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(57) ABSTRACT 

A process for forming a microcrystalline silicon series thin 
?lm by arranging a substrate in a vacuum chamber so as to 
oppose an electrode provided in said vacuum chamber and 
While transporting said substrate in a longitudinal direction, 
causing gloW discharge betWeen said electrode and said 
substrate to deposit said microcrystalline silicon series thin 
?lm on said substrate, Wherein a plurality of bar-like shaped 
electrodes as said electrode are arranged such that they are 
perpendicular to a normal line of said substrate and their 
intervals to said substrate are all or partially differed, and 
said gloW discharge is caused using a high frequency poWer 
With an oscillation frequency in a range of from 50 MHZ to 
550 MHZ, Whereby depositing said microcrystalline series 
thin ?lm on substrate. An apparatus suitable for practicing 
said process. 
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PROCESS FOR FORMING A 
MICROCRYSTALLINE SILICON SERIES THIN 

FILM AND APPARATUS SUITABLE FOR 
PRACTICING SAID PROCESS 

[0001] This application is a division of co-pending Appli 
cation Ser. No. 09/261,499, ?led Mar. 3, 1999. 

BACKGROUND OF THE INVENTION 

[0002] 1. Field of the Invention 

[0003] The present invention relates to a process for 
forming a microcrystalline silicon series thin ?lm (this ?lm 
Will be hereinafter referred to as “?C-SlllCOIl series thin ?lm” 
or “?C-Sl series thin ?lm”) and an apparatus suitable for 
practicing said process. More particularly, the present inven 
tion relates to a process and an apparatus Which enable one 
to form a highly reliable [JG-S1 series thin ?lm having a large 
area and a high energy conversion efficiency Which is usable 
in the production of semiconductor devices such as electro 
photographic light receiving members (or electrophoto 
graphic photosensitive members), image input line sensors, 
image pickup devices, photovoltaic devices (including solar 
cells), and the like. 

[0004] 2. Related Background Art 

[0005] Hitherto, solar cells comprising a photovoltaic ele 
ment Which converts sunlight into electric energy have been 
Widely using as a small poWer source in daily appliances 
such as electronic calculators, Wrist Watches, and the like. 
Such a technique of such solar cell is eXpected to provide a 
practically usable poWer generation source Which can 
replace the poWer generation source based on fossil fuels 
such as petroleum. 

[0006] Incidentally, in a solar cell the photoelectromotive 
force of a pn junction is used in the functional portion. In 
general, the pn junction is constituted by a semiconductor 
material such as a semiconductor silicon material or a 
semiconductor germanium material. The semiconductor 
functions to absorb sunlight and generate photocarriers of 
electrons and holes, Where the photocarriers drift due to an 
internal electric ?eld of the pn junction, folloWed by being 
outputted to the outside. 

[0007] NoW, in vieW of the ef?ciency of converting light 
energy into electricity, it is preferred to use a single crys 
talline silicon material. HoWever, crystalline silicon materi 
als including a single crystalline silicon material have an 
indirect optical end, and therefore, they are small in light 
absorption. In this connection, in the case of a solar cell in 
Which a single crystalline silicon is used (this solar cell Will 
be hereinafter referred to as “single crystal solar cell”), it is 
necessary for the single crystal solar cell to have a thickness 
of at least 50 pm in order for the solar cell to suf?ciently 
absorb incident sunlight. In this case, if the single crystalline 
silicon material is replaced by a polycrystalline silicon 
material in order to diminish the production cost of the solar 
cell, the problem of the above indirect optical end cannot be 
solved unless the thickness is increased. The polycrystalline 
silicon material has problems such as grain boundaries and 
others. 

[0008] In vieW of attaining a large area and a reasonable 
production cost for a solar cell, a so-called thin ?lm silicon 
solar cell Which is represented by an amorphous silicon solar 
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cell having a semiconductor layer comprising an amorphous 
silicon thin ?lm produced by Way of CVD (chemical vapor 
phase deposition) has been evaluated as being more advan 
tageous. In fact, currently, amorphous silicon solar cells 
have been Widely used as a small poWer source in daily 
appliances. HoWever, in order for an amorphous silicon solar 
cell to be used as an ordinary poWer generation source, the 
photoelectric conversion ef?ciency must be improved and 
the performance stabiliZed. 

