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(21) APPL No. 10/278,757 ductor substrate, Wherein the semiconductor substrate is 
formed With protrusions and recesses on the surface side 

(22) Filed; ()CL 22, 2002 thereof, and spaces that are ?lled With a glass component of 
an electrode material of the surface electrode are present in 

(30) Foreign Application Priority Data bottom portions of the recesses. This arrangement has elimi 
nated a conventional problem in that silver in the electrode 

Oct. 24, 2001 (JP) .................................... .. 2001-326832 material gets into the bottom portions of the recesses and 
Nov. 19, 2001 (JP) .................................... .. 2001-352818 causes defects to be generated in the recesses due to stress 
Mar. 12, 2002 (JP) ....................................... .. 2002-67444 generated during forming of the electrode. 

1 c 2 

“ 6 0 0 

Q .0. O. O O. O. ' ‘\v v‘ % w‘e/"W‘? 

\ \ \ \ \ 1 
/ / / / / / / / / / / 



Patent Application Publication Sep. 25, 2003 Sheet 1 0f 9 US 2003/0178057 A1 

FIG. 1 

// //// 



Patent Application Publication Sep. 25, 2003 Sheet 2 0f 9 US 2003/0178057 A1 

FIG. 2 

6/ 10 

JCIDI—I 
GROUNEDING 

~11 

~12 



Patent Application Publication Sep. 25, 2003 Sheet 3 0f 9 US 2003/0178057 A1 

FIG. 3 

i—' 5 GAS 
GROUICJDING 

@ —— — —> EXHAUST 

13 



Patent Application Publication Sep. 25, 2003 Sheet 4 0f 9 US 2003/0178057 A1 

FIG. 4 



Shee Patent Application Publication Sep. 25, 2003 t 5 0f 9 US 2003/0178057 A1 

FIG. 5 (a) \ 

1 c 

F|G.5(b) \\\ 1 

F'G' 5 (C) l\\\ \\\§\\\\§\®€ 

F'G' 5 (d) |\\\\\\\\\\\\\\§\: 



Patent Application Publication Sep. 25, 2003 Sheet 6 0f 9 US 2003/0178057 A1 

F|G.6(a) “A 

16 

1a 

F|G.6(c) [:::~:::::::::::] 
2 

F|G.6(d) 

FlG.6(e) 

V3 



Patent Application Publication Sep. 25, 2003 Sheet 7 0f 9 US 2003/0178057 A1 

FIG. 7 

“Ab \ \ \\\\\ \ 



Patent Application Publication Sep. 25, 2003 Sheet 8 0f 9 US 2003/0178057 A1 

FIG. 8 

17 
18 



Patent Application Publication 

CONVERSION EFFICIENCY‘ (%) CONVERSION EFFICIENCY (‘7 I 

O 

1 4.6 

1 4.5 

1 4.4 

1 4.3 

1 4.2 

14.1 

1 5.0 

1 4.8 

1 4.6 

1 4.4 

1 4.2 

1 4.0 

Sep. 25, 2003 Sheet 9 0f 9 US 2003/0178057 A1 

FIG. 9 

0 ‘ . 

O 

O 

O 100 200 300 ' 400 500 

ETCHING RATE OF PASSIVATION FILIVI (A/ min) 

FIG. 1 O 

O 
O 

Q O 

Q 

1021 10122 1625 1024 
HYDROGEN CONCENTRATION IN PASSIVATION FILM 

(at0ms/Cm5 I 



US 2003/0178057 A1 

SOLAR CELL, MANUFACTURING METHOD 
THEREOF AND ELECTRODE MATERIAL 

[0001] This application is based on applications Nos. 
2001-326832, 2001-352818, and 2002-067444 ?led in 
Japan, the content of Which is incorporated hereinto by 
reference. 

BACKGROUND OF THE INVENTION 

[0002] 1. Field of the Invention 

[0003] The present invention relates to a solar cell With a 
semiconductor substrate Whose surface is formed with 
microscopic protrusions and recesses for reducing re?ection 
of light, a manufacturing method thereof, and an electrode 
material used for the solar cell. 

[0004] 2. Description of the Related Art 

[0005] Solar cells include solar cells using rnonocrystal 
line serniconductor substrates, those using polycrystalline 
serniconductor substrates, and those using arnorphous serni 
conductor substrates. In vieW of mass production produc 
tivity, the best of these are the solar cells using polycrys 
talline serniconductor substrates. 

[0006] In order to improve the efficiency of such solar 
cells using polycrystalline serniconductor substrates, various 
approaches have been made. 

[0007] One example of these is forming rnicroscopic pro 
trusions and recesses on the surface of the semiconductor 
substrate so as to introduce as much light incident on the 
solar cell as possible into the semiconductor substrate, and 
to trap as much light introduced into the semiconductor 
substrate as possible Within the semiconductor substrate. 

[0008] Such rnicroscopic protrusions and recesses are 
formed, for example, by the Reactive Ion Etching: RIE 
rnethod. By this method, it is possible to form uniforrn 
protrusions and recesses on the surface and reduce surface 
re?ection more effectively even When polycrystalline silicon 
is used for the semiconductor substrate, irrespective of the 
irregular plane directions of the crystals. 

[0009] (A) HoWever, since such rnicroscopic protrusions 
and recesses formed on the surface of the silicon substrate 
have heights of as small as 2 urn or less and pitches betWeen 
protrusions and recesses of as small as 0.2 to 2.0 urn, they 
are susceptible to impact and stress. 

[0010] Accordingly, When conductive paste such as silver 
paste is applied by printing folloWed by ?ring to such 
rnicroscopic protrusions and recesses formed by the above 
method, if the silver paste ?lls the bottom portions of the 
microscopic recesses Without alloWing clearance, the micro 
scopic protrusions and recesses collapse due to stress during 
the ?ring, resulting in generation of a great number of 
defects such as rnicro cracks in the bottom portions. The 
electric properties are therefore deteriorated. When this kind 
of defects are generated in areas beloW an electrode, occur 
rence of recombination of carriers increases, causing the 
electric properties, in particular, the open circuit voltage to 
drop. 

[0011] (B) MeanWhile, there has been a process in Which 
a silicon substrate is provided With a diffusion layer con 
taining an opposite conductivity type irnpurity, over Which 
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a silicon nitride ?lrn, silicon dioXide or titanium dioxide ?lrn 
or the like is formed as an antire?ective ?lrn. 

[0012] A process has been proposed for formation of an 
electrode on this antire?ective ?lrn, in Which partial removal 
of the antire?ective ?lrn is not performed and an electrode 
material in paste form is printed over the antire?ective ?lrn 
and then ?red as it is. 

[0013] That is, by fusing by heat the paste-forrn electrode 
material applied by printing to the antire?ective ?lrn simul 
taneously With fusing the material of the antire?ective ?lrn 
located beneath the electrode material, the electrode material 
and the silicon substrate are bonded together so that an 
ohrnic contact is accomplished betWeen the electrode mate 
rial and silicon (?re through method). 

[0014] For this electrode material, for instance, an elec 
trode material in paste forrn composed of 100 Weight parts 
of silver poWder With particle siZes of about 0.1-2 urn, 10-30 
Weight parts of an organic vehicle and 01-5 Weight parts of 
glass frit is used. 

