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(57) ABSTRACT 

A titanium oxide ?lm containing a dopant element formed 
on a silicon substrate by supplying a titanium compound for 
forming the titanium oxide ?lm and a compound of a dopant 
element for a silicon semiconductor in a gaseous state to a 

surface of the silicon substrate heated to a predetermined 
temperature, Wherein the concentration of the dopant ele 
ment in the titanium oxide ?lm becomes progressively 
higher from the surface of the titanium oxide ?lm to the 
surface of the silicon substrate. 
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TITANIUM OXIDE FILM AND PRODUCTION 
APPARATUS OF TITANIUM OXIDE FILM 

CROSS-REFERENCE TO RELATED 
APPLICATION 

[0001] This application is related to Japanese application 
No. HEI 11 (1999)-113626 ?led on Apr. 21, 1999, Whose 
priority is claimed under 35 USC § 119, the disclosure of 
Which is incorporated by reference in its entirety. 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 

[0002] This invention relates to a titanium oxide ?lm and 
a production apparatus of a titanium oxide ?lm. More 
particularly, this invention relates to a titanium oxide ?lm 
and a production apparatus of a titanium oxide ?lm that Will 
be used suitably for producing a crystalline silicon solar cell. 
The titanium oxide ?lm of the present invention can be used 
suitably as an antire?ection coating (ARC) of a solar cell. 

2. Description of the Related Arts 

[0003] A solar cell has a p-n junction and an ARC. The 
method of forming them is described in, for example, 
Japanese Unexamined Patent Publication No. HEI 8(1996) 
085874. 

[0004] A production process of a solar cell for a module 
employing a method of simultaneously forming a p-n junc 
tion and an ARC according to the prior art is illustrated in 
FIG. 9. 

[0005] Ruggedness or trenches (hereinafter simply 
referred to as the “ruggedness”) having very ?ne level 
differences of several to doZens of microns are formed on a 
surface of a p type crystalline silicon substrate in order to 
reduce surface re?ection on a light incident surface and to 
prevent a short-circuit current. This ruggedness can be 
formed, for example, by a texture etching method in Which 
a substrate is etched using a mixed solution of an alcohol and 
an aqueous sodium hydroxide solution having a concentra 
tion of a feW percents. A method of forming a large number 
of trenches by using a dicing device or laser, or dry etching 
may also be used (S11). 

[0006] After the ruggedness is thus formed, a Phospho 
Titanate Glass (PTG) ?lm containing phosphorus as a 
dopant element is deposited on the surface of the substrate 
heated to about 200° C. to about 500° C. by an atmospheric 
pressure chemical vapor deposition (CVD) method by using 
titanium alkoxide and a phosphoric acid ester (S12). 

[0007] Next, the substrate on Which the PTG ?lm is 
formed is heated at about 800° C. to about 1,000° C. in a 
nitrogen atmosphere. In consequence, phosphorus is dif 
fused from the PTG ?lm into the substrate so that a p-n 
junction in the substrate and an ARC are formed at the same 
time. 

[0008] FIG. 10 shoWs a refractive index of the PTG ?lm 
formed on the surface of the silicon substrate and a sheet 
resistance of the dopant element diffusion layer (n layer) 
after the ?lm formation, relative to the substrate temperature 
employed for the formation of the PTG ?lm according to the 
poor art. This ?lm has a refractive index of about 1.6 to 
about 2.0. The atmospheric pressure CVD method can form 
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a ?lm having a uniform thickness. The PTG ?lm functions 
as an ARC by interference. When the PTG ?lm is heated at 
900° C. in a nitrogen atmosphere for 30 minutes, the sheet 
resistance of the n layer is 50 to 500 Q/III (square). A solar 
cell adapted to a module can be obtained When the sheet 
resistance is not greater than 100 Q/III (S13). 

[0009] Next, a titanium oxide ?lm or the like having a 
higher refractive index than that of the PTG ?lm is uni 
formly deposited on the PTG ?lm by CVD method or the 
like. The refractive index of the titanium oxide ?lm can be 
varied from about 1.8 to about 2.4 by hanging the heating 
temperature of the silicon substrate Within the range of 150 
to 350° C., as described in Japanese Unexamined Patent 
Publication No. SHO 62(1987)-104081 (S14). 

[0010] Next, an aluminum paste is applied to a back 
surface of the silicon substrate by screen printing method 
and then ?red at about 700° C. to about 800° C. Thus, a back 
surface electrode made of aluminum is formed and a back 
surface ?eld layer is formed by diffusing aluminum from the 
aluminum paste into the back surface of the substrate (S15). 

[0011] Then, a silver paste is applied to a light incident 
surface by screen printing method and then ?red to give a 
light incident surface electrode (hereinafter referred to as a 
grid electrode). Since a glass frit or the like is contained in 
the silver paste, the light incident surface comes into contact 
With the dopant element diffusion layer While penetrating 
through the titanium oxide ?lm and the PTG ?lm (S16). 

[0012] Acontinuous atmospheric pressure CVD apparatus 
that can be used for forming the p-n junction and the 
re?ection preventing ?lm is described in Japanese Unexam 
ined Patent Publication No. HEI 8(1996)-085874, for 
example. A dispersion head of the continuous atmospheric 
pressure CVD apparatus is constituted as shoWn in FIG. 11. 
An assembly 101 of the head includes a ceiling plate 102, 
four side plates (a forWard side plate is not shoWn) 103 
extending doWn from the periphery of the ceiling plate 102 
and a large number of partition plates 104 interposed 
betWeen the right and left side plates 103 With predeter 
mined gaps betWeen them. TWo gas introduction ports 105 
and 106 are provided on the backWard side plate 103 
betWeen the ceiling plate 102 and the upper ends of the 
partition plates 104. A cooling plate 107 With a built-in 
piping for passing air as a coolant is ?tted to the outer 
surface of each side plate 103. 