[0009] A solar cell in Which a microcrystalline silicon (a 
pic-Silicon) as a carrier generation layer has been proposed 
(see, A. Shah et al., 23th IEEE Photovoltaic Specialist Conf. 
(1993), p. 839). 
[0010] The most popular ?lm-forming method for depos 
iting such pic-silicon series thin ?lm or amorphous silicon 
thin ?lm is a plasma CVD process. In the plasma CVD 
process, the formation of a pic-silicon series thin ?lm or an 
amorphous silicon thin ?lm is conducted, for instance, in the 
folloWing manner. That is, a ?lm-forming raW material gas 
such as silane (SiH4) or disilane (Si2H6) is introduced into 
a reaction chamber in Which a substrate on Which a ?lm is 
to be deposited is arranged, if necessary, While being diluted 
by hydrogen gas (H2), a high frequency poWer With an 
oscillation frequency of 13.56 MHZ in an RF band region is 
supplied in the reaction chamber to generate plasma 
Whereby decomposing the ?lm-forming raW material gas to 
produce reactive active species, resulting in depositing a 
pic-silicon thin ?lm or an amorphous silicon thin ?lm on the 
substrate. In the case Where the ?lm formation is conducted 
by miXing a doping gas such as phosphine (PH3), diborane 
(BZHG) or boron ?uoride (BF3) to the ?lm-forming raW 
material gas, it is possible to form a doped ptc-siicon thin ?lm 
Whose conductivity being controlled to n-type or p-type. 

[0011] HoWever, such pic-silicon thin ?lm has a disadvan 
tage such that the photoelectric conversion ef?ciency of a 
solar cell in Which such pic-silicon thin ?lm is used is loWer 
than that of a crystalline series solar cell. In addition, for the 
pic-silicon thin ?lm, there is also a disadvantage in that the 
deposition rate thereof is loW. 

[0012] In general, the formation of a pic-silicon thin ?lm is 
conducted by using RF gloW discharge. HoWever, the 
pic-silicon thin ?lm thus formed has an indirect optical end 
as Well as in the case of a crystalline silicon thin ?lm, and 
therefore, its light absorption is small. In this connection, in 
the case of a ptc-silicon solar cell in Which a pic-silicon thin 
?lm is used, it is necessary for the ptc-silicon solar cell to 
have a thickness of about 5 pm, and therefore, a lot of time 
is required to produce the pic-silicon solar cell. 

[0013] Shah describes that the formation of a ptc-silicon 
thin ?lm is conducted using a high frequency poWer With an 
oscillation frequency of 70 MHZ. The deposition rate in this 
case is about 1 A/sec. Which is smaller. 

[0014] With respect to the formation of an amorphous 
silicon (a-Si) thin ?lm by Way of RF plasma CVD, for the 
high frequency discharge in the RF band region raising the 
oscillation frequency has been discussed. Particularly, in 
Applied Physics-related joint lecture meetings of 1990 
Autumn and 1991 Spring (28p-MF-14 and 28p-S-4), Oda et 
al. of Tokyo Institute of Technology have reported that 
amorphous silicon thin ?lms Were formed by conducting 
gloW discharge using a high frequency poWer With an 
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oscillation frequency of 144 MHZ (Which is of VHF (very 
high frequency) band region) and the amorphous silicon thin 
?lms Were evaluated. 

[0015] Additionally, US. Pat. No. 4,400,409 discloses a 
process of continuously preparing a photovoltaic element by 
using a continuous plasma CVD apparatus of a roll-to-roll 
system. This document describes that a plurality of gloW 
discharge regions are separately arranged along the path of 
a suf?ciently long ?exible substrate having a desired Width 
Which is continuously transported to pass through each of 
said gloW discharge regions, and While forming a desired 
semiconductor layer on the substrate in each gloW discharge 
region, the substrate is continuously transported, Whereby a 
photovoltaic element having a desired semiconductor junc 
tion can be continuously formed. 

[0016] In the case of forming a pLc-silicon series thin ?lm 
by RF gloW discharge using a high frequency poWer With an 
oscillation frequency of 13.56 MHZ as in the foregoing prior 
art, the folloWing problems need to be solved or improved. 

[0017] (1) There are such disadvantages as Will be 
described in semiconductor devices in Which such pc-siicon 
thin ?lm, because of the basic property of the thin ?lm, there 
are such disadvantages as Will be described. That is, in the 
case of a thin ?lm transistor, the carrier mobility is small. In 
the case of a photo sensor, its S/N ratio de?ned by a ratio 
betWeen light conductivity and that dark conductivity. In the 
case of a solar cell, its photoconductivity is small. 

[0018] (2) With respect to production yield, in the case of 
a large area semiconductor device in Which such pLc-silicon 
series thin ?lm is used, a decrease in the yield is caused due 
to the distributions and the like of device characteristics 
Which are based on the distributions of ?lm thickness and 
?lm quality. 

[0019] (3) With respect to production cost, in the case of 
forming a high quality pc-siicon thin ?lm usable in a thin 
?lm semiconductor device, the productivity cannot be 
increased because the deposition rate is small, resulting in an 
increase in the production cost. 

[0020] (4) It is difficult for the pic-silicon thin ?lm to have 
a desired property controlled in the ?lm thickness direction. 

[0021] Eventually, in order to produce a large area pic-sili 
con thin ?lm solar cell having improved device character 
istics at a high yield and at a reasonable production cost, it 
is necessary to form a pic-silicon thin ?lm at a high depo 
sition rate While improving the basic property thereof. In 
addition, it is necessary to realiZe a method Which permits 
control of properties in the ?lm thickness direction. 