[0015] HoWever, When this method is employed in a solar 
cell having a diffusion layer containing an opposite conduc 
tivity type irnpurity Which is formed on rnicroscopic pro 
trusions and recesses on a silicon substrate to a thickness of 

as thin as 0.2-0.5 urn, it is dif?cult to stably fuse the material 
of the antire?ective ?lrn, and as a result, there could be cases 
Where serniconductor junctions betWeen the shalloW diffu 
sion layer and the silicon substrate are destroyed. 

[0016] In such a case, the ?ll factor of the solar cell 
characteristics is loWered, and accordingly output poWer of 
the solar cell is reduced. 

[0017] Even When loWering in the ?ll factor of the solar 
cell characteristics does not arise, the bonding strength 
betWeen the semiconductor substrate and the electrode is so 
poor that inconveniences arise in the assembly and testing 
process. 

[0018] (C) It has been knoWn that When a solar cell is 
produced by forming a diffusion layer containing an oppo 
site conductivity type irnpurity on the surface of a silicon 
substrate, forming an antire?ective ?lrn Which also functions 
as a passivation ?lrn, over the diffusion layer, and forming 
an electrode on top of them, shalloWing the depth of the 
impurity diffused on the surface of the silicon substrate 
causes the sheet resistance to increase so that a great deal of 
current and high voltage can be obtained. 

[0019] HoWever, it becomes dif?cult to fuse the material 
of the antire?ective ?lrn Without destroying the sernicon 
ductor junctions so as to establish good contact betWeen the 
electrode and silicon. 

[0020] It is an object of this invention to provide a solar 
cell in Which the conventional problem in that electrode 
material, silver, is trapped in the recessed areas of the 
microscopic protrusions and recesses and causes defects to 
be generated in the microscopic protrusions and recesses 
located beloW the electrode due to stress generated during 
?ring of the electrode has been eliminated, a manufacturing 
method thereof, and an electrode material for use therein. 

[0021] It is another object of this invention to provide a 
solar cell having both eXcellent characteristics and electrode 
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strength by reducing the surface re?ectance and Without 
requiring a complicated process. 

BRIEF SUMMARY OF THE INVENTION 

[0022] A solar cell according to the present invention 
comprises a semiconductor substrate Whose surface side is 
provided With microscopic protrusions and recesses, in 
Which space that is ?lled With glass component of an 
electrode material are present in bottom portions of the 
recesses. 

[0023] When the glass component of electrode material 
gets into the bottom portions of the recesses, defects are 
generated in the recesses due to stress generated during 
?ring of the electrode. Such a conventional problem can be 
eliminated by this invention. 

[0024] As a result, the re?ectance of sunlight is reduced, 
and a highly ef?cient solar cell With improved open circuit 
voltage can be realiZed. 

[0025] In addition, in a method of manufacturing a solar 
cell according to this invention, microscopic protrusions and 
recesses are formed on the surface side of a semiconductor 
substrate by dry etching. Accordingly, even When polycrys 
talline silicon is used for the semiconductor substrate, 
microscopic protrusions and recesses can be formed uni 
formly all over the substrate. As a result, the ef?ciency of a 
solar cell using polycrystalline semiconductor substrate can 
be greatly improved. 

[0026] Furthermore, an electrode material according to the 
present invention comprises silver as a main component, 
Wherein 5 or less Weight parts in 100 Weight parts of the 
silver have particle siZes of 0.1-1.0 pm. Accordingly, the 
silver particles of electrode material can be prevented from 
getting into the bottom portions of the recessed areas of the 
protrusions and recesses, enabling formation of spaces ?lled 
With glass component of the electrode material. Generation 
of crystal defects in the protrusions and recesses can there 
fore be prevented so that a highly ef?cient solar cell With 
high open circuit voltage can be produced. 

[0027] In a solar cell according to the present invention, an 
opposite conductivity type dopant is contained in a surface 
of a semiconductor substrate such that the surface of the 
semiconductor substrate has a sheet resistance of 60-300 
ohms/square, and an electrode formed over an area of the 
semiconductor substrate comprises metal composed of one 
or a plurality of elements selected from among Ti, Bi, Co, 
Zn, Zr, Fe and Cr, or an oXide thereof in an amount of 005-5 
Weight parts as metal per 100 Weight parts of silver. With this 
structure, a solar cell having good electric properties as Well 
as an electrode With high tensile strength can be realiZed. 

[0028] In a solar cell according to the present invention, 
When an antire?ective ?lm of silicon nitride formed on the 
surface of a silicon substrate having numerous microscopic 
protrusions and recesses is etched by using a 32° C. aqueous 
solution in Which the ratio of hydro?uoric acid containing 
46% of hydrogen ?uoride to Water is 1:2, the etching rate is 
350 A/min or less. This enables production of a solar cell 
With high conversion ef?ciency, signi?cantly contributing to 
improvement in efficiency of silicon solar cells. 

[0029] Structural details of the present invention are noW 
described referring to the appended draWings. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

[0030] FIG. 1 is a cross-sectional vieW of a solar cell 
according to a ?rst embodiment of this invention. 

[0031] FIG. 2 illustrates an eXample of reactive ion etch 
ing system. 

[0032] FIG. 3 illustrates another eXample of reactive ion 
etching system. 

[0033] FIG. 4 is an enlarged sectional vieW of protrusions 
and recesses on the surface side of a solar cell according to 
the ?rst embodiment of this invention. 

[0034] FIGS. 5(a)-5(LD are sectional vieWs illustrating a 
method of manufacturing process of solar cells. 

[0035] FIGS. 6(a)-6(e) are sectional vieWs illustrating 
process by process a method of manufacturing a solar cell 
according to a second embodiment of this invention. 

[0036] FIG. 7 illustrates the structure of a solar cell 
according to a third embodiment of this invention. 

[0037] FIG. 8 is a TEM image shoWing a cross section of 
an interface betWeen a surface electrode and silicon of a 
solar cell according to the third embodiment of this inven 
tion. 

[0038] FIG. 9 is a graph shoWing the relationship betWeen 
the etching rate of an antire?ective ?lm of silicon nitride and 
an electric property of a solar cell according to the third 
embodiment of this invention. 

[0039] FIG. 10 is a graph shoWing the relationship 
betWeen the hydrogen concentration in an antire?ective ?lm 
of silicon nitride and an electric property of a solar cell 
according to the third embodiment of this invention. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0040] <First Embodiment> 

[0041] FIG. 1 is a cross-sectional vieW shoWing a solar 
cell according to this invention. 

[0042] In FIG. 1, the reference numerals 1, 1a, 2, 3, and 
4 denote a semiconductor substrate of one conductivity type, 
an area of the opposite conductivity type in the semicon 
ductor substrate 1, an antire?ective ?lm, an electrode on the 
back side, and an electrode on the surface side, respectively. 

[0043] The semiconductor substrate 1 comprises monoc 
rystal line or polycrystalline silicon, monocrystal line gal 
lium arsenide(GaAs) or the like. Polycrystalline silicon can 
be mass-produced and therefore advantageous over monoc 
rystal silicon and monocrystal gallium arsenide in terms of 
production cost. 

[0044] The semiconductor substrate 1 is formed by the 
CZochralski method or the like When monocrystal line 
silicon or monocrystal line gallium arsenide is used, and it 
is formed by a casting method or the like When polycrys 
talline silicon is used. 

[0045] When the semiconductor substrate 1 is formed 
using silicon, a semiconductor dopant of one conductivity 
type such as boron(B) is added to the silicon at a concen 
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tration of about 1><1016—1><1018 atoms/cm3 so as to obtain a 
substrate of one conductivity type having a resistivity of 1.5 
ohm-cm. 

