a Zinc oxide thin ?lm having no 
abnormal groWth and excellent uniformity and adhesion, the 
amount of the hydrocarbon added to the aqueous solution is 
preferably in the range of 0.001 to 300 g/l, more preferably 
in the range of 0.005 to 100 g/l, and most preferably in the 
range of 0.01 to 60 g/l. 

[0078] Finally, a case in Which the aqueous solution 102 
contains at least carboxylic acid ions and Zinc ions is 
described. In this case, as shoWn in FIG. 1, the conductive 
substrate 103 and the counter electrode 104 are used as a 
cathode and an anode, respectively. 

[0079] As the aqueous solution, for example, an aqueous 
solution containing carboxylic acid ions and Zinc ions origi 
nating from Zinc acetate or Zinc formate can be used. The 
concentration of carboxylic acid ions is preferably 0.002 to 
2.0 mol/l, more preferably 0.05 to 1.0 mol/l, and most 
preferably 0.025 to 0.3 mol/l. The applied current is pref 
erably 0.1 to 100 mA/cm2, more preferably 1 to 30 mA/cm2 
and most preferably 3 to 16 mA/cm2. The solution tempera 
ture is preferably 50° C. or higher. The hydrogen ion 
exponent of the aqueous solution is preferably con 
trolled in the range of pH 3.5 to pH 5.5. 

Continuous Formation Apparatus 

[0080] FIG. 2 shoWs an apparatus capable of continuously 
forming a Zinc oxide thin ?lm on the surface of a long 
sheet-shaped conductive substrate 201 having ?exibility in 
an aqueous solution. 
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[0081] To the back of the surface of the conductive sub 
strate 201 is applied an insulation tape (not shoWn in the 
draWing) for preventing deposition of the Zinc oxide thin 
?lm. The conductive substrate 201 is Wound in a roll on a 
feed roll 202, and reWound on a take-up roll 203 for 
reWinding the conductive substrate 201 through many trans 
fer rolls 204. 

[0082] In order to prevent plastic deformation of the 
substrate, the diameter of each of the rolls must be deter 
mined in accordance With the material of the conductive 
substrate 201. 

[0083] The conductive substrate 201 is heated in a hot 
Water tank 205 With a circulation system 206 containing a 
?lter for removing dust particles and connected thereto, and 
a heater 207 is provided in the hot Water tank 205. 

[0084] The Zinc oxide thin ?lm is formed in a liquid phase 
deposition tank 208 to Which a circulation system 209 
containing a ?lter for removing dust particles is connected, 
With a Zinc electrode 210 and a heater 21 provided in the 
liquid phase deposition tank 208. A constant current poWer 
source 212 is provided outside the liquid phase deposition 
tank 208, and connected to the Zinc electrode 210. The 
circulation system 209 comprises a system for monitoring 
the solution concentration and on occasion adding a solu 
tion. 

[0085] To a Washing tank 213 is connected a circulation 
system 214 containing a ?lter for removing dust particles. 
The conductive substrate 201 is dried With hot air in a drying 
chamber 215. 

[0086] This apparatus is capable of forming the Zinc oxide 
thin ?lm at loW cost. 

Application to Photovoltaic Device 

[0087] FIG. 3A is a schematic sectional vieW shoWing an 
example of a photovoltaic device to Which the Zinc oxide 
thin ?lm formed by the method of the present invention Was 
applied. The photovoltaic device comprises a support 301-1, 
a metal layer 301-2, a transparent conductive layer 301-3, a 
Zinc oxide layer 302 formed by the method of the present 
invention, a semiconductor layer 303, a transparent conduc 
tive layer 304, and a collecting electrode 305. The support 
301-1, the metal layer 301-2 and the transparent conductive 
layer 301-3 constitutes a conductive substrate 301 according 
to the present invention. 

[0088] Sunlight is incident on the photovoltaic device 
from the transparent conductive layer 304 side. Light at 
short Wavelengths of 500 nm or less is mostly absorbed by 
the semiconductor layer 303. On the other hand, light at long 
Wavelengths of about 700 nm or more, Which is longer than 
the band absorption ends, is partially transmitted through the 
semiconductor layer 303, passes through the Zinc oxide 
layer 302 as a transmitting layer, is re?ected by the metal 
layer 301-2 or the support 301-1, again passes through the 
Zinc oxide layer 302 as a transmitting layer, and is then 
partially or mostly absorbed by the semiconductor layer 303. 

[0089] If unevenness is formed in the support 301-1 and/or 
the metal layer 301-2 and/or the Zinc oxide layer 302 as a 
transmitting layer and/or the semiconductor layer 303 so as 
to suf?ciently bend the optical path, the optical path of light 
transmitted through the semiconductor layer 303 is length 
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ened due to inclination of the optical path, and thus an 
increase in absorption is expected. Although the increase in 
absorption due to lengthening of the optical path is negli 
gibly small in a layer transparent for light, the increase is 
exponential for light in the region Where some absorption is 
present, i.e., for light at Wavelengths near the absorption 
edged of a material. Since the Zinc oxide layer 302 as a 
transparent layer is transparent for external light ranging 
from visible light to infrared light, light at Wavelengths of 
600 to 1200 nm is absorbed by the semiconductor layer 303. 