[0022] In order to attain this object, in the plasma CVD 
process of 13.56 MHZ, improvements in the production 
conditions such as How rate of raW material gas, pressure 
upon ?lm formation, poWer applied and the like have been 
generally tried. HoWever, problems are liable to occur as 
Will be described in the folloWing. That is, When the depo 
sition rate is increased, a deposited ?lm becomes amorphous 
(that is, the ?lm becomes to be an a-Si ?lm), the amount of 
in-?lm hydrogen Which is presumed to deteriorate the prop 
erty of a pic-silicon thin ?lm, is increased, or foreign matter 
Which causes a reduction in the yield is generated. Speci? 
cally, for instance, as the deposition rate is increased, the 
photoconductivity op as the basic property of the pLc-silicon 
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thin ?lm is decreased. In this connection, in this process of 
forming a pic-silicon thin ?lm, the deposition rate capable of 
maintaining desirable device characteristics is in a range of 
from about 0.2 to about 2 A/sec. 

[0023] In the RF gloW discharge process, the range for 
controllable parameters capable of forming a pic-silicon thin 
?lm having a good quality is narroW, Where it is difficult to 
control the property of the ptc-silicon thin ?lm as desired. 

[0024] The RF discharge process of 13.6 MHZ has an 
advantage in that ?lm formation on a large area can be 
readily conducted. HoWever, it has disadvantages such that 
the deposition rate is small and ion damage to a substrate or 
a pLc-silicon thin ?lm itself deposited thereon is large. In this 
connection, there is occasionally used a triode process in 
Which a third electrode is provided betWeen an anode and a 
cathode. HoWever, this process is not suitable in terms of 
industrial production of a pic-silicon thin ?lm, because the 
utiliZation ef?ciency of raW material gas is undesirably small 
and the maintenance ef?ciency is not satisfactory. In this 
respect, this triode process is used only for research pur 
poses. In addition, in the case of forming a pic-silicon thin 
?lm by the triode process, it is dif?cult to control the 
property thereof as desired. In the case of forming a pic-sili 
con thin ?lm by means of a microWave discharge process of 
2.54 GHZ, although there are advantages such that the 
deposition rate is relatively large and there is no ion damage 
to the substrate, there are disadvantages because it is difficult 
to continuously maintain the gloW discharge according to 
the current technique, and the process controllability is not 
good. In addition, there are other disadvantage such that gas 
decomposition at a microWave introduction position is great 
and therefore, it is dif?cult to conduct uniform deposition. In 
the case of a photo CVD process, there are disadvantages 
such that the quality of a pic-silicon thin ?lm deposited is not 
good and it is dif?cult to deposit a pic-silicon thin ?lm on a 
large area. In addition, the photo CVD process is an unde 
veloped ?lm-forming technique. For an ECR-CVD process, 
since it is possible to freely control the ion damage to the 
substrate, there is a possibility of forming a high quality 
pic-silicon thin ?lm. But because a magnetic ?eld is used, it 
is dif?cult to deposit ptc-silicon thin ?lm in an essentially 
uniform state. 

[0025] As above described, it is dif?cult to effectively 
produce a pLc-silicon thin ?lm semiconductor device With 
good reproducibility by any of the conventional techniques, 
because for a ptc-silicon thin ?lm formed, it is dif?cult make 
the pic-silicon thin ?lm have a high quality to effectively 
produce a desirable semiconductor device having satisfac 
tory device characteristics; it is dif?cult to make the pic-sili 
con thin ?lm have a property controlled in the ?lm thickness 
direction; and it is dif?cult to stably and repeatedly form a 
high quality pic-silicon thin ?lm having a desired property at 
a high deposition rate and With good reproducibility. In 
addition to these, the conditions for causing microcrystalli 
Zation in the prior art are severe, and therefore, it is dif?cult 
to stably and repeatedly form a desired pic-silicon thin ?lm. 

[0026] In the foregoing Applied Physics documents and 
Japanese Unexamined Patent Publication No. 64466/1991 
Which describes a similar technique, discussion is made only 
of amorphous silicon (a-Si) thin ?lm but no discussion is 
made of microcrystalline silicon (uc-Si) thin ?lms. Shah 
does not touch on optimum conditions for the formation of 
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a [JG-S1 thin ?lm and no discussion is made about the control 
of the property in the ?lm thickness direction. The technique 
described in Shah is not effective in solving the problem 
Which the present invention is intended to solve. 

SUMMARY OF THE INVENTION 

[0027] A principal object of the present invention is to 
eliminate the foregoing problems in the prior art and to 
provide an improved process and apparatus Which permits 
ready and ef?cient formation of a high quality microcrys 
talline silicon series (lac-Si series) thin ?lm having a desired 
property. 