[0046] The block obtained by the CZochralski method or 
a casting method is cut into a siZe of about 10 cm><10 cm or 
15 cm><15 cm, and then it is sliced into pieces of about 
300-500 pm in thickness. 

[0047] The surface of the semiconductor substrate 1 is 
provided With numerous microscopic protrusions and 
recesses 1c. These microscopic protrusions and recesses 1c 
are provided in a solar cell to cause multiple re?ection of 
light incident on the surface of the silicon substrate 1 so as 
to reduce surface re?ection. 

[0048] When a solar cell is fabricated using silicon, micro 
scopic protrusions and recesses are formed on the surface by 
etching the surface of the silicon substrate 1 With an alkali 
aqueous solution such as a sodium hydroxide so that re?ec 
tion of light at the surface of the substrate 1 can be reduced 
to a certain extent. 

[0049] When a monocrystal line silicon substrate With 
(100) orientation is used, a pyramid pattern structure, Which 
is called a “textured structure” can be formed uniformly on 
the surface of the substrate by the process mentioned above. 

[0050] HoWever, When a solar cell is fabricated With a 
polycrystalline silicon substrate, since etching With an alkali 
aqueous solution is dependent on the crystal orientation, it is 
impossible to uniformly form such a pyramid pattern struc 
ture. For this reason, effective reduction of the overall 
re?ectance is also impossible. 

[0051] To overcome such a problem, When a solar cell is 
fabricated With a polycrystalline silicon substrate, it is 
desirable to form microscopic protrusions and recesses 1c on 
the surface of the polycrystalline silicon substrate 1 by the 
Reactive Ion Etching (RIE) method. By this method, it is 
possible to form microscopic protrusions and recesses 1c 
uniformly Without being in?uenced by the irregular orien 
tations of crystal planes in polycrystalline silicon. Accord 
ingly, the re?ectance can be more effectively reduced. 

[0052] Generally, in the RIE method, a gas is introduced 
into an evacuated chamber, and RF poWer is applied to an 
electrode provided in the chamber With the pressure being 
kept at a certain level, thereby causing a plasma to be 
generated, so that by the action of the generated active 
species including ions and radicals, the surface of the 
substrate is etched. 

[0053] This process is shoWn in FIGS. 2 and 3. In the 
systems in these draWings, a gas is introduced through a 
mass ?oW controller 8 into a chamber evacuated by a 
vacuum pump 12, and While the pressure is kept at a certain 
level by a pressure regulator 11, RF poWer is applied to a RF 
electrode 10 inside the chamber so as to generate a plasma, 
thereby performing an etching. 

[0054] In general, an etching method in Which the effect of 
the action of ions on the etching is larger than the effect of 
the other active species is called reactive ion etching. 
Although there are other similar methods such as plasma 
etching, basically the principle of generation of plasma is the 
same, While the distribution of active species acting on the 
substrate is varied by changing the chamber structure or 
electrode structure. Accordingly, the present invention is 
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applicable to a solar cell in Which formation of the protru 
sions and recesses on the surface of the substrate is per 
formed not only by the reactive ion etching method, but by 
the Wide variety of plasma etching methods. 

[0055] In this invention,.for example, With oxygen (O2) 
and SF6 being introduced at ?oW rates of 10 sccm (standard 
cubic centimeter per minute) and 80 sccm, respectively, an 
etching is carried out for 5 minutes at a reaction pressure of 
7 Pa and a RF poWer of 800 W to generate a plasma. As a 
result, microscopic protrusions and recesses 1c are formed 
on the surface of the silicon substrate 1. 

[0056] When vieWed in vertical cross section, these micro 
scopic protrusions and recesses have a con?guration of a 
roW of conical or pyramidal shapes. The siZes of these can 
be varied by controlling the gas concentration or etching 
time in the RIE method. 

[0057] The Width (W) and height (h) (See FIG. 4) of each 
of these microscopic protrusions and recesses 1c are pref 
erably 2 pm or less, respectively. When the Width W and 
height h of each of the microscopic protrusions and recesses 
are more than 2 pm, time for the etching process is pro 
longed, While the re?ectance at the surface of the substrate 
1 is not reduced appreciably. In order to form the micro 
scopic protrusions and recesses 1c all over the surface side 
of the silicon substrate 1 With uniformity, precision, and 
controllability, the Width W and height h are preferably 1 pm 
or less. In addition, When the Width W and height h are less 
than 0.2 pm, the junction becomes much susceptible to 
impact and stress, and is not preferable. 

[0058] The aspect ratio (height h/Width W) of the micro 
scopic protrusions and recesses 1c is preferably 0.1 to 2. 
When the aspect ratio is less than 0.1, for instance, the 
average re?ectance of light at Wavelengths of 500-1000 nm 
is on the order of 25%, Which means the re?ectance at the 
surface of the semiconductor substrate 1 is large. When the 
aspect ratio is more than 2, the microscopic protrusions and 
recesses 1c are broken in the manufacturing process. As a 
result, current leakage in the manufactured solar cell is 
increased, and therefore it is impossible to obtain good 
output property. 

[0059] On the surface side of the silicon substrate 1, an 
impurity diffusion layer 1a of the opposite conductivity-type 
is formed. The impurity diffusion layer 1a is provided for 
forming semiconductor junctions in the silicon substrate 1. 
To take the case of the diffusion of an n-type dopant, a 
process such as vapor phase diffusion using POCl3, coating 
diffusion using P205, or ion implantation in Which P+ ions 
are directly diffused is used to form the impurity diffusion 
layer. The layer 1a containing an impurity of the opposite 
conductivity type is formed to have a depth of about 0.2-0.5 
pm, and a sheet resistance of 60 ohms/square or more. 

[0060] On the surface side of the semiconductor substrate 
1, an antire?ective ?lm 2 is further provided. This antire 
?ective ?lm 2 comprises, for example, a silicon nitride ?lm. 

[0061] This antire?ective ?lm 2 is provided for preventing 
light from being re?ected at the surface of the semiconduc 
tor substrate 1 so as to effectively bring the light inside the 
semiconductor substrate 1, and for passivating crystal 
defects inside the semiconductor substrate 1. 

[0062] When a silicon substrate is used as the semicon 
ductor substrate 1, the re?ectance of the antire?ective ?lm 2 
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is determined, taking the difference in refractive indices 
betWeen it and the silicon substrate 1 and the like into 
consideration, to be about 1.8-2.3 times the refractive indeX 
of the silicon substrate 1. The antire?ective ?lm 2 is formed 
to have a thickness of about 850 

[0063] On the backside of the semiconductor substrate 1, 
a backside electrode 3 is formed. This backside electrode 3 
is formed With a thickness of about 10-20 pm by applying an 
electrode material to the backside by printing and ?ring, in 
Which the electrode material comprises 100 Weight parts of 
a silver poWder having particle siZes of about 01-50 pm, 
10-30 Weight parts of an organic vehicle, and 01-5 .0 Weight 
parts of glass frit. 

[0064] On the surface side of the semiconductor substrate 
1, a surface electrode 4 is formed With a thickness of about 
10-20 pm. 

[0065] In the present invention, as shoWn in FIG. 4, 
spaces 1a' which are ?lled With the glass component (glass 
frit) of the sliver paste are present in bottom portions of the 
recesses 1c on the surface of the semiconductor substrate 1. 