[0013] For the ?lm formation, gases containing the start 
ing materials are introduced through the gas introduction 
ports 105 and 106 into a space betWeen the ceiling plate 102 
and the upper ends of the partition plates 104 and mixed 
together. The resulting mixed gas G is bloWn doWnWard 
along the partition plates 104 and supplied to the surface of 
the silicon substrate 21 that travels beloW the assembly 101 
While being conveyed by a conveyor belt 23. This gas G 
decomposes on the surface of the silicon substrate 21 and 
forms a ?lm having a composition that corresponds to the 
kinds of the starting materials on the surface of the silicon 
substrate 21. The remaining gas is discharged from an 
exhaust port 110 to the outside through a gap 109 betWeen 
the assembly 101 and a cover protuberance 108. 

[0014] The temperature of the assembly 101 is adjusted to 
a temperature higher than the deW points of the starting 
materials but loWer than the loWer limit of the decomposi 
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tion temperature of the starting materials by supplying air 
into the cooling plate 107 at a suitable ?oW rate. 

[0015] When a phosphorus diffusion layer (dopant ele 
ment diffusion layer) having a sheet resistance value of 50 
to 100 Q/III is formed by the method of producing a solar 
cell described in Japanese Unexamined Patent Publication 
No. HEI 8(1996)-085874 as shoWn in FIG. 10, the refractive 
indeX of the resulting ITG ?lm is from 1.6 to 2.0. 

[0016] Where the light incident surface electrode is 
formed by using the silver paste, the loss of a series 
resistance becomes great due the increase of the contact 
resistance. Therefore, a dopant element diffusion layer hav 
ing a sheet resistance of not greater than about 60 Q/III must 
be formed to prevent the drop of a ?ll factor. 

[0017] In many cases, the crystalline silicon solar cell is 
assembled in a so-called “super-straight type module”. This 
module comprises a solar cell, a glass and a ?ller (generally 
EVA (ethylene vinyl acetate copolymer)) for protecting the 
light incident surface of the solar cell, a back surface 
material, a peripheral seal material and a frame member 
encompassing the periphery. To be assembled in the module, 
the glass and EVA are positioned on the light incident 
surface of the solar cell. For this reason, an ARC that has a 
refractive indeX different from a diffraction indeX in the case 
Where the light incident surface of the solar cell keeps direct 
contact With air is required. Here, the optimum refractive 
indeX n of the re?ection preventing ?lm is given by n 
=(nO-n8)1/2 provided that n8 is the refractive indeX of silicon 
and n0 is the refractive index of the material of the re?ection 
preventing ?lm. In a Wavelength range )\.=600 to 1,100 nm, 
Where the sensitivity of the solar cell is high, the refractive 
indeX n, of silicon is from about 3.5 to about 4. When the 
light incident surface of the solar cell keeps direct contact 
With air (nO=1), the optimum refractive indeX of the re?ec 
tion preventing ?lm is 1.8 to 2.0. Where the glass and EVA 
eXist on the light incident surface of the solar cell (nO=1.4 to 
1.5), the optimum refractive indeX of the re?ection prevent 
ing ?lm is 2.2 to 2.5. 

[0018] As can be seen also from FIG. 10, the PTG ?lm 
(having a refractive indeX of about 1.6 to about 2.0) is 
someWhat loW to be used as the re?ection preventing ?lm of 
the solar cell used for the module, so that it cannot effec 
tively reduce the surface re?ection. Therefore, it has been 
necessary to uniformly deposit a ?lm having a higher 
refractive indeX than that of the PTG ?lm such as a titanium 
oXide ?lm on the PTG ?lm by CVD method or the like. 

SUMMARY OF THE INVENTION 

[0019] The present invention provides a titanium oXide 
?lm containing a dopant element formed by supplying a 
titanium compound for forming the titanium oXide ?lm and 
a compound of a dopant element for a silicon semiconductor 
in a gaseous state to a surface of a silicon substrate heated 
to a predetermined temperature, Wherein the concentration 
of the dopant element in the titanium oXide ?lm becomes 
progressively higher from the surface of the titanium oXide 
?lm to the surface of the silicon substrate. 

[0020] The present invention also provides a production 
apparatus of a titanium oXide ?lm, the apparatus comprising 
means for heating a silicon substrate, and a dispersion head 
for discharging independently a titanium compound in a 
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gaseous state for forming a titanium oXide ?lm, a compound 
of a dopant element for a silicon semiconductor in a gaseous 
state and an atmospheric gas, Wherein a distance from 
bottom ends of discharge ports of the dispersion heads for 
the titanium compound and the atmospheric gas to the 
surface of the silicon substrate is greater than a distance from 
a bottom end of the discharge port of the dispersion head for 
the dopant element compound to the surface of the silicon 
substrate. 