[0028] Another object of the present invention is to pro 
vide a process and apparatus Which permits ready and 
ef?ciently forming a [LC-S1 series thin ?lm having a desired 
property capable of producing a high quality semiconductor 
device, at an improved ?lm-forming raW material gas utili 
Zation ef?ciency and at a reasonable production cost. 

[0029] A further object of the present invention is to 
provide a process for forming a [LC-S1 series thin ?lm ?lm in 
Which the property thereof in the ?lm thickness direction can 
be readily controlled While maintaining the ?lm property, so 
that a high quality [LC-S1 series thin ?lm having a graded ?lm 
property in the ?lm thickness direction can be readily 
produced. 
[0030] A further object of the present invention is to 
provide a process and apparatus Which permits production of 
a high quality [JG-S1 series thin ?lm semiconductor device at 
a reasonable production cost. 

[0031] A further object of the present invention is to 
provide a process for forming a [LC-S1 series thin ?lm by 
arranging a substrate in a vacuum chamber to oppose an 
electrode provided in said vacuum chamber and While 
transporting said substrate in the longitudinal direction, 
causing gloW discharge betWeen said electrode and the 
substrate to deposit said [LC-S1 series thin ?lm on the sub 
strate, Wherein a plurality of bar-like shaped electrodes as 
said electrode are arranged such that they are perpendicular 
to a normal line of said substrate and their intervals to said 
substrate are all or partially differed. Said gloW discharge is 
caused using a high frequency poWer With an oscillation 
frequency in a range of from 50 MHZ to 550 MHZ, Whereby 
depositing said [JG-S1 series thin ?lm on the substrate. 

[0032] A further object of the present invention is to 
provide an apparatus capable forming a [JG-S1 series thin ?lm 
on a substrate, having a portion in Which said substrate is 
arranged to oppose to an electrode in a vacuum chamber, 
Wherein While transporting said substrate in the longitudinal 
direction, gloW discharge is caused betWeen the electrode 
and the substrate to deposit said [JG-S1 series thin ?lm on the 
substrate, Wherein said apparatus has a plurality of bar-like 
shaped electrodes as said electrode Which are arranged such 
that they are perpendicular to a normal line of said substrate 
and their intervals to said substrate are all or partially 
differed. A high frequency poWer source for causing said 
gloW discharge using a high frequency poWer With an 
oscillation frequency in a range of from 50 MHZ to 550 MHZ 
is used. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0033] FIG. 1 is a schematic diagram illustrating an 
example of a ?lm-forming apparatus of a roll-to-roll system. 

Mar. 11, 2004 

[0034] FIG. 2 is a vieW shoWing an example of distribu 
tion of absorption coef?cient in a Width direction. 

[0035] FIG. 3 is a vieW shoWing an example of distribu 
tion of average grain siZe in a Width direction. 

[0036] FIG. 4 is a vieW shoWing an example of distribu 
tion of crystal volume fraction in a Width direction. 

[0037] FIG. 5 is a vieW shoWing an example of distribu 
tion of hydrogen content in a Width direction. 

[0038] FIG. 6 is a graph shoWing an example of a rela 
tionship betWeen absorption coef?cient to light having a 
Wavelength of 800 nm and an interval betWeen a substrate 
and an electrode. 

[0039] FIG. 7 is a graph shoWing an example of a rela 
tionship betWeen average crystal grain siZe and an interval 
betWeen a substrate and an electrode. 

[0040] FIG. 8 is a graph shoWing an example of a rela 
tionship betWeen crystal volume fraction and an interval 
betWeen a substrate and an electrode. 

[0041] FIG. 9 is a graph shoWing an example of a rela 
tionship betWeen hydrogen content and an interval betWeen 
a substrate and an electrode. 

[0042] FIG. 10 is a graph shoWing an example of rela 
tionship betWeen a thickness of an amorphous layer formed 
and an interval betWeen a substrate and an electrode. 

[0043] FIGS. 11, 12, 13, 16, 17, 18 and 20 are schematic 
cross-sectional slant vieWs respectively for explaining an 
example of arranging relationship of a substrate and an 
electrode. 

[0044] FIGS. 14(a) and 14(b) are schematic cross-sec 
tional vieWs respectively for explaining an example of a 
cross section of a [JG-S1 series thin ?lm. 

[0045] FIGS. 15, 19 and 21 are graphs respectively for 
explaining an example of hydrogen content in a depth 
(thickness) direction of a deposited ?lm. 

DESCRIPTION OF THE INVENTION AND 
PREFERRED EMBODIMENTS 

[0046] The present invention attains the foregoing objects. 

[0047] The present invention provides a process and appa 
ratus Which permit forming a [JG-S1 series thin ?lm having a 
desired property Which is capable of producing a high 
quality semiconductor device, at an improved ?lm-forming 
raW material gas utiliZation ef?ciency and at a reasonable 
production cost. 