[0066] The surface electrode 4 is formed by applying 
silver paste comprising silver poWder having particle siZes 
of 01-5 pm. It is preferable that 5 or less Weight parts in 100 
Weight parts of the silver poWder have particle siZes of 
01-10 pm. When more than 5 Weight parts of the silver 
poWder have particle siZes of 01-10 pm, the electrode 
material gets into the bottom portions of the recesses 1c. As 
a result, a large number of defects such as micro cracks are 
generated in the recesses 1c during ?ring of the silver 
poWder, increasing the chances of recombination of carriers. 
The electric properties of the solar cell, especially the open 
circuit voltage, are therefore loWered. 

[0067] This space ?lled With glass frit of the silver paste 
can be formed at the bottom portions of the recesses 1C by 
raising viscosity of the sliver paste. 

[0068] A method of manufacturing a solar cell according 
to this invention is noW described referring to FIGS. 5(a) 

[0069] First, a silicon semiconductor substrate 1 is pre 
pared. (See FIG. 5(a).) This semiconductor substrate 1 
includes an impurity of one conductivity type at a density of 
about 1><1016—1><1018 atoms/cm3. This semiconductor sub 
strate 1 is formed by cutting a silicon block formed by the 
CZochralski method or a casting method into the siZe of 10 
cm><10 cm or 15 cm><15 cm and then slicing it into pieces 
having a thickness of about 300-500 pm. 

[0070] Then, numerous microscopic protrusions and 
recesses 1c are formed on the surface side of the silicon 
substrate 1. (See FIG. 5(b).) These microscopic protrusions 
and recesses can be formed by a dry etching process such as 
the RIE method. The siZes of the protrusions and recesses 1c 
can be varied by controlling the gas concentration or etching 
time in the RIE method. 

[0071] Subsequently, the silicon substrate 1 is disposed 
inside a diffusion furnace. Then, N2 gas or the like is 
introduced in the diffusion furnace through bubbling in 
phosphorous oXychloride(POCl3) or the like, and heated so 
that phosphorous atoms are diffused in the surface area of 
the Wafer 1, thereby forming an area 1a of the opposite 
conductivity type. By this thermal diffusion, the area of the 
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opposite conductivity type and a phospho-silicate glass layer 
(not shoWn) comprising phosphorous atoms are formed over 
all outer surfaces of the silicon substrate 1. The phospho 
silicate glass layer and the opposite conductivity area eXcept 
for the opposite conductivity area 1a on the surface side of 
the silicon substrate 1 are removed by dipping in an etchant 
composed mainly of hydro?uoric acid(HF) and nitric acid 
(HNO3). Thereafter it is cleaned With pure Water. (FIG. 5(c)) 

[0072] Then, an antire?ective ?lm 2 is formed on the 
surface side of the silicon substrate 1. (FIG. This 
antire?ective ?lm 2 is formed by the plasma CVD method 
using a mixture of silane (SiH4) gas and ammonia (NH3) gas 
or the like. 

[0073] Subsequently, as shoWn in FIG. 1, after material of 
the backside electrode 3 is applied and dried, material of the 
surface electrode 4 is applied and dried, and then electrode 
patterns are attached by ?ring at 600-800° C. for about 1-30 
minutes, thereby completing fabrication of a solar cell. 

EXAMPLE 1 

[0074] The surface side of a silicon substrate having a 
resistivity of 1.5 ohm-cm Was ?nely roughened by dry 
etching. Then, phosphorous Was diffused at a density of 
1x10 atoms/cm3. An antire?ective ?lm comprising a silicon 
ride ?lm Was formed With a thickness of 850 Thereafter, 
silver paste comprising silver particles having particles siZes 
of about 0.1-5 pm Was applied to the substrate such that the 
Weight ratio of silver particles having siZes of 01-10 pm 
Was varied as 0%, 2%, 4%, 5%, 6%, and 10%. Each of the 
silver paste Was ?red at 750° C. for 15 minutes, thereby 
forming an electrode area of a semiconductor device. The 
open circuit voltage Was measured in each case, the results 
of Which are shoWn in Table 1. 

TABLE 1 

WEIGHT RATIO OF SILVER POWDER OF 
0.1-1.0 [urn IN SIZE (%) 

OPEN CIRCUIT 
VOLTAGE (mV) 

612 
612 
611 
610 
607 
605 )_k coma-NO 

[0075] When the Weight ratio of the silver particles having 
siZes of 0.1-1.0pm Was 2%, the open circuit voltage Was 612 
mV. When the Weight ratio of the silver particles having 
siZes of 0.1-1.0pm Was 5%, the open circuit voltage Was 610 
mV. HoWever, the open circuit voltage decreases When the 
Weight ratio of the silver particles having siZes of 01-10 pm 
Was 6% or more. The open circuit voltage at the Weight ratio 
of 10% Was 605 mV. 

[0076] <Second Embodiment> 

[0077] FIGS. 6(a)-6(e) illustrate a manufacturing process 
of a solar cell according to the present invention. 

[0078] First, a semiconductor substrate 1 is prepared. (See 
FIG. 6(a).) This semiconductor substrate 1 comprises poly 
crystalline silicon or the like. This semiconductor substrate 
1 includes an impurity of one conductivity type at a density 
of about 1><1016 atoms/cm3 and has a resistivity of about 1.5 
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ohm-cm. This semiconductor substrate 1, When it is poly 
crystalline silicon, is formed by cutting a silicon block 
formed by a casting method into the siZe of 10 cm><10 cm or 
15 cm><15 cm and then slicing it into pieces having a 
thickness of about 300 pm. 

[0079] Numerous microscopic protrusions and recesses 1c 
are formed on the surface side of the silicon substrate 1. (See 
FIG. 6(b).) The microscopic protrusions and recesses 1c are 
provided to cause multiple re?ection of light incident on the 
surface side of the semiconductor substrate so as to reduce 
the surface re?ection. The microscopic protrusions and 
recesses 1c have a con?guration of conical shapes or roWs 
of conical shapes. 

[0080] The microscopic protrusions and recesses 1c are 
formed, for example, by the RIE method. The siZes of the 
microscopic protrusions and recesses 1c can be varied by 
controlling the gas condition or etching time in the RIE 
method. The Width W and height h of each of the micro 
scopic protrusions and recesses 1c (See FIG. 4.) are 2 pm or 
less, respectively. When the Width W and height h of each of 
the microscopic protrusions and recesses 1c are more than 2 
pm, the etching time is prolonged, While the re?ectance at 
the surface of the substrate 1 is not reduced appreciably. In 
order to form the microscopic protrusions and recesses 1c all 
over the surface side of the silicon substrate 1 With unifor 
mity, precision, and controllability, the Width W and height 
h are preferably 1 pm or less. Although the effect of reducing 
the re?ectance is still attainable When the siZes of the 
microscopic protrusions and recesses are very small, the 
production becomes dif?cult When they are too small. The 
siZes of the microscopic protrusions and recesses 1c are 
preferably 1 nm or more in order to be formed With 
uniformity and precision Within the surface area. 

[0081] The aspect ratio (height h/Width W) of the micro 
scopic protrusions and recesses 1c is preferably 0.1-2. When 
the aspect ratio is less than 0.1, for instance, the average 
re?ectance of light at Wavelengths of 500-1000 nm is on the 
order of 25%, Which means the re?ectance at the surface of 
the semiconductor substrate 1 is large. When the aspect ratio 
is more than 2, the microscopic protrusions and recesses 1c 
are broken in the manufacturing process. As a result, current 
leakage in the manufactured solar cell is increased, and 
therefore it is impossible to obtain good output property. 