[0021] These and other objects of the present application 
Will become more readily apparent from the detailed 
description given hereinafter. HoWever, it should be under 
stood that the detailed description and speci?c examples, 
While indicating preferred embodiments of the invention, are 
given by Way of illustration only, since various changes and 
modi?cations Within the spirit and scope of the invention 
Will become apparent to those skilled in the art from this 
detailed description. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0022] FIG. 1 is a graph illustrating a depth pro?le of an 
XPS analysis of a PTG ?lm formed by a production appa 
ratus of the present invention; 

[0023] FIG. 2 is a ?oWchart illustrating a production 
process of a solar cell utiliZing a titanium oXide ?lm of the 
present invention; 
[0024] FIG. 3 is a schematic sectional vieW illustrating the 
?rst production apparatus of the present invention; 

[0025] FIG. 4 is a schematic sectional vieW illustrating the 
second production apparatus of the present invention; 

[0026] FIG. 5 is a schematic sectional vieW illustrating the 
third production apparatus of the present invention; 

[0027] FIG. 6 is a schematic sectional vieW illustrating the 
forth production apparatus of the present invention. 

[0028] FIG. 7 is a graph illustrating a refractive indeX of 
a heated PTG ?lm and a sheet resistance of an n layer of a 
silicon substrate 1 formed of the PTG ?lm With respect to a 
difference of distance (B-A) When partition is not disposed 
according to the present invention; 

[0029] FIG. 8 is a graph illustrating a refractive indeX of 
a heated PTG ?lm and a sheet resistance of an n layer of a 
silicon substrate 1 formed of the PTG ?lm With respect to a 
difference of distance (B-A) When partition is not disposed 
according to the present invention; 

[0030] FIG. 9 is a ?oWchart illustrating a production 
process of a conventional solar cell; 

[0031] FIG. 10 is a graph illustrating a refractive indeX of 
a PTG ?lm formed on a silicon substrate and a sheet 
resistance of an n layer With respect to a conventional 
temperature for forming the PTG ?lm; 

[0032] FIG. 11 is a schematic sectional vieW of a con 
ventional production apparatus; and 

[0033] FIG. 12 is a graph illustrating a depth pro?le of an 
XPS analysis of a PTG ?lm formed by the conventional 
production apparatus. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

[0034] EXamples of titanium compounds for forming a 
titanium oXide ?lm include those titanium alkoXides Which 
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are in the form of liquid at normal temperature, such as 
tetraethoxytitanium, tetrapropoxytitainum, tetraisopro 
poxytitanium, tetrabutoxytitanium, tetraisobutoyiitanium, 
tetra-sec-butoxytitanium, tetra-tert-butoxytitanium and so 
forth. 

[0035] Phosphorus compounds can be used for the com 
pound of the dopant element for a silicon semiconductor 
When the silicon semiconductor is of the p type, and one kind 
of boron compounds and aluminum compounds can be used 
When the silicon semiconductor is of the n type. 

[0036] Those phosphoric acid esters Which are in the form 
of liquid at normal temperature can be used for the phos 
phorus compound. Examples of such esters include phos 
phates such as diethyl phosphate, trimethyl phosphate, tri 
ethyl phosphate, tripropyl phosphate, triisopropyl phosphate 
and tributyl phosphate; phosphites such as trimethyl phos 
phite, triethyl phosphite, tripropyl phosphate, triisopropyl 
phosphite and tributyl phosphite; triethoxy phosphorus; and 
trimethoxy phosphorus. 

[0037] Examples of the boron compounds include those 
Which are in the form of liquid at normal temperature such 
as trimethoxyboron, triethoxyboron, trisopropoxyboron, 
tripropoxyboron, triisobuthoxyboron, tributhoxyboron, tri 
sec-buthoxyboron, tri-tert-buthoxyboron and so forth. 

[0038] Examples of the aluminum compounds include 
tri-sec-buthoxyaluminum that is in the form of liquid at 
normal temperature such as trimethoxyaluminum, tri 
methoxyaluminum, tripropoxyaluminum and tributhoxyalu 
minum that are in the form of solid at normal temperature 
and have a melting point around 100° C., and triisopropoxy 
aluminum that sublimates at around 150° C. 

[0039] The titanium compound and the compound of the 
dopant element in a gaseous state are supplied to the surface 
of a silicon substrate heated to a predetermined temperature. 

[0040] A bubbling method may be used to bring both 
compounds into the gaseous state. Abubbler vessel used for 
this bubbling method generally has a temperature control 
means. The temperature of the bubbler vessel is set appro 
priately in accordance With the vapor pressures of the 
compounds. When the gas reaction system is of an open 
system and uses an atmospheric pressure, for example, the 
compounds are contained in a carrier gas to a partial pressure 
in accordance With the vapor pressure and supplied to a gas 
feed pipe through a compound feed pipe. Examples of the 
carrier gas include a N2 gas, a He gas and an Ar gas. 

[0041] The composition ratio (dopant element/titanium 
atomic number ratio) in titanium oxide containing the 
dopant element can be controlled by adjusting the feed 
amounts of the compound of the dopant element and the 
titanium compound. The feed amounts of both compounds 
can be controlled With high accuracy by controlling the 
vapor pressure through the set temperature of the bubbler 
vessel or by changing the ?oW rate of the carrier gas passed 
through the bubbler vessel. Incidentally, the temperature of 
the bubbler vessel is preferably set from about 90° C. to 
about 120° C. 