[0048] As above described, a typical embodiment of the 
process is a process for forming a [JG-S1 series thin ?lm by 
arranging a substrate in a vacuum chamber so as to oppose 
an electrode provided in said vacuum chamber and While 
transporting said substrate in the longitudinal direction, 
causing gloW discharge betWeen said electrode and the 
substrate to deposit said [JG-S1 series thin ?lm on the sub 
strate. A plurality of bar-like shaped electrodes as said 
electrode are arranged such that they are perpendicular to a 
normal line of said substrate and their intervals to said 
substrate are all or partially differed. The gloW discharge is 
caused by using a high frequency poWer With an oscillation 
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frequency in a range of from 50 MHZ to 550 MhZ, to deposit 
said pic-Si series thin ?lm on the substrate. 

[0049] A typical embodiment of the apparatus of the 
present invention is an apparatus for forming a pic-Si series 
thin ?lm on a substrate, having a portion in Which said 
substrate is arranged opposite to an electrode in a vacuum 
chamber. While transporting said substrate in the longitudi 
nal direction, gloW discharge occurs betWeen the electrode 
and the substrate to deposit said pic-Si series thin ?lm on the 
substrate. The apparatus has a plurality of bar-like shaped 
electrodes as said electrode Which are arranged such that 
they are perpendicular to a normal line of said substrate and 
their intervals to said substrate are all or partially differed 
and a high frequency poWer source for causing said gloW 
discharge using a high frequency poWer With an oscillation 
frequency in a range of from 50 MHZ to 550 MHZ. 

[0050] The above-described process according to the 
present invention includes the folloWing embodiments With 
respect to the arrangement of the bar-like shaped electrodes. 

[0051] (I) The bar-like shaped electrodes are 
arranged such that they are in parallel to each other. 

[0052] (ii) The bar-like shaped electrodes are 
arranged such that they are perpendicular to the 
transportation direction of the substrate. 

[0053] (iii) The bar-like shaped electrodes are 
arranged such that their intervals to the substrate are 
Widened in the upper side of the transportation 
direction of the substrate and narrowed in the doWn 
side thereof. 

[0054] (iv) The bar-like shaped electrodes are 
arranged such that their intervals to the substrate are 
periodically changed to the transportation direction 
of the substrate. 

[0055] In the folloWing, description Will be made of the 
constitution and action of the present invention. 

[0056] In the present invention, because of using a fre 
quency band in a range of from 50 MHZ to 550 MHZ Which 
is betWeen RF (radio frequency) and MW (microWave), it is 
possible to form a high quality pic-Si series thin ?lm at an 
increased deposition rate, speci?cally, of more than 10 
A/sec. 

[0057] Particularly, the frequency in this frequency band is 
higher than RF, and because of this, the self bias of plasma 
is decreased to diminish ion damage to a ?lm deposited on 
a substrate. Further, in comparison With the MW plasma 
CVD process, the introduction of a poWer is easier and the 
controllable range is Widened, Where it is possible to form a 
high quality thin ?lm. In addition, as a result of experimental 
studies by the present inventors, there Was obtained a 
?nding. That is, When ?lm deposition on a substrate is 
conducted using a high frequency poWer of said frequency 
band, in the case of a loW poWer density (that is, in a region 
Where the deposition rate is increased in proportion to a 
poWer), the property of a ?lm deposited differs depending on 
a difference in the interval betWeen the electrode (the 
counter electrode) and the substrate. 

[0058] In the case of the above frequency band, in com 
parison With RF, the maintenance of discharge under loW 
pressure is easier, the electron temperature is loWer, and the 
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electron density is higher, and because of this, it is advan 

tageous for the generation of long life radicals (SiH3*, At the same electron density, in the case of RF, the vapor 

phase reaction proceeds to produce polysilane. HoWever, in 
the case of the above referenced band, even under conditions 
of producing polysilane When using RF, a desirable depos 
ited ?lm can be formed Without producing such polysilane. 
In addition, from the observation the discharge, a positive 
column Which is observed in the plasma in the case of RF is 
not seen, hoWever, emission is observed in the vicinity of the 
cathode. In this connection, it is considered such that dis 
sociation proceeds in the vicinity of the cathode. Radicals 
generated in the vicinity of the cathode, are considered 
isotropically diffused, and during the diffusion, in a process 
of colliding With the parent molecules (SiH4, H2), the ion 
species and the short life radicals contained therein. Depend 
ing on a difference in the interval betWeen the substrate and 
the electrode, the density and component of the radicals 
reaching the substrate are changed, and this situation results 
in a difference in the property of a ?lm deposited. 

[0059] Especially, in the case of a microcrystalline silicon 
(uc-Si), H* plays an important role for relaxation and 
rearrangement of the lattice, and a microcrystal is groWn by 
Way of combination of this radial With a stable site by SiH3* 
Which is likely to be surface-diffused. Hence, the ratio of 
these radicals and the like are important factors. 