[0082] On the surface side of the silicon substrate 1, a 
diffusion layer 1a including a dopant of the opposite con 
ductivity-type diffused therein is formed. (FIG. 6(C)) The 
impurity diffusion layer 1a is provided for forming semi 
conductor junctions in the silicon substrate 1. To take the 
case of diffusion of an n-type impurity, a process such as 
vapor phase diffusion using POCl3, coating diffusion using 
P205, or ion implantation in Which P+ ions are directly 
diffused is used to form the impurity diffusion layer. The 
layer 1a containing an impurity of the opposite conductivity 
type is formed to have a depth of about 0.2-0.5 pm. 

[0083] In a solar cell according to this invention, the sheet 
resistance of the surface side area of the semiconductor 
substrate 1 formed With numerous microscopic protrusions 
and recesses 1c is set in the range of 60-300 ohms/square. 
These are values that are measured by the four-points probe 
method. 

[0084] In the four-points probe method, four metal probes 
are aligned collinearly on a surface of a semiconductor 
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substrate 1, and brought in contact With one another While 
being pressed. A voltage generated betWeen the inner tWo 
probes When an electric current is passed betWeen the outer 
tWo probes is measured, and the resistance is obtained from 
the voltage and the current according to the Ohm’LaW. 

[0085] When the sheet resistance of the surface area of the 
semiconductor substrate 1 formed With numerous micro 
scopic protrusions and recesses 1c is in the range of 60-300 
ohms/square, short-circuit current in the fabricated solar cell 
can be greatly increased. 

[0086] The reason for this is given as folloWs. When a 
surface of a semiconductor substrate is provided With the 
microscopic protrusions and recesses 1c as above, impurity 
of the opposite conductivity type is more easily diffused in 
the surface area of the semiconductor substrate 1 than When 
such microscopic protrusions and recesses 1c are not 
formed. When the impurity of the opposite conductivity type 
is diffused deep in the surface area so that sheet resistance 
of the surface is 60 ohms/square or less, semiconductor 
junctions are formed in deep areas far from the surface of the 
semiconductor substrate 1. This makes it hard for light to 
reach the semiconductor junctions, Which is considered to be 
the reason for the short circuit current not being increased. 

[0087] Therefore, in the present invention, for the semi 
conductor substrate 1 Whose surface is provided With the 
numerous microscopic protrusions and recesses 1c, the sheet 
resistance of the surface area of the semiconductor substrate 
1 is set to be 60 to 300 ohms/square so that semiconductor 
junctions are formed in relatively shalloW areas in the 
semiconductor substrate 1, thereby increasing the short 
circuit current value. The sheet resistances can be varied, for 
eXample, by loWering temperature of the substrate or reduc 
ing diffusion time. 

[0088] When the sheet resistance of the substrate surface 
is loWer than 60 ohms/square, the short circuit current value 
decreases, and When it is more than 300 ohms/square, it 
becomes dif?cult to evenly diffuse the impurity of the 
opposite conductivity type all over the surface side of the 
substrate 1, Which is unfavorable. 

[0089] Then, an antire?ective ?lm 2 is formed over the 
surface of the semiconductor substrate 1. (FIG. This 
antire?ective ?lm 2 is provided for preventing light to be 
re?ected at the surface of the semiconductor substrate 1 so 
as to effectively bring the light inside the semiconductor 
substrate 1. The indeX of refraction and the thickness of the 
antire?ective ?lm 2 are determined taking the difference in 
refraction betWeen it and the semiconductor substrate 1 and 
the like into consideration. For instance, a silicon nitride(S 
iNX) ?lm, silicon dioXide (SiO2) ?lm or titanium dioX 
ide(TiO2) ?lm is used. 

[0090] On the backside of the semiconductor substrate, a 
layer (not shoWn) in Which an impurity of one conductivity 
type is diffused at a high concentration is preferably formed. 
This layer including an impurity of one conductivity type 
diffused at a high concentration has the function to form an 
internal electric ?eld on the backside of the semiconductor 
substrate 1 so as to prevent loWering of the ef?ciency due to 
recombination of carriers in the vicinity of the backside of 
the semiconductor substrate 1. Accordingly, carriers gener 
ated in the vicinity of the backside surface of the semicon 
ductor substrate 1 are effectively outputted. In particular, the 
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spectral response at longer Wavelengths is enhanced. In such 
a semiconductor substrate Whose backside surface is pro 
vided With a layer in Which an impurity of one conductivity 
type is diffused at a high concentration, the sheet resistance 
of the backside surface is on the order of 15 ohms/square. 

[0091] Subsequently, after a backside electrode material is 
applied to the backside surface and dried, a surface electrode 
material is applied to the surface side of the substrate and 
dried. (See FIG. 6(6).) For example, screen printing is used 
for application of the electrode materials. 

[0092] The electrode material is in the form of paste, 
Which comprises 100 Weight parts of silver, and 10-30 
Weight parts of an organic vehicle and 0.1-5 Weight parts of 
glass frit added thereto. 

[0093] The above mentioned organic vehicle is a resin for 
making poWdery material into paste form, Which is, for 
eXample, a cellulosic resin or an acrylic resin. Since such 
resins are decomposed and evaporate at temperatures around 
400° C., the components thereof do not remain in the 
electrode after ?ring. 

[0094] The glass frit is used to provide the electrode 
attached by ?ring With strength. The glass frit contains 
boron, silicon and the like Whose softening points vary in a 
range of about 300-600° C. Because a part of the glass frit 
remains in the electrode and another part of it acts on the 
substrate, it has the function to bond the electrode With the 
substrate. 

[0095] According to the present invention, the surface 
electrode material comprises one or a plurality of elements 
selected from among Ti, Bi, Co, Zn, Zr, Fe and Cr in an 
amount of 0.05 -5 Weight parts as metal per 100 Weight parts 
of silver. The reason for including these elements Will be 
described later. 

[0096] When the amount is less than 0.05 Weight parts or 
more than 5 Weight parts, the ?ll factor of the solar cell 
deteriorates. 

[0097] The above mentioned Ti, Bi, Co, Zn, Zr, Fe, and Cr 
may be contained in the paste in any form of the folloWing: 
metal poWder, oXide poWder, organometallic compound and 
inorganic compound. 
[0098] The backside electrode 3 and surface electrode 4 
are fabricated by ?ring the applied backside electrode mate 
rial and surface electrode material at a temperature of 
600-800° C. for 1-30 minutes or so. The backside electrode 
3 and surface electrode 4 are coated With a solder When the 
need arises. 

[0099] When the surface electrode 4 is ?red, it forms an 
ohmic contact With the diffusion layer 1a. 

[0100] NoW, the reason for including Ti, Bi, Co, Zn, Zr, 
Fe, and Cr in the surface electrode material is noW described. 

[0101] As stated above, the solar cell according to the 
present invention has the semiconductor substrate 1 Whose 
surface is formed With numerous microscopic protrusions 
and recesses 1cc. The sheet resistance of the surface area of 
the semiconductor substrate 1 is set to be 60 to 300 ohms/ 
square so that semiconductor junctions are formed in rela 
tively shalloW area of the semiconductor substrate 1, thereby 
intending to increase the short circuit current value. Accord 
ingly, When conventional paste is used, the glass frit bonds 
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the electrode 4 and the substrate 1 so ?rmly that sometimes 
semiconductor junctions are destroyed. 