[0042] In order to reduce surface re?ection on a light 
incident surface and prevent a short-circuit current, the 
surface of the silicon substrate, to Which the tWo compounds 
described above are supplied, preferably forms ruggedness 
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having level differences of several to doZens of microns. The 
formation method of this ruggedness is not particularly 
limited, and any knoWn methods can be employed. For 
example, the texture etching method may be carried out 
using a mixed solution of an aqueous NaOH solution and 
isopropyl alcohol at a temperature of 80 to 90° C. This 
method can form very ?ne pyramidal ruggedness having 
level differences of several microns on the surface of the 
silicon substrate. Besides this texture etching method, a 
method of forming ruggedness by using a dicing device or 
laser and a dry etching method can be used. 

[0043] The predetermined heating temperature for the 
silicon substrate is preferably Within the range of 300 to 600° 
C. Control of the substrate temperature affects the subse 
quent reaction system. The compound of the dopant element 
and the titanium compound in a gaseous state supplied to the 
surface of the silicon substrate are thermally decomposed 
and oxidiZed on or near the surface of the silicon substrate. 
Therefore, the compound of the dopant element changes to 
the oxide of the dopant element and the titanium compound 
to titanium oxide. The oxide of the dopant element and 
titanium oxide may constitute a netWork and may form a 
titanium oxide ?lm containing the dopant element on the 
surface of the silicon substrate. Uniformity of the ?lm 
thickness of this titanium oxide ?lm can be improved by 
controlling the temperature to the range described above. 

[0044] The titanium oxide ?lm containing the dopant 
element is formed on the surface of the silicon substrate by 
the method described above. The concentration of the 
dopant element becomes progressively higher from the 
surface of this ?lm toWards the surface of the silicon 
substrate. The ?lm thickness of the titanium oxide ?lm is 
preferably from 65 to 80 nm. 

[0045] Next, the titanium oxide ?lm must be subjected to 
heat-treatment. This heat-treatment forms the dopant ele 
ment diffusion layer having a loW sheet resistance in a 
surface layer of the silicon substrate and a ?lm having a 
refractive index as high as that of titanium oxide on the 
outermost surface of the titanium oxide ?lm. 

[0046] The sheet resistance value is preferably from 30 to 
100 Q/El. The refractive index is preferably from 2.2 to 2.5 
in a region having a loW dopant element concentration. 

[0047] The dopant element concentration in the heated 
titanium oxide ?lm is preferably 80% or less in that of the 
dopant element diffusion layer. 

[0048] Since the present invention can simultaneously 
form the p-n junction and the re?ection preventing ?lm, it 
does not require to deposit a ?lm having a higher refractive 
index than the re?ection preventing ?lm on this re?ection 
preventing ?lm as has been necessary in the prior art. In 
consequence, the number of process steps can be decreased 
and the production costs can be reduced. 

[0049] FIG. 1 shoWs an example of the composition ratio 
of the elements that constitute the titanium oxide ?lm 
according to the present invention. In FIG. 1, a composition 
ratio of the titanium oxide ?lm at the outermost surface 
thereof is shoWn at 0 second of the sputtering time, a 
composition ratio at an interface betWeen the titanium oxide 
?lm and the silicon substrate is shoWn in the sputtering time 
range from 0 to 1,118 seconds. FIG. 1 illustrates that the 
titanium concentration is higher than the phosphorus con 
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centration in the outermost surface and When the sputter 
time exceeds 500 seconds, the phosphorus concentration 
increases While the titanium concentration decreases. 

[0050] Next, one of the features of a production apparatus 
for producing the titanium oxide ?lm according to the 
present invention is that a distance (B) from bottom ends of 
the discharge ports of the dispersion heads for the titanium 
compound and the atmospheric gas to the surface of the 
silicon substrate is greater than a distance (A) from a bottom 
end of the discharge port of the dispersion head for the 
dopant element compound to the surface of the silicon 
substrate. 

[0051] In the production apparatus described above, the 
compounds that are independently discharged are thermally 
decomposed on or near the silicon substrate surface. The 
dopant element compound is decomposed into the oxide of 
the dopant element and the titanium compound is mixed 
With the atmospheric gas and turns to titanium oxide. The 
oxide of the dopant element is ?rst deposited on the silicon 
substrate surface and then titanium oxide is deposited on the 
upper side of the oxide of the dopant element. As a result, is 
formed a titanium oxide ?lm in Which the concentration of 
the dopant element is loW in the proximity of the outermost 
surface of the titanium oxide ?lm containing the dopant 
element and is high near the silicon substrate. 

[0052] The difference of the distances (B-A) is preferably 
from 0.1 to 30 mm. 

[0053] Heating means for the silicon substrate is not 
particularly limited, and any knoWn methods can be used. 
The pressure for the production is not particularly limited, 
and any of reduced pressure, atmospheric pressure and 
elevated pressure can be used. Where the ?lm is formed 
continuously, hoWever, the ?lm is preferably formed under 
the atmospheric pressure. An 02 gas or a vapor gas can be 
used as the atmospheric gas. When the 02 gas is used, it is 
supplied together With a dilution gas. In the case of the vapor 
gas, the bubbler vessel containing Water is kept at about 40° 
C. to about 99° C., and the carrier gas is then supplied to a 
carrier gas feed pipe. The vapor is contained to the partial 
pressure corresponding to the vapor pressure, and supplied 
together With the dilution gas. 

[0054] In the apparatus of the present invention, a partition 
may be formed betWeen the discharge ports of the dispersion 
heads for the gaseous titanium compound and the atmo 
spheric gas and the silicon substrate and along the circum 
ference of the bottom ends of the discharge ports. In con 
sequence, the titanium compound in a gaseous state and the 
atmospheric gas discharged from the discharge ports are 
alloWed to reach the surface of the silicon substrate Without 
dissipation. As a result, the titanium compound and the 
atmospheric gas are prevented from ?oWing toWards an 
exhaust port before reaching the silicon substrate and the 
drop of the yield can also be prevented. 