[0060] Therefore, in the case of the above-described fre 
quency band, the magnitude of a poWer applied, the pres 
sure, and the interval betWeen the substrate and the electrode 
are important parameters in order to control the property of 
a ?lm deposited. By properly controlling these parameters, 
the grain siZe, crystal deposition rate, hydrogen content, 
stress, absorption coef?cient and the like can be changed. 
Further, for a compound such as SiGe:H or SiCzH, it is 
possible for the composition ratio thereof to be controlled 
based on a difference in the decomposition energy or the 
lifetime of a radical. 

[0061] Further in the case of the above-described fre 
quency band, the Wavelength is shortened to be equal to the 
electrode length. When the electrode comprises a ?at elec 
trode, a standing Wave is present in the in-plane, Where a 
node in Which the poWer is Weak and an antinode in Which 
the poWer is strong. The positions of these node and antinode 
are different depending on the form of the electrode, the 
poWer introduction position, the state of plasma generated, 
or the like, and because of this, it is dif?cult for them to be 
controlled as desired in the case of the ?at electrode. 

[0062] Occurrence of this problem can be prevented by 
making the ?at electrode to comprise a plurality of bar-like 
shaped electrodes. 

[0063] Based on the above-described factors, in the roll 
to-roll ?lm-forming system, by providing a plurality of 
bar-like shaped electrodes and properly adjusting their inter 
vals to a substrate Which is continuously transported, the 
property of a microcrystal groWn on said substrate in the 
thickness direction can be desirably controlled. 

[0064] In the present invention, by arranging the bar-like 
shaped electrodes in parallel to each other, the Way of the 
poWer introduced by each electrode in a Width direction to 
the transportation direction of the substrate is equaliZed. As 
a result, occurrence of ?lm unevenness is further dimin 
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ished. Further, by arranging the bar-like shaped electrodes to 
be perpendicular to the transportation direction of the sub 
strate, the ?lm deposition position by each electrode is 
equalized to the transportation distance of the substrate and 
as a result, occurrence of ?lm unevenness due to the form of 
the vacuum chamber used or the passage of gas is further 
diminished. 

[0065] As above described, the interval betWeen the sub 
strate and the electrode in?uences the property of ?lm 
deposited. In vieW of a semiconductor device to be pro 
duced, a pic-Si series thin ?lm is deposited on an amorphous 
substrate comprising glass or the like or on a polycrystalline 
substrate comprising TCO (transparent electrically conduc 
tive oxide) or the like. In this case, there are such occasions 
that in the vicinity of the interface betWeen the substrate and 
the pic-Si series thin ?lm, an amorphous material of several 
tens to several hundreds nm is present or a layer of a small 
grain siZe is present. In many cases, being different from an 
amorphous silicon of a device grade, such layer is inferior in 
quality. Particularly, in the case of a semiconductor device 
such as a solar cell in Which an electron is longitudinally 
mobiliZed, such layer is liable to deteriorate its electric 
characteristics. Therefore, it is desired to make sure that no 
such layer is present or When it should be present, its 
thickness is diminished. 

[0066] NoW, When a microcrystal having a large grain siZe 
and good quality is to be deposited from an initial deposition 
stage, the folloWing are important factors. 

[0067] (1) Generation of a homogeneous crystalline 
nucleus of loW density. 

[0068] (2) Increase in crystal grain siZe. 

[0069] (3) High speed groWth in the ?lm thickness 
direction. 

[0070] For factor (1), When a highly dense crystalline 
nucleus is generated, though it is considered that coalescing 
of grains Would occur, the grain siZe is substantially limited 
to an area occupied by one crystalline nucleus. Therefore, in 
the crystalline nucleus generation process, it is desired to 
employ conditions capable of generating a crystalline 
nucleus of loW density Without causing deposition of an 
amorphous layer. 
[0071] For factor (2), ideally, it is desired to employ such 
conditions that the crystalline nucleus is groWn crossWise 
Without causing a neW crystalline nucleus. This Way a large 
grain siZe from the initial deposition stage can be obtained. 

[0072] For factor (3), in the case of using a microcrystal in 
a semiconductor device, a thickness of about 1 dun is 
necessitated. In order to shorten the time required in the 
preparation of the semiconductor device, a high speed 
deposition rate is necessitated. On a layer comprising a 
crystal of a pLc-Si series thin ?lm, crystallinity of good 
quality can be maintained by taking over the crystallinity of 
the under layer even When the deposition rate is increased to 
a certain eXtent. 

