SPECI FI CATI ON TI TLE OF THE I NVENTION M crocrystalline Silicon Film
Form ng Met hod and Sol ar Cell TECHNI CAL FI ELD [00011Thi s i nvention
relates to a mcrocrystalline silicon filmformng nmethod and a sol ar
cell, especially to a mcrocrystalline silicon filmform ng nethod.
where a flow rate of hydrogen in material gas is reduced. BACKGROUND
ART [ 00021 Conventionally, anor@#UEIFICADBIONa-SO filnms forned by a
pl asma CVD (chem cal vapor deposition) nmethod have been used for

| arge-area solar cells. However, a tandemstructure solar cell where

a-Si fil i r i ilicon (pc-Si) filmare stacked to
i nprove ﬁﬁ‘ﬁ@f@ﬁ@@i Iﬁ\%ﬁﬁtﬂsgby effectively absorbing sol ar
spectra rangi frominfrared.to w.traxiolet as, been theri much
artent jon andnapbReR e liodsiddh, Hibag Pndns MERn et Sy SoTsE i e
silicon filmis fornmed nostly using a parallel-plate type
(capacitive-coupling type) plasma CVD apparatus under a condition

di fferentTHCcoNTO, fAAEl@D a-Si. film In general, it is fornmed by
supplying a RE (radi o-frequency) power higher than that in a-Si film
formati org[OOOﬂbler a'lisghavehytbrogasiagas td owv nhaiceotwygitatline silicon film
hydrogeni silane flow ratio) than that in a-Si filmformation. .
Speci fi cabrmingompahed and snstllargeed], esdenigBy twoh unicrotrhyihldgensgason
(e.qg., not, less than twenty tinmes) |s introdyced to create a |larger .
vol ume offlhwdff)éa@ﬁgr B teRds wileggi  ddovoraty 9§t dyiogemi yn maherigl gas is

hi gher power i s supplied to deconpose hydrogen gas. Substrate
terrperatd”ne Ui ch i s preferably
BACKGROUND ART

[0002] Conventionally, amorphous silicon (a-Si) films formed by a
plasma CVD (chemical vapor deposition) method have been used for
large-area solar cells. However, a tandem-structure solar cell where
a-Si film and a microcrystalline silicon (pc-Si) film are stacked to
improve the conversion efficiency by effectively absorbing solar spectra
ranging from infrared to ultraviolet, has been gathering much attention
and partially commercialized.

[0003] This microcrystalline silicon film is formed mostly using a
parallel-plate type (capacitive-coupling type) plasma CVD apparatus
under a condition different from that for an a-Si film. In general, it is
formed by supplying a RF (radio-frequency) power higher than that in
a-Si film formation, under a higher hydrogen gas flow rate (i.e., higher
hydrogen/silane flow ratio) than that in a-Si film formation. Specifically,
compared to silane gas, a larger volume of hydrogen gas (e.g., not less
than twenty times) is introduced to create a larger volume of hydrogen
radicals required for crystallization, and a higher power is supplied to

decompose hydrogen gas. Substrate temperature, which is preferably
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bet ween 300 and 400C in normal filmformation, has to be | owered

bet ween 200 and 250C when an underlying a-Si film has been al ready
formed, such as in the tandem structure. Mreover, it has been

poi nted out that a rmuch | arger volunme of hydrogen gas flowis
required for crystallization when substrate tenperature is |owered.

[ 00041 Thetwkasnd0Cvindppanl usn melressle iltroXbemorticanesots lgadoswerbd
as unreacted or react ed&gas of silane and hydrogen. Normal | t he

/ 1. Y,
exhaust §a&weendi(Geedl WPORC aw hemcantiurdeHivengaas Sidilen has heenoyerady
to make t.he hydrogen gas conceniration belo he explosive limt..
Then i t IO e BRI P T tBe ARG FHEPET ST L YR P OE Lt TRAS been pointed
si | ane-ser.ie es. b n_ahatenent s em.. Patent Refe.renee.l:
SapancseBior AR Tnth Ysdle) EE e pF b Tragh R, BRE MEWC 14 Fhihuzed for
Publ i cat | . - 4;;15‘3% 13)0%% : r Energy
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DI SCLOSURE OF THE | NVENTI ON PLOBELM THE | NVENTI ON W LL SOLVE [ 0095]
As descr Bhel,anutregetedjas,reakiteh goss cbsilanatawveélhy dheam,. Masmhéhbn the

normal |y used to dilute hydrogen gas. In formng a mcrocrystalline
si i con” erhaushaes &y dibded vhthian onepmpastiiolel gapesuchrashnétmogen, to

because a lar ol yne of hydrogen gas i sed,. and st of it IS )
rel eased e i%ﬁeé’ry é’cg%ﬂcgpé?’é?rqié?n;?iﬂ’ﬁl tdhe GRRIPAYP H@lbath%% 1t
Limn. is ugled aﬁ mafiri %I ‘gS?P to fﬁ%ri cate a. |large-area.sol ar cetl)l ,

hydr ogen'gas 6ot 't &8 &4HH L RSP PR SHE e PR pASES PY an

gener al | yy, ,Usg Gt %sﬁsrtg% vol une hydrogen gas requires a |large-scale
evacuati on punp and 1 ncreases the gas cost, boosting the total cost

for a Patent Reference 1: Japanese Publication No0.2003-158276
Patent Reference 2: Japanese Publication No.2004-143592
Non-patent Reference 1: Solar Energy Materials & Solar Cells, 62,
97-108(2000)
Non-patent Reference 2: Researches of the Electrotechnical