[0055] The apparatus of the present invention may include 
conveyor means for conveying the substrate. The conveyor 
means is preferably constituted in such a fashion as to be 
capable of conveying the substrate from a position imme 
diately beloW the discharge port of the discharge head for the 
dopant element compound through a position immediately 
beloW the discharge port of the dispersion head for the 
titanium compound in a gaseous state to the portion imme 
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diately beloW the discharge port for the atmospheric gas. 
According to this construction, a ?lm containing the oxide 
of the dopant element as a main component is ?rst deposited 
to the surface of the silicon substrate and then a ?lm 
containing titanium oxide as a main component is deposited 
thereon. In consequence, the concentration of the titanium 
oxide ?lm containing the dopant element in the depth-Wise 
direction can be rendered high in the proximity of the silicon 
substrate and loW in the proximity of the outermost surface 
of the titanium oxide ?lm. 

[0056] Next, the production method of the titanium oxide 
?lm Will be explained in detail With reference to a ?oWchart 
of the production process shoWn in FIG. 2 and a production 
apparatus shoWn in FIG. 3. 

[0057] First, on the surface of the silicon substrate 1, on 
Which ruggedness has been formed as desired (S1), a tita 
nium oxide ?lm containing a dopant element is formed (S2) 
using an open system continuous atmospheric pressure CVD 
apparatus shoWn in FIG. 3. 

[0058] In the apparatus shoWn in FIG. 3, the silicon 
substrate 1 is ?rst pre-heated by a pre-heater 2 and conveyed 
by a conveyor belt 3 to a ?lm formation position 13. In the 
?lm formation position 13, a heater 4 sets the ?lm formation 
temperature. The titanium compound and the compound of 
the dopant element, both in a gaseous state, are passed 
through gas lines 7 and 8, respectively, and supplied to the 
surface of the silicon substrate 1 from a dispersion head 5. 
The titanium compound and the compound of the dopant 
element thus supplied are thermally decomposed on the 
surface of the silicon substrate 1, forming a titanium oxide 
?lm. In the apparatus shoWn in FIG. 3, the conveyor belt 3 
conveys the silicon substrate 1 from the position immedi 
ately beloW the discharge port of the dispersion head 5 for 
the compound of the dopant element, through the position 
immediately beloW the discharge port of the gas line 8 for 
the titanium compound to the position immediately beloW 
the discharge port for the atmospheric gas of the gas line 9. 

[0059] To keep a predetermined vapor pressure, each 
compound stored in the bubbler vessel is kept at a prede 
termined temperature. After being contained in a carrier gas 
to a partial pressure in accordance With the vapor pressure, 
the gas of each compound is mixed With a dilution gas and 
is introduced to the ?lm formation position from the respec 
tive gas lines. 

[0060] In FIG. 3, reference numeral 6 denotes a curtain 
gas (e.g. N2 gas) line. 

[0061] In the ?lm formation portion 13, exhaust gas that 
comprises the carrier gas, the dilution gas, the undecom 
posed starting materials and the decomposition products is 
discharged from both sides of the dispersion head 5 to an 
exhaust port 12. 

[0062] Next, the titanium oxide ?lm is subjected to the 
heat-treatment. The heat-treatment is preferably conducted 
at a temperature of 600° C. to 1,200° C. in a nitrogen 
atmosphere for 10 minutes to 2 hours. This heat-treatment 
diffuses the dopant element in the titanium oxide ?lm into 
the silicon substrate to form a dopant diffusion layer. In this 
Way, a p-n junction and an ARC that can be used for a solar 
cell having a module con?guration can be formed simulta 
neously (S3). 
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[0063] Where the silicon substrate 1 has a p conductivity 
type, an aluminum paste is preferably applied to a back side 
of the silicon substrate 1 by screen printing method and ?red 
to form a back side electrode comprising the aluminum 
paste. Aluminum diffuses from the aluminum paste into the 
back side of the substrate during this calcining process and 
forms a back surface ?eld layer. 

[0064] Where the silicon substrate 1 has an n conductivity 
type, a silver paste is preferably applied to the back side of 
the silicon substrate 1 into a comb shape or a ?sh bone shape 
by screen printing method, and then ?red to form the back 
side electrode. 

[0065] The calcining temperature for the back side elec 
trode is preferably Within the range of about 600° C. to about 
800° C. (S4). 

[0066] Next, the silver paste is applied preferably into the 
comb shape or the ?sh bone shape to a light incident surface 
by screen printing method, and then ?red to form a grid 
electrode. In this instance, the grid electrode can be brought 
into contact With the dopant element diffusion layer While 
penetrating through the titanium oXide ?lm by the effect of 
a glass frit contained in the silver paste. The calcining 
temperature for the grid electrode is set preferably Within the 
range of 600° C. to 800° C. Incidentally, the grid electrode 
can be formed by plating or vapor deposition (S5). 

[0067] Solder coating is applied to the solar cell thus 
produced, and lead Wires are connected thereto. The solar 
cell in this state is then sandwiched betWeen EVAs, and a 
glass and a back side protective sheet are then heat-bonded 
on the top and the bottom of the solar cell, respectively, to 
give a super-straight type module. 

EXAMPLE 1 

[0068] A titanium oXide ?lm comprising a PTG ?lm Was 
formed using a production apparatus shoWn in FIGS. 3 and 
4 for the analysis of the ?lm. 