[0073] Therefore, to grade the intervals of the bar-like 
shaped electrodes to the substrate such that they are Wide in 
the upper side of the transportation direction of the substrate 
Which is corresponding to the initial deposition stage and 
narroW in the doWn side is preferred in a vieWpoint that the 
above process can be realiZed. 
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[0074] Besides, in the case of a semiconductor device such 
as a solar cell into Which light is impinged from above, When 
it is constituted such that short Wavelength light is absorbed 
in a region near the light incident side and long Wavelength 
light is absorbed in a region remote from the light incident 
side, the semiconductor device can effectively absorb light. 
Therefore, the absorption coef?cient is preferred to be such 
that it is decreased as the deposition proceeds. In this 
connection, by grading the intervals of the bar-like shaped 
electrodes to the substrate such that they are Wide in the 
upper side of the transportation direction of the substrate 
Which is corresponding to the initial deposition stage and 
narroW in the doWn side, the preparation of a semiconductor 
device having such constitution as above described can be 
realiZed. 

[0075] Further, as above described, the property of a ?lm 
deposited can be changed by changing the intervals of the 
electrodes to the substrate. Therefore, by arranging the 
bar-like shaped electrodes such that their intervals to the 
substrate are periodically changed to the transportation 
direction of the substrate, the property of a ?lm deposited 
can be periodically changed. By this, the absorption coef 
?cient is periodically changed. In the case of forming a solar 
cell using such deposited ?lm Whose absorption coef?cient 
being periodically changed, there can be together attained 
large Voc and Jsc Which are greater than those in the case of 
using a deposited ?lm having a simple absorption coef? 
cient. In addition, the stress of the ?lm is changed so that the 
?lm is hardly peeled due a difference betWeen the stress of 
the substrate and that of the ?lm. Further, the resultant 
becomes desirably endurable upon curving or bending pro 
cessing. 

[0076] In the present invention, a ?lm Whose property is 
periodically changed and Which has such advantages as 
above described can be readily realiZed in one deposited 
?lm. 

[0077] By using the previously described apparatus, such 
processes above described can be readily conducted. 

[0078] In the folloWing, the process for forming a pic-Si 
series thin ?lm according to the present invention Will be 
detailed. 

[0079] pic-Si Series Thin Film: 

[0080] Description Will be made of a pic-Si series thin ?lm 
according to the present invention Which can be desirably 
used in a photovoltaic element. 

[0081] As the constituent of the pic-Si series thin ?lm, 
there can be mentioned materials containing Si element as a 
matriX. Speci?c eXamples of such material are group IV 
alloys such as SiGe, SiC, SiSn and the like. 

[0082] As the pic-Si series thin ?lm, there can be used 
appropriate microcrystalline semiconductor materials such 
as group IV microcrystalline semiconductor materials and 
group IV alloy series microcrystalline semiconductor mate 
rials. Preferable speci?c examples are ptc-SizH (hydroge 
nated microcrystalline silicon), pc-SizF, pc-SizHzF, 
pc-SiGezH, pc-SiGezF, pc-SiGezHzF, pc-SiCzH, ptc-SiCzF, 
and pc-SiCzHzF. 

[0083] Incidentally, for a semiconductor layer, valence 
electron control or forbidden band Width control can be 
conducted. The control of these items can be conducted by 
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separately introducing a raW material compound containing 
an element capable of being a valence electron controlling 
agent into a ?lm-forming space upon forming a semicon 
ductor layer or by mixing said raW material compound With 
a ?lm-forming raW material gas or a dilution gas, folloWed 
by introduction into the ?lm-forming space. 

[0084] In the present invention, in the case Where a pic-Si 
series thin ?lm according to the present invention is sub 
jected to valence electron control by means a valence 
electron controlling agent, at least part thereof is doped to be 
p-type and n-type, Whereby forming at least a pin conjunc 
tion. And by stacking a plurality of pin junctions, there can 
be formed a stacked cell structure. 

[0085] In the case of using a pic-Si series thin ?lm accord 
ing to the present invention as a poWer generation layer (a 
semiconductor photoactive layer) of a photovoltaic element, 
the average grain siZe is preferred to be in a range of from 
10 nm to 1 pm, the crystal deposition rate is preferred to be 
in a range of from 10% to 99%, and the hydrogen content is 
preferred to be in a range of from 0.1 atomic % to 40 atomic 
%. 

[0086] Formation of pic-Si Series Thin Film: 

[0087] In the process of forming a pic-Si series thin ?lm 
according to the present invention, by means of a high 
frequency poWer With an oscillation frequency in a range of 
from 50 MHZ to 550 MHZ, plasma is generated to dissociate 
and decompose a raW material gas, to cause ?lm deposition 
on a substrate. 

[0088] Speci?cally, starting gases such as a ?lm-forming 
raW material gas, dilution gas and the like are introduced 
into a deposition chamber (a vacuum reaction chamber) 
Whose inside can be maintained under reduced pressure. The 
inner pressure of the deposition chamber is made to be 
constant While evacuating the inside of the deposition cham 
ber by means of a vacuum pump. A high frequency poWer 
With a desired oscillation frequency in the foregoing range 
from a high frequency poWer source is supplied to bar-like 
shaped electrodes arranged in the deposition chamber 
through a cable and a Waveguide to generate plasma of said 
gases and decompose said gases, Whereby forming a desired 
pic-Si series thin ?lm on a substrate. According to the process 
of the present invention, it is possible to form a desirable 
pic-Si series thin ?lm usable in a photovoltaic element under 
a Wide range of deposition conditions. 