[0102] To deal With this problem, the action of the glass 
frit to bond the electrode 4 and substrate 1 is controlled by 
adding Ti, Bi, Co, Zn, Zr, Fe or Cr to the surface electrode 
material in an appropriate amount. As a result, the bonding 
strength and contact performance can be improved Without 
destroying the junctions as compared With conventional 
cases. 

[0103] Each component listed above acts on the glass frit 
during the ?ring and a part of it melts into the glass frit. 
Thereafter, the mixture of the component and the glass frit 
acts on the silicon nitride ?lm or silicon oXide ?lm consti 
tuting the antire?ective ?lm 2. This action is more stable 
than When such a component as above is not included. In 
other Words, including the above-listed components pro 
motes melting the silicon nitride ?lm or silicon oXide ?lm, 
and restrains melting the semiconductor substrate 1. 

[0104] When any of these components Ti, Bi, Co, Zn, Zr, 
Fe and Cr is miXed in the form of poWder such as metal 
poWder and oXide poWder, the average particle siZe is 
desirably in the range of 0.1-5 pm. This average particle siZe 
may be de?ned by Laser Scatting Particle-Size Distribution 
Analysis, Centrifugal Photo Sedimentation Analysis, an 
acoustic method, or a diffusion method. 

[0105] When the average particle siZe is less than 0.1 pm, 
the dispersibility of the poWder in the electrode material is 
so poor that it is impossible to obtain adequate bonding force 
(tensile strength) of the surface electrode 4. When the 
average particle siZe is more than 5 pm, the screen printing 
properties (such as line continuity and uniformity of the line 
Width) deteriorate, therefore failing to obtain adequate bond 
ing force of the surface electrode 4. 

[0106] Incidentally, the backside electrode material may 
also contain Ti, Bi, Co, Zn, Zr, Fe and Cr similarly to the 
surface electrode material. It is preferable to contain these 
elements, because the bonding force of the backside elec 
trode Will also be enhanced. 

EXAMPLE 2-1 

[0107] A p-type substrate made of polycrystalline silicon 
having a thickness of 300 pm, a siZe of 15 cm><15 cm, and 
a resistivity of 1.5 ohm-cm Was dipped in a solution of 
HNO3 and HF miXed at 7:1 ratio so that one side of it Was 
etched 15 pm in depth. Then, under ?oWs of 12 sccm 
tri?uoromethane (CHF3), 72 sccm chlorine (C12), 9 sccm 
oxygen (02), and 65 sccm sulfur heXa?uoride(SF6), at a 
reaction pressure of 50 m Torr and a RF poWer of 500 W, 
microscopic protrusions and recesses Were formed on the 
surface of the substrate by RIE. 

[0108] Then phosphorous (n-type impurity) Was diffused 
such that the sheet resistance of the surface area of the 
silicon substrate varied as 40, 60, 80, 100, and 120 ohms/ 
square by varying temperature during diffusion. 

[0109] Subsequently, aluminum paste Was screen printed 
on the back surface of the silicon substrate, and baked at 
750° C. The sheet resistance of the back surface Was 15 
ohms/square. 
[0110] ASiN ?lmo having an indeX of refraction of 2.1, and 
a thickness of 800 A Was formed as an antire?ective ?lm by 
the plasma CVD method. 
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[0111] Thereafter, silver paste not containing other poW 
der, or paste containing titanium oxide (TiO2) powder hav 
ing an average particle siZe of 1 pm Was applied to the 
substrate and ?red at 700° C., in Which the titanium poWder 
Was contained in an amount of 004-55 Weight parts as 
metal per 100 Weight parts of silver. The electric properties 
of the solar cell and the strength of the electrode area Were 
measured for each sample. 

[0112] The results are shoWn in Table 2. The measurement 
of the strength Was performed by applying a copper foil to 
the electrode area by soldering and lifting them vertically to 
observe the Weight at Which the copper foil peeled off or the 
cell broke. 

[0113] [Table 2] 
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0.03 Weight parts, the tensile strength Was 0.17-0.19 kg, 
While the tensile strengths Was 0.38-0.91 kg When the 
addition Was 0.05-6 Weight parts. 

[0115] The conversion efficiency obtained When no poW 
der Was added Was 12.34-13.96%, While it Was 14.07 
16.90% When the titanium oXide addition Was 0.05-6 Weight 
parts Where good results Were obtained in terms of tensile 
strength. 

[0116] When the titanium oXide addition Was 0.05-6 
Weight parts, the conversion efficiency Was 14.07-15.01% at 
a sheet resistance of 40 ohms/square, While the conversion 
efficiency Was 15.10-16.90% at a sheet resistance of 60-120 
ohms/square. 

TABLE 2 

ANTIREFLECTIVE FILM: SILICON NITRIDE ADDITIVE: TITANIUM OXIDE 

SHEET ADDITION PER SHORT CIRCUIT OPEN CIRCUIT CONVERSION TENSILE EVALUATION 
RESISTANCE 100 W/T PARTS CURRENT VOLTAGE FILL EFFICIENCY STRENGTH OF 

No Q/EI SILVER mA V FACTOR % Kg STRENGTH 

Ref 40 NONE 7431 0.582 0.642 12.34 0.14 X 
Ref 60 7823 0.588 0 683 13.96 0.10 X 
Ref 80 7891 0.597 0.614 12.86 0.09 X 
Ref 100 7842 0.593 0.602 12.44 0.12 X 
Ref 120 7851 0.588 0.676 13.87 0.11 X 
T1 40 0.03 7521 0.595 0.702 13.96 0.18 X 
T2 60 7915 0.604 0.708 15.04 0.19 X 
T3 80 8103 0.609 0.711 15.59 0.17 X 
T4 100 8109 0.610 0.713 15.67 0.19 X 
T5 120 8007 0.609 0.712 15.43 0.19 X 
T6 40 0.05 7532 0.509 0.744 14.89 0.52 G 
T7 60 7927 0.615 0.738 15.99 0.51 G 
T8 80 8107 0.617 0.741 16.47 0.49 G 
T9 100 8118 0.619 0.747 16.68 0.45 G 
T10 120 8015 0.618 0.744 16.38 0.48 G 
T11 40 0.1 7535 0.597 0.747 14.93 0.69 G 
T12 60 7924 0.619 0.748 16.31 0.48 G 
T13 80 8108 0.623 0.749 16.82 0.74 G 
T14 100 8120 0.625 0.745 16.80 0.68 G 
T15 120 8055 0.618 0.747 16.53 0.43 G 
T16 40 05 7533 0.598 0.747 14.96 0.59 G 
T17 60 7921 0.619 0.750 16.34 0.48 @ 
T18 80 8102 0.623 0.751 16.85 0.39 @ 
T19 100 8113 0.625 0748 16.86 0.71 G 
T20 120 8021 0.618 0.747 16.46 0.38 G 
T21 40 1 7532 0.597 0.751 15.01 0.49 G 
T22 60 7920 0.617 0.747 16.22 0.65 G 
T23 80 8109 0.620 0.750 16.76 0.51 G 
T24 100 1 8115 0.623 0.752 16.90 0.74 G 
T25 120 8017 0.619 0.749 16.52 0.81 G 
T26 40 5 7532 0.598 0.743 14.87 0.48 @ 
T27 60 7951 0.610 0.743 16.02 0.52 G 
T28 80 8107 0.617 0.745 16.56 0.61 G 
T29 100 8118 0.619 0.745 16.64 0.91 G 
T30 120 8015 0.618 0 740 16.29 0.49 G 
T31 40 6 7532 0.598 0.703 14.07 0.72 G 
T32 60 7924 0.609 0.704 15.10 0.65 G 
T33 80 8107 0.610 0.709 15.58 0.66 @ 
T34 100 8118 0.611 0.703 15.50 0.81 G 
T35 120 8015 0.610 0.705 15.32 0.59 G 

STRENGTH GRADE GOOD<— @ @X—>POOR 

[0114] The electrode strength and the ohmic contact Were 
improved by addition of titanium oxide. As shoWn in Table 
2, When titanium oXide Was not added, the tensile strength 
Was 0.09-0.18 kg. When the titanium oXide addition Was 

[0117] Besides, the conversion efficiency Was 15 .10 
15.58% When the titanium oXide addition Was 6 Weight parts 
and the sheet resistance Was 60-120 ohms/square, While the 
conversion efficiency Was 15.99-16.90% When the titanium 
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oxide addition Was 0.05-5 Weight parts and the sheet resis 
tance Was 60-120 ohms/square. 