[0090] FIG. 3B is a schematic draWing of the photovoltaic 
device as vieWed from the incident side, in Which a plurality 
of collecting electrodes 305 are arranged so as not to cross 
the surface of the device. The collecting electrodes 305 are 
arranged in a comb-like form as vieWed from the incident 
side, ends thereof being electrically connected to a bus bar 
306. The bus bar 306 is formed on the collecting electrodes 
305 and made of a metallic material having high conduc 
tivity, such as a Cu plate or the like. The bus bar 306 is 
adhered to the transparent conductive layer 304 With an 
insulating double side tape arranged therebetWeen. 

[0091] FIG. 4 shoWs an example of the internal structure 
of the semiconductor layer 303 made of a hydrogen-con 
taining non-single crystal silicon material and having at least 
one p-i-n junction therein. This example has three p-i-n 
junctions. 
[0092] As shoWn in FIG. 4, the semiconductor layer 
comprises layers laminated in turn and made of hydrogen 
containing non-single crystal silicon materials. Doped lay 
ers-401, 403, 404, 406, 407 and 409 are conductive layers 
exhibiting p-type or n-type conduction. The ?rst doped layer 
401, the third doped layer 404 and the ?fth doped layer 407 
exhibit the same conductivity, and the second, fourth and 
sixth doped layers 403, 406 and 409 exhibit conductivity 
different from the above doped layers 401, 404 and 407. 
First, second and third i-type semiconductor layers (i layers) 
402, 405 and 408 exhibit intrinsic conductivity. From the 
vieWpoint of ef?ciency of light collection, the folloWing 
condition is preferably satis?ed: 

[0093] Band gap of the ?rst i layer 402<band gap of the 
second i layer 405<band gap of the third i layer 408. As each 
of the doped layers, a n-type semiconductor layer (n layer) 
or a p-type semiconductor layer (p layer) can be used. 

[0094] FIG. 5A is an exploded sectional vieW shoWing a 
photovoltaic device module in accordance With an embodi 
ment of the present invention, and FIG. 5B is a plan vieW 
shoWing a portion including the photovoltaic devices 507 
and the bypass diodes 506 shoWn in FIG. 5A. As shoWn in 
FIGS. 5A and B, a plurality of the photovoltaic devices 507 
are arranged in series, and the bypass diodes 506 are 
respectively connected to the photovoltaic device 507 in 
parallel so that even When one of the photovoltaic devices 
shadoWs, the total voltage of the other photovoltaic devices 
is not applied to the photovoltaic device shadoWing. 

[0095] In the photovoltaic device module of the present 
invention, after each of the members is arranged as shoWn 
in FIG. 5A and 5B, the members are sealed by a ?uororesin 
523 and a supporting substrate 501 to suppress entrance of 
Water vapor. 

[0096] Each of the collecting electrodes 515 used in the 
photovoltaic device module comprises a silver cladding 
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layer and a carbon layer containing an acrylic resin as a 
binder, both of Which are formed around a ?ne copper Wire, 
the collecting electrodes 515 being fused to the transparent 
conductive layer by heating. The silver cladding layer has 
the function to decrease contact resistance With the copper 
Wire. The carbon layer containing an acrylic resin as a binder 
has the function to maintain adhesion to the transparent 
conductive layer, and the function to decrease contact resis 
tance With the silver cladding layer. The carbon layer also 
has the function to prevent diffusion of the silver contained 
in the silver cladding layer into the semiconductor layer. 

[0097] Each of the portions Will be described in detail 
beloW. 

[0098] (Support 301-1) 

[0099] The support used in the present invention may 
comprise a single material or one or a plurality of thin ?lms 
formed on the support. The support may be electrically 
insulative as long as a surface thereof has conductivity. 

[0100] Examples of conductive materials include metals 
such as Cu, Ni, Cr, Fe, Al, Cr, Mo, Nb, Ta, V, Ti, Rh, and the 
like; and alloys thereof. These materials may be used singly 
as the support. Particularly, from the vieWpoints of Work 
ability, strength, chemical stability, cost, etc., stainless steel 
and Fe are preferred. 

[0101] Insulating materials for the support include syn 
thetic resins such as polyester, polyethylene, polycarbonate, 
cellulose acetate, polypropylene, polyvinyl chloride, poly 
vinylidene chloride, polystyrene, polyamide, and the like; 
glass; ceramics; and the like. A thin ?lm made of one of the 
above conductive materials is formed on at least one surface 
of the support. 

[0102] In the use of one of the above materials for the 
support, the material is preferably formed in a sheet shape or 
a roll shape formed by rolling a band on a cylinder. 

[0103] The thin ?lm is preferably formed on the support 
by vacuum deposition, sputtering, screen printing, dipping, 
plasma CVD, electroplating, electroless plating, or the like. 
The smoothness of the support surface is preferably a center 
line average surface roughness Ra of 3.0 pm or less. In order 
to form unevenness, the surface of the support may be 
appropriately etched With an acid solution of HNO3, HF, 
HCl, H2SO4, or the like. 

[0104] Where ?exibility is required, the support can be 
made as thin as possible in a range in Which the function as 
the support can sufficiently be exhibited. HoWever, from the 
vieWpoints of production, handling and mechanical strength 
of the support, the thickness is generally 10 pm or more. 

[0105] In order to prevent peeling of the metal layer 301-2 
and the transparent conductive layer 301-3, the surface of 
the support is preferably Washed With a surfactant or an 
organic substance. 

[0106] (Metal Layer 301-2 and Transparent Conductive 
Layer 301-3) 

[0107] Although the metal layer is not essential, for the 
support made of a stainless steel or copper plate having loW 
re?ectance, or the support made of a material With loW 
conductivity, such as glass, ceramic or resin, the metal layer 
