[0069] For the evaluation of a dopant element diffusion 
layer and a PTG ?lm, a silicon substrate 1 to Which 
ruggedness Was formed as described beloW Was used and a 
p-n junction and a sheet resistance value of an n layer after 
heat-treatment Were measured. To measure a refractive 

indeX of the PTG ?lm and to analyZe the composition 
thereof, a mirror substrate Without ruggedness Was 
employed. 

[0070] Ruggedness having level differences of several to 
doZens of microns Was formed on a surface of the silicon 
substrate 1. The ruggedness Was formed by texture etching 
method using a miXed solution of an aqueous NaOH solu 
tion and isopropyl alcohol at a liquid temperature of about 
90° C. (S1 in FIG. 2). 

[0071] After the ruggedness Was thus formed on the 
surface of the silicon substrate 1, a titanium oXide ?lm 
comprising a PTG ?lm Was formed. Diethyl phosphate, for 
eXample, Was used as a compound of a dopant element for 
a silicon semiconductor, and a temperature of a bubble 
vessel storing the compound Was set to 65° C. AN2 gas Was 
supplied at a How rate of 3.0 l/min to a carrier gas feed pipe 
and the carrier gas Was alloWed to contain diethyl phosphate 
to a partial pressure corresponding to the vapor pressure. 
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The N2 gas Was then supplied With a dilution N2 gas through 
a gas line 7 for the compound of the dopant element. 

[0072] TetraisopropoXytitanium, for eXample, Was used as 
a titanium compound and a temperature of a bubbler vessel 
storing the compound Was set to 95° C. The N2 gas Was 
supplied at a How rate of 1.5 l/min to the carrier gas feed 
pipe. The carrier gas Was alloWed to contain tetraisopro 
poXytitanium to a partial pressure corresponding to the 
vapor pressure, and supplied With the dilution N2 gas 
through a gas line 8 for the titanium compound. 

[0073] An 02 gas Was used as an atmospheric gas. The 
How rate of the 02 gas Was 1.5 l/min. The 02 gas Was 
supplied With the N2 for dilution gas through a gas line 9 for 
the atmospheric gas. 

[0074] The N2 gas as a curtain gas Was supplied at a How 
rate of 1.0 l/min through a gas line 6 for the curtain gas. 

[0075] The silicon substrate 1 Was heated by a pre-heater 
2 and Was conveyed by a conveyor belt 3 to a ?lm formation 
portion 13. The ?lm formation temperature Was set to 350° 
C. by a heater 4 in the ?lm formation position 13. Tetrai 
sopropoXytitanium and diethyl phosphate, both in a gaseous 
state, Were supplied from the dispersion head 5 to the surface 
of the silicon substrate 1 through the gas line 8 for the 
titanium compound and the gas line 7 for the dopant element 
compound, respectively. 

[0076] In FIG. 4, a distance A from bottom ends of the 
discharge ports for the gaseous titanium compound and the 
atmospheric gas to the surface of the silicon substrate 1 Was 
set to 4 mm, for eXample, and a distance B from a bottom 
end of the discharge port for the dopant element compound 
to the surface of the silicon substrate 1 Was set to 14 mm, for 
eXample. The difference betWeen A and B Was 10 mm. 

[0077] The silicon substrate 1 Was conveyed from the 
position immediately beloW the discharge port of the gas line 
7 of the dispersion head 5 for the dopant element compound, 
through the position immediately beloW the discharge port 
of the gas line 8 for the titanium compound, and to the 
position immediately beloW the discharge port of the gas line 
9 for the atmospheric gas (S2 in FIG. 2). 

[0078] The resulting PTG ?lm having a thickness of about 
70 Was heat-treated at 920° C. in a nitrogen atmosphere for 
30 minutes to form a p-n junction originating from the 
dopant element diffusion layer in the silicon substrate 1 and 
an ARC on the surface of the silicon substrate 1 simulta 
neously (S3 in FIG. 2). 

[0079] The PTG ?lm on the silicon substrate 1 Was 
dissolved and removed by hot concentrated sulfuric acid 
after the heat-treatment, and the p-n junction Was evaluated 
by a thermoelectromotive force method. The sheet resis 
tance of the n layer Was measured by a four-probe method. 
The refractive indeX and thickness of the PTG ?lm Was 
measured by using an ellipsometer. This measurement used 
a CZ mirror substrate (4 inches) having no ruggedness. The 
PTG ?lm Was formed on the silicon substrate 1 having 
ruggedness and the CZ mirror substrate simultaneously by 
placing the substrates side by side on the conveyor belt 3. 
The composition of the PTG ?lm Was analyZed using an 
XPS (X-ray Photoelectron Spectroscopy). Monochromatic 
A1 KO. rays (1486.6 eV) Were used as the X-ray source. An 
Ar gas pressure of 15x10“7 Torr Was used for ion etching. 
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[0080] FIGS. 1 and 12 show the results of the depth 
pro?le of the XPS analysis of the PTG ?lm formed by using 
the production apparatus of this example shoWn in FIG. 3 
and the PTG ?lm formed by using the continuous atmo 
spheric CVD apparatus shoWn in FIG. 11. As shoWn in FIG. 
1, the titanium concentration Was higher than the phospho 
rus concentration in the outermost surface in the example of 
the present invention. When the sputter time exceeded 500 
seconds, the phosphorus concentration increased While the 
titanium concentration decreased. As a result, the concen 
tration of the dopant element became higher from the 
surface of the PTG ?lm toWards the substrate surface. As 
shoWn in FIG. 12, on the other hand, the titanium concen 
tration and the phosphorus concentration remained constant 
from 0 second to 1,118 seconds of the sputter time in the 
prior art ?lm. 