[0118] According to the results in Table 2, good electrode 
strength and good ohmic contact Were obtained When the 
titanium oxide addition Was in the range of 0.05-5 Weight 
parts and the sheet resistance Was in the range of 60-120 
ohms/square. 

EXAMPLE 2-2 

[0119] PoWders of bismuth oxide, cobalt oxide, Zinc 
oxide, Zirconium oxide, iron oxide, and chrome oxide With 
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an average particle siZe of 1 pm Were each mixed With silver 
to form paste, in Which each poWder Was mixed in an 

amount of 004-55 Weight parts as metal per 100 Weight 
parts of silver. Each of the paste Was ?red at 700° C., and the 
electric properties of the solar cell and the tensile strength of 
the electrode Were measured for each sample, the results of 
Which are shoWn in Tables 3-8. 

[0120] Table 3 shoWs the results When bismuth oxide Was 
contained. 

TABLE 3 

ANTIREFLECT IVE FILM: SILICON NITRIDE ADDITIVE: BISMUTH OXIDE 

SHEET ADDITION PER SHORT CIRCUIT OPEN CIRCUIT CONVERSION TENSILE EVALUATION 
RESISTANCE 100 W/T PARTS CURRENT VOLTAGE FILL EFFICIENCY STRENGTH OF 

No. Q/El SILVER mA V FACTOR % Kg STRENGTH 

B1 40 0.03 7498 0.594 0.701 13.88 0.12 X 
B2 60 7913 0.601 0.706 14.92 0.11 X 
B3 80 8100 0.605 0.71 15.46 0.19 X 
B4 100 8102 0.611 0.712 15.87 0.16 X 
B5 120 8003 0.612 0.712 15.50 0.17 X 
B6 40 0.05 7523 0.597 0.745 14.87 0.51 G 
B7 60 7921 0.614 0.74 16.00 0.53 G 
B8 80 8104 0.618 0.742 16.52 0.55 G 
B9 100 8112 0.618 0.745 16.60 0.53 G 
B10 120 8011 0.618 0.745 16.39 0.66 G 
B11 40 0.1 7531 0.598 0.745 14.91 0.59 @ 
B12 60 7920 0.615 0.747 16.17 0.51 G 
B13 80 8099 0.622 0.747 16.72 0.59 @ 
B14 100 8117 0.623 0.746 16.77 0.61 @ 
B15 120 8052 0.616 0.745 16.42 0.57 G 
B16 40 0.5 7531 0.597 0.746 14.91 0.55 G 
B17 60 7912 0.617 0.749 16.25 0.42 G 
B18 80 8107 0.622 0.747 16.74 0.4 Q 
B19 100 8119 0.624 0.748 16.84 0.57 @ 
B20 120 8012 0.620 0.748 16.51 0.4 Q 
B21 40 1 7535 0.595 0.748 14.90 0.39 G 
B22 60 7916 0.619 0.745 16.22 0.51 G 
B23 80 8101 0.622 0.747 16.73 0.57 G 
B24 100 8112 0.621 0.748 16.75 0.66 @ 
B25 120 8012 0.620 0.747 16.49 0.56 G 
B26 40 5 7523 0.597 0.744 14.85 0.43 G 
B27 60 7912 0.611 0.749 16.09 0.39 @ 
B28 80 8108 0.616 0.744 16.52 0.55 G 
B29 100 5 8118 0.617 0.744 16.56 0.73 G 
B30 120 8013 0.617 0.742 16.30 0.47 G 
B31 40 6 7522 0.596 0.700 13.95 0.71 @ 
B32 60 7920 0.606 0.701 14.95 0.55 G 
B33 80 8099 0.612 0.707 15.57 0.61 @ 
B34 100 8108 0.614 0.705 15.60 0.7 Q 
B35 120 8020 0.614 0.710 15.54 0.59 G 

STRENGTH GRADE GOOD<— @ Q X—>POOR 

[0121] Table 4 shoWs the result When cobalt oxide Was 
contained. 

TABLE 4 

ANTIREFLECT IVE FILM: SILICON NITRIDE ADDITIVE: COBALT OXIDE 

SHEET ADDIT'ION PER SHORT CIRCUIT OPEN CIRCUIT CONVERSION TENSILE EVALUATION 
RESISTANCE 100 W/T PARTS CURRENT VOLTAGE FILL EFFICIENCY STRENGTH OF 

No. Q/EI SILVER mA V FACTOR % Kg STRENGTH 

C1 40 0.03 7519 0.589 0.701 13.80 0.11 X 
C2 60 7917 0.602 0.707 14.98 0.15 X 
C3 80 8099 0.606 0.713 15.55 0.13 X 



US 2003/0178057 A1 Sep. 25, 2003 
9 

TABLE 4-c0ntinued 

ANTIREFLECTIVE FILM: SILICON NITRIDE ADDITIVE: COBALT OXIDE 

SHEET ADDITION PER SHORT CIRCUIT OPEN CIRCUIT CONVERSION TENSILE EVALUATION 
RESISTANCE 100 W/T PARTS CURRENT VOLTAGE FILL EFFICIENCY STRENGTH OF 

NO. Q/EI SILVER mA V FACTOR % Kg STRENGTH 

C4 100 8093 0.609 0.713 15.62 0.11 X 
C5 120 7999 0.610 0.71 15.40 0.19 X 
C6 40 0.05 7539 0.595 0.741 14.77 0.59 0 
C7 60 7937 0.613 0.747 16.15 0.61 0 
C8 80 8099 0.618 0.744 16.55 0.42 0 
C9 100 8111 0.617 0.741 16.48 0.51 0 
C10 120 8012 0.618 0.741 16.31 0.41 0 
C11 40 0.1 7528 0.595 0.739 14.71 0.69 @ 
C12 60 7899 0.614 0.744 16.04 0.52 0 
C13 80 8098 0.629 0.748 16.93 0.49 0 
C14 100 8119 0.626 0.747 16.87 0.51 0 
C15 120 8039 0.620 0.744 16.48 0.57 0 
C16 40 0.5 7527 0.610 0.740 15.10 0.62 0 
C17 60 7953 0.617 0.747 16.29 0.68 0 
C18 80 8096 0.620 0.749 16.71 0.41 0 
C19 100 8129 0.621 0.749 16.80 0.63 @ 
C20 120 8019 0.621 0.744 16.47 0.55 0 
C21 40 1 7611 0.589 0.743 14 80 0.57 0 
C22 60 7899 0.612 0.749 16.09 0.41 0 
C23 80 8094 0.618 0.752 16.72 0.47 0 
C24 100 8111 0.619 0.755 16.85 0.53 0 
C25 120 8039 0.622 0.751 16.69 0.71 0 
C26 40 5 7585 0.597 0.743 14.9S 0.38 0 
C27 60 7952 0.609 0.745 16.03 0.62 0 
C28 80 8095 0.613 0.739 16.30 0.48 0 
C29 100 5 8099 0.620 0.744 16.60 0.66 @ 
C30 120 8025 0.619 0.733 16.18 0.52 0 
C31 40 6 7527 0.593 0.699 13.87 0.59 0 
C32 60 7852 0.606 0.705 1491 0.61 0 
C33 80 8094 0.611 0.710 15.61 0.49 0 
C34 100 8112 0.612 0.714 15.75 0.71 @ 
C35 120 8041 0.613 0.707 15.49 0.64 @ 

STRENTH GRADE GOOD<— @ O X—>POOR 

[0122] Table 5 shows the results When Zinc oxide Was 
contained. 