[0089] The substrate temperature in the deposition cham 
ber upon the ?lm formation is preferred to be in a range of 
from 100 to 500° C. Similarly, the inner pressure is preferred 
to be in a range of from 13x10“1 to 1.3><102 Pa. For the 
Wattage of the high frequency poWer, it is preferred to be in 
a range of from 0.05 to 50 W/cm2. 

[0090] For the bar-like shaped electrodes used in the 
process of forming a pic-Si series thin ?lm, each of them the 
length longer than a diameter or a longest side of the cross 
section. Each of the bar-like shaped electrodes may be of a 
cross section in a round form, an ellipsoidal form, a square 
form or a rectangular form. Each of the bar-like shaped 
electrodes is constituted by a material Which is not melted 
With heat and Which does not cause reactions. Speci?c 
examples of such material are stainless steel and the like. 

[0091] All the bar-like shaped electrodes are not necessary 
to be uniform With respect to their forms, but their forms 
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may be varied. For the number of the bar-like shaped 
electrodes, it is properly determined depending on the siZe 
of a vacuum chamber (a deposition chamber) used, the 
deposition rate and the property for a pic-Si series thin ?lm 
to be formed. 

[0092] As described in Experiments 2 and 3 Which Will be 
described later, by adjusting the interval betWeen the sub 
strate and the electrode, the property of a pic-Si series thin 
?lm to be formed can be changed. Therefore, the bar-like 
shaped electrodes are desired to be arranged such that their 
intervals to the substrate (the substrate) are all or partially 
varied, so that a desirable pic-Si series thin ?lm can be 
formed. In a more preferred embodiment in this case, the 
intervals of the bar-like shaped electrodes to the substrate are 
graded such that they are Wide in the upper side of the 
transportation direction of the substrate Which is correspond 
ing to the initial deposition stage and narroW in the doWn 
side. In order to form a desirable pic-Si series thin ?lm 
having different properties, it is preferred to arrange the 
bar-like shaped electrodes such that their intervals to the 
substrate (the substrate) are partially periodically changed. 
[The intervals of the bar-like shaped electrodes to the 
substrate (the substrate) Will be hereinafter simply referred 
to as “interval betWeen the substrate and the electrode”]. 

[0093] The interval betWeen the substrate and the elec 
trode is different depending on related ?lm-forming condi 
tions for forming a desired pic-Si series thin ?lm. HoWever, 
in vieW of a deposition rate Which can be industrially 
employed in practice and also in terms of stability in the 
gloW discharge, it is preferred to be in a range of from about 
0.5 cm to about 30 cm. 

[0094] The supply of a high frequency poWer to each of 
the bar-like shaped electrodes may be conducted by a 
manner of divergently supplying a high frequency poWer to 
each of the bar-like shaped electrodes from a single high 
frequency poWer source. Alternatively, it may be conducted 
by using a plurality of high frequency poWer sources. In this 
case, these high frequency poWer sources are desired to be 
complete With respect to their stability and conformity of 
oscillation frequency. If necessary, it is possible to conform 
their oscillation frequency by using a phase shifter or the 
like. 

[0095] As the ?lm-forming raW material gas suitable for 
forming a pic-Si series thin ?lm of the present invention, 
there can be representatively mentioned silicon (Si)-contain 
ing compounds Which are in the gaseous state at room 
temperature or can be easily gasi?ed, germanium(Ge)-con 
taining compounds Which are in the gaseous state at room 
temperature or can be easily gasi?ed, carbon (C)-containing 
compounds Which are in the gaseous state at room tempera 
ture or can be easily gasi?ed, and mixtures of these com 
pounds. 

[0096] Such Si-containing compound can include chain or 
cyclic silane compounds. Speci?c examples are SiH4, Si2H6, 
SiF4, SiFH3, SiF2H2, SiF3H, Si3H8, SiD4, SiHD3, SiH2D2, 
SiH3D, SiFD3, SiF2D2, Si2D3H3, (SiF2)5, (SiF2)6, (SiF2)4, 
SiZFG, Si3F8, Si2H2F4, Si2H3F3, (SiCl2)5, SiBr4, (SiBr2)5, 
Si2Cl6, SiHCl3, SiH2Br2, SiH2Cl2, and Si2Cl3F3. 
[0097] Speci?c examples of such Ge-containing com 
pound are GeH4, GeD4, GeF4, GeFH3, GeF2H2, GeF3H, 
GeHD3, GeH2D2, GeH3D, Ge3H6, and Ge2D6. 
