[0081] This result suggested that When the PTG ?lm Was 
formed by using the continuous atmospheric pressure CVD 
apparatus shoWn in FIG. 3, oxides of phosphorus Were ?rst 
deposited to the surface of the silicon substrate 1 and 
titanium oxide Was deposited thereon. 

[0082] Therefore, in the concentration distribution in the 
depth-Wise direction, the phosphorus concentration of the 
PTG ?lm of this example Was higher at portions closer to the 
silicon substrate 1 and the phosphorus concentration in the 
outermost surface Was loW. 

[0083] Table 1 shoWs the refractive index of the PTG ?lm 
of this example and the sheet resistance value of the n layer 
formed of the PTG ?lm on the surface of the silicon 
substrate 1. It shoWs also the refractive index of the con 
ventional PTG ?lm and the sheet resistance value of the n 
layer formed of the PTG ?lm on the surface of the silicon 
substrate 1. 

TABLE 1 

refractive index sheet resistance (SQ/El) 

prior art 1.9 105 
this example 2.5 60 

[0084] As shoWn in Table 1, the refractive index of the 
PTG ?lm of this example Was 2.5 and the sheet resistance 
value of the n layer of the silicon substrate 1 formed of the 
PTG ?lm Was 60 Q/El. The refractive index of the prior art 
PTG ?lm Was 1.9 and the sheet resistance value of the n 
layer formed of the PTG ?lm on the surface of the silicon 
substrate 1 Was 105 Q/El. 

[0085] Here, the sheet resistance value of the n layer had 
to be kept beloW about 100 Q/III (preferably not greater than 
about 60 Q/El) to prevent the drop of a ?ll factor caused by 
the increase of the loss of a series resistance oWing to the 
increase of a contact resistance When a grid electrode Was 
formed by using a silver paste. The sheet resistance value of 
the PTG ?lm according to the prior art Was 100 Q/III or 
more. Therefore, unless titanium oxide Was deposited on the 
PTG ?lm by CVD method or the like, the surface re?ection 
could not be reduced effectively. 

[0086] This example could form the dopant element dif 
fusion layer and the re?ection preventing ?lm that satis?ed 
the sheet resistance value of the n layer of 30 to 100 Q/III and 
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the optimum refractive index of 2.2 to 2.5 that Were neces 
sary for the solar cell for the module. 

EXAMPLE 2 

[0087] Re?ection preventing ?lms each comprising a PTG 
?lm having a thickness of about 71 nm Were formed by 
using the folloWing phosphorus materials so as to examine 
the phosphorus materials that could be used as the phos 
phorus compound. 
[0088] Phosphoric acid esters such as diethyl phosphate, 
trimethyl phosphate and triethyl phosphate, and phospho 
rous acid esters such as trimethyl phosphite, triethyl phos 
phite, tripropyl phosphite and triisopropyl phosphite Were 
used as the phosphorus compound. The production appara 
tus of the re?ection preventing ?lm, the measurement 
method and the evaluation method Were the same as those 
used in Example 1. 

[0089] Table 2 shoWs the refractive indices of the PTG 
?lms of Example 2 and the sheet resistance values of the n 
layers of the silicon substrate 1 formed from the respective 
PTG ?lms. 

TABLE 2 

phosphorus sheet resistance value 
compound refractive index Q/EI 

diethyl phosphate 2.5 60 
trimethyl phosphate 2.2 30 
triethyl phosphate 2.3 64 
trimethyl phosphite 2.2 43 
triethyl phosphite 2.3 65 
tripropyl phosphite 2.3 68 
triisopropyl phosphite 2.5 72 

[0090] As shoWn in Table 2, the refractive index of each 
PTG ?lm using the phosphorus material Was 2.2 to 2.5 and 
the sheet resistance value of the n layer of the silicon 
substrate 1 formed from the PTG ?lm Was 30 to 72 Q/El. 

[0091] Therefore, the phosphorus materials described 
above could be used for the production of the PTG ?lm. The 
n layer having a sheet resistance value of 30 to 100 Q/III and 
the re?ection preventing ?lm having the optimum refractive 
index of 2.2 to 2.5, that Were required for the solar cell for 
the module, could be produced. 

EXAMPLE 3 

[0092] Titanium oxide ?lms each having a ?lm thickness 
of about 73 nm and comprising a boron-containing titanium 
oxide ?lm here formed on a surface of an n type crystalline 
silicon substrate 1 using the folloWing boron materials in 
order to examine the boron materials that could be used as 
the boron compound. 

[0093] Trimethoxyboron, triethoxyboron and tri-isopro 
poxyboron Were used as the boron compound. The ?lm 
production apparatus of the re?ection preventing ?lm, the 
measurement method and the evaluation method Were the 
same as those used in Example 1. 