TABLE 5 

ANTIREFLECTIVE FILM: SILICON NITRIDE ADDITIVE: ZINC OXIDE 

SHEET ADDITION PER SHORT CIRCUIT OPEN CIRCUIT CONVERSION TENSILE EVALUATION 
RESISTANCE 100 W/T PARTS CURRENT VOLTAGE FILL EFFICIENCY STRENGTH OF 

NO. Q/EI SILVER mA V FACTOR % Kg STRENGTH 

N1 40 0.03 7520 0.595 0.7 13.92 0.17 X 
N2 60 7921 0.604 0.703 14.95 0.19 X 
N3 80 8092 0.609 0.709 15.53 0.15 X 
N4 100 8102 0.610 0.711 15.62 0.17 X 
N5 120 8048 0.609 0.703 15.31 0.12 X 
N6 40 0.05 7550 0.598 0.733 14.71 0.64 0 
N7 60 7872 0.615 0.747 16.07 0.66 0 
N8 80 8097 0.617 0.740 16.43 0.68 @ 
N9 100 8085 0.619 0.733 16.30 0.63 0 
N10 120 8013 0.618 0.738 16.24 0.69 0 
N11 40 0.1 7601 0.597 0.737 14.86 0.71 @ 
N12 60 7929 0.619 0.738 16.10 0.66 0 
N13 80 8093 0.623 0.738 16.54 0.77 0 
N14 100 8088 0.625 0.732 16.45 0.61 0 
N15 120 8042 0.618 0.735 16.24 0.63 0 
N16 40 0.5 7573 0.598 0.741 14.91 0.59 0 
N17 60 7919 0.619 0.738 16.08 0.64 0 
N18 80 8033 0.623 0.732 16.28 0.69 @ 
N19 100 8029 0.625 0.733 16.35 0.79 0 
N20 120 8018 0.618 0.735 16.19 0.52 0 
N21 40 1 7527 0.597 0.743 14.84 0.74 O 
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TABLE S-continued 
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ANTIREFLECT IVE FILM: SILICON NITRIDE ADDITIVE: ZINC OXIDE 

SHEET ADDITION PER SHORT CIRCUIT OPEN CIRCUIT CONVERSION TENSILE EVALUATION 
RESISTANCE 100 W/T PARTS CURRENT VOLTAGE FILL EFFICIENCY STRENGTH OF 

NO. Q/EI SILVER mA V FACTOR % Kg STRENGTH 

N22 60 7942 0.617 0.739 16.09 0.59 0 
N23 80 8037 0.620 0.733 16.23 0.55 0 
N24 100 8022 0.623 0.737 16.37 0.71 @ 
N25 120 8009 0.619 0.739 16.28 0.66 0 
N26 40 5 7429 0.598 0.739 14.59 0.37 0 
N27 60 7997 0.610 0.738 16.00 0.49 0 
N28 80 8049 0.617 0.734 16.20 0.66 0 
N29 100 5 8039 0.619 0.732 16.19 0.81 0 
N30 120 8022 0.618 0.733 16.15 0.62 0 
N31 40 6 7522 0.598 0.704 14.07 0.49 0 
N32 60 7717 0.609 0.702 14.66 0.59 0 
N33 80 8003 0.615 0.700 15.31 0.44 0 
N34 100 8042 0.617 0.707 15.59 0.49 0 
N35 120 8088 0.616 0.704 15.59 0.62 @ 

STRENGTH GRADE GOOD<— @ O X—>POOR 

[0123] Table 6 shows the results When Zirconium oxide 
Was contained. 

TABLE 6 

ANTIREFLECTIVE FILM: SILICON NITRIDE ADDITIVE ZIRCONIUM OXIDE 

SHEET ADDITION PER SHORT CIRCUIT OPEN CIRCUIT CONVERSION TENSILE EVALUATION 

RESISTANCE 100 W/T PARTS CURRENT VOLTAGE FILL EFFICIENCY STRENGTH OF 
NO. Q/EI SILVER mA V FACTOR % Kg STRENGTH 

Z1 40 0.03 7433 0.592 0.699 13.67 0.19 X 
Z2 60 7902 0.600 0.713 15.02 0.17 X 
Z3 80 8039 0.604 0.704 15.19 0.11 X 
Z4 100 8028 0.602 0.705 15.14 0.15 X 
Z5 120 8019 0.601 0.705 15.10 0.16 X 
Z6 40 0.05 7529 0.593 0.749 14.86 0.69 O 
Z7 60 7987 0.618 0.746 16.37 0.72 O 
Z8 80 8033 0.607 0.744 16.12 0.55 O 
Z9 100 8042 0.615 0.743 16.33 0.59 @ 
Z10 120 8029 0.612 0.733 16.01 0.62 O 
Z11 40 0.1 7603 0.592 0.744 14.88 0.59 O 
Z12 60 7949 0.608 0.745 16.00 0.41 O 
Z13 80 8039 0.605 0.748 16.17 0.68 O 
Z14 100 8046 0.605 0.744 16.10 0.72 O 
Z15 120 8051 0.608 0.744 16.19 0.55 O 
Z16 40 05 7422 0.591 0.750 14.82 0.67 @ 
Z17 60 7915 0.604 0.754 16.02 0.56 O 
Z18 80 8029 0.603 0.747 16.07 0.41 O 
Z19 100 8031 0.604 0.744 16.04 0.44 O 
Z20 120 8022 0.608 0.745 16.15 0.52 O 
Z21 40 1 7459 0.597 0.754 14.92 0.77 O 
Z22 60 7901 0.604 0.755 16.01 0.63 O 
Z23 80 8029 0.607 0.749 16.22 0.64 @ 
Z24 100 8032 0.605 0.744 16.07 0.71 O 
Z25 120 8029 0.607 0.746 16.16 0.59 O 
Z26 40 5 7459 0.600 0.742 14.76 0.51 O 
Z27 60 7921 0.607 0.749 16.01 0.67 O 
Z28 80 8039 0.605 0.747 16.15 0.61 O 
Z29 100 5 8022 0.606 0.744 16.07 0.74 O 
Z30 120 8051 0.605 0.742 16.08 0.57 O 
Z31 40 6 7492 0.597 0.707 14.05 0.48 O 
Z32 60 7893 0.604 0.703 14.90 0.55 O 
Z33 80 8051 0.608 0.696 15.14 0.48 O 
Z34 100 8033 0.605 0.703 15.18 0.66 @ 
Z35 120 8021 0.606 0.701 15.14 0.51 O 

STRENGTH GRADE GOOD<— @ Q X—>POOR 