[0094] Table 3 shoWs the refractive indices of the boron 
containing titanium oxide ?lms and the sheet resistance 
values of the p layers of the silicon substrates 1 formed of 
the boron-containing titanium oxide ?lms. 
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TABLE 3 TABLE 4 

boron compound refractive index sheet resistance Q/EI Experiment No. type A (mm) B (mm) partition 

trimethoxyboron 2.3 68 T1 FIG. 4 4 14 titanium 
triethoxyboron 2.3 69 atmospheric gas 
triisopropoxyboron 2.4 67 T2 FIG. 4 14 4 dopant 

T3 FIG. 5 4 14 titanium 
atmospheric gas 

' ~ ' T4 FIG. 5 14 4 dopant 

[0095] As shown in Table 3, the refractive index of each T5 FIG. 6 4 14 titanium 
boron-containing titanium oxide ?lm formed of the boron 
materials Was 2.3 to 2.4, and the sheet resistance value of the 
p layer of the silicon substrate 1 formed of each boron 
containing titanium oxide ?lm Was 67 to 69 Q/El. 

[0096] Therefore, the boron materials described above 
could be used for the production of the boron-containing 
titanium oxide ?lm. The p layer having a sheet resistance 
value of 30 to 100 Q/III and the optimum refractive index of 
2.2 to 2.5, that Were necessary for the solar cell for the 
module in Which glass and EVA Were disposed on the light 
incident surface, could be formed. 

EXAMPLE 4 

[0097] To examine the construction of the dispersion head 
in the production apparatus of the titanium oxide ?lm, 
titanium oxide ?lms each comprising a PTG ?lm having a 
?lm thickness of about 72 nm Were formed by using the 
folloWing dispersion heads. 

[0098] The dispersion head 5 shoWn in FIG. 4 Was divided 
into a dispersion head 51 and a dispersion head 52 and 
cooling pipes 11 Were provided to each of them, as shoWn 
in FIG. 5. In this case, it became possible to adjust the 
temperature of the cooling pipe 11 in accordance With the 
compounds used and to adjust the above-mentioned differ 
ence (B-A) of the distances immediately beloW the disper 
sion heads. In this example, the temperature Was set to the 
same level of about 105 to 115° C. in order to compare With 
the construction shoWn in FIG. 4. 

[0099] TWo dispersion heads (53 and 54) each having the 
same construction as that of the dispersion head 5 shoWn in 
FIG. 4 Were installed as shoWn in FIG. 6, and heaters 41 and 
42 Were provided to each dispersion head. In this case, it 
became possible to adjust the temperature of the heaters 41 
and 42 in accordance With the ?lm formation temperature 
and to supply the gases having different ?oW rates to the gas 
line 7 for the dopant element compound of the silicon 
semiconductor. In this example, the heater 41 Was set to 450° 
C. and the heater 42 Was set to 300° C. The carrier gas Was 
supplied to the dispersion head 53 at a How rate of 3.0 l/min 
and at a How rate of 1.5 l/min to the dispersion head 54 
through the gas line 7 for the dopant element compound of 
the silicon semiconductor. 

[0100] Table 4 shoWs the constructions of the production 
apparatuses shoWn in FIGS. 4, 5 and 6. Apartition 10 Was 
disposed along the circumference of the discharge ports for 
the titanium compound gas and the atmospheric gas When 
the difference B-A of the distances immediately beloW the 
dispersion head Was 0<B—A, and along the circumference of 
the discharge port of the dopant compound gas When 
B—A<0. 

atmospheric gas 

[0101] The ?lm formation apparatus of the titanium oxide 
?lm, the measurement method and the evaluation method 
Were the same as those used in Example 1. 

[0102] Table 5 shoWs the refractive indices of the PTG 
?lms informed by using the formation apparatus of the 
titanium oxide ?lm shoWn in FIG. 4, and the sheet resistance 
values of the n layers of the silicon substrate 1 formed of the 
respective PTG ?lms. 

TABLE 5 

Experiment No. refractive index sheet resistance Q/EI 

T1 2.5 60 
T2 1.8 n layer Was not formed 
T3 2.5 60 
T4 1 8 n layer Was not formed 
T5 2.5 30 

[0103] Experiments Nos. T1, T3 and T5 satis?ed the 
conditions that the refractive index of the PTG ?lm Was 2.2 
to 2.5 and the sheet Resistance value of the n layer of the 
silicon substrate 1 formed of the PTG ?lm Was 30 to 100 
Q/EI in Table 5. The result proved unaltered between the 
case Where the dispersion head 5 shoWn in FIG. 4 Was used 
alone and the case Where the dispersion head Was divided as 
shoWn in FIGS. 5 and 6. 

[0104] It Was assumed from the result shoWn in Table 5 
that in the cases of T2 and T4, titanium oxide Was ?rst 
deposited on the silicon substrate 1 and then the oxide of 
phosphorus Was deposited on the titanium oxide. Therefore, 
When the difference of the distance immediately beloW the 
dispersion head Was B—A<0, the titanium oxide ?lm having 
a concentration gradient, in Which the phosphorus concen 
tration Was loWer at portions closer to the silicon substrate 
1 and Was higher in the outermost surface, Was formed 
presumably. It Was concluded consequently that the p-n 
junction Was not formed inside the silicon substrate 1 even 
When the heat-treatment Was carried out. 

[0105] A suitable re?ection preventing ?lm could be 
formed When the difference of the distances immediately 
beloW the dispersion head Was 0<B—A as described above. 

EXAMPLE 5 

[0106] To examine the difference B-A of the distances 
immediately beloW the dispersion head, the differences B-A 
Were set in the folloWing Way and titanium oxide ?lms each 
comprising a PTG ?lm having a ?lm thickness of about 75 
nm Were formed. 

[0107] Diethyl phosphate, for example, Was used as the 
phosphorus compound, and the ?lm formation apparatus of 