Laboratory No.864, pp.46-57

DISCLOSURE OF THE INVENTION

PLOBELM THE INVENTION WILL SOLVE

[0005] As described, nitrogen gas, which is comparatively cheap, has
been normally wused to dilute hydrogen gas. In forming a
microcrystalline silicon film, however, cost of nitrogen gas could be a
problem, because a large volume of hydrogen gas is used, and most of it
is released out in an unreacted state. For example, when silane gas of 1
L/min. is used as material gas to fabricate a large-area solar cell,
hydrogen gas of not less than 20 L(litters)/min. is required generally.
Use of large-volume hydrogen gas requires a large-scale evacuation

pump and increases the gas cost, boosting the total cost for a
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m crocrystalline silicon solar cell. In addition, a |large vol une of
nitrogen gas, i.e., 500 Umn., is required to dilute hydrogen gas of
in the exhaust gas bel ow the explosive Iimt concentration
(49 . This is another factor boosting the cost of the
roicrocrystalline silicon solar cell. [0006] For a solar cell with
t andem stmecbersstatbneowelicosubstamatalt.edperaatditoi,n af damgagvalume of
m crocrystalline silicon filmhas to be approximately as low as in
formi ng” @AtLaestpEeas 11 PEONLImim, Fheawtised, ta Ael Wpdrpdrreemagas ofy20

rate has_heen nuch norge increased, boosting the cost of the sol ar .
cel | fur E}JP-[leg‘ﬂ A o A A Pt IR GemFERE GRS (4%).

i nvestig / inds of filmJfornatian ds_and condi t4.0ns ...
ther eof - TG 5 e B 3aEie’ boTvaRE Biar0s pRF AR rRlr et o biRE slicen
CVD, pur ggiﬂgciﬁducti on of hydrogen gas flow rate. In this process,
the inventors had discovered a nethod suiting for formng a

m crocrys$oabb] neF&d lal gelaif ideM whiths taBEBAL sepabl s, f Alorebien @ubatrate
m crocryst.a.ine silicon filmsuiting for a solar cell even at a | ow

fl ow rat ¢enfperpdnogein gédsrmingt hi snibboystadlimel tdiplcbai tfylnof hant eonds
is disposed wholly covering a substrate to generate plasma, where one
end of eadhrartwanaly sasohpectasd tro forrhingh fnequencyhposesibooncdilm.
and anot her end of _each antenna is_grounded. [0008] On a basis of

this di stcllﬁwr%&]9r%h‘élq Yeiousn gag TS ratRap by RERIREFe increased,

i tigati t L bl e f %R f icrocrystall ne
!s?;/?io?lg PF%H%QYEE%g?'?ﬁ?’fihgoﬁoiﬁrgcrgm"l g i 2, man obj )éct of the

| nventi ongd F}Olﬁrﬂ?{é ‘g?tl?%ﬂ})ﬁsé@d iBehnad «CiaRRM] 18, 0f; fv%{?‘i‘rg'&gea many
m crocrystalline silicon filmat a [ower hygrogen gas OW Fate and

at a | owiiingyhst fiddefd9NREIA Wdthod@MRaleshiditidies BheféoR ot Amited to
further object of the invention is to provide merocrystalline

silicon sheabnvehtiaialnpdesHtE ppatceype MIABD & O I30b Ml i e BROBlobM f

[ 00091The nmet hod of this invention is one for formng a
hydrogen gas flow rate. In this process, the inventors had discovered a
method suiting for forming a microcrystalline silicon film. This method
enables formation of a microcrystalline silicon film suiting for a solar
cell even at a low flow rate of hydrogen gas. In this method, a
multiplicity of antennas is disposed wholly covering a substrate to
generate plasma, where one end of each antenna is connected to an high
frequency power source, and another end of each antenna is grounded.
[0008] On a basis of this discovery, the invention had been completed
by further investigation to realize stable formation of a
microcrystalline silicon film suiting for a solar cell. That is, an object of
the invention is to provide a plasma CVD method capable of forming a
microcrystalline silicon film at a lower hydrogen gas flow rate and at a
lower substrate temperature, compared to the prior art. A further
object of the invention is to provide microcrystalline silicon solar cell at

moderate price.



mcrocrystalline silicon filmby a plasma CVD. In this method, plural
antennas are arranged to forman antenna array structure in a vacuum
chanber. One end of each antenna is connected to a high frequency

power source and anther end is grounded. Substrates are placed facing

t he antenn i\isa and the substrate tenperature is betweenl50 and
250C. Pl gMi‘ag é&%r%@wIWi%H%EMB@%MS m xture of hydrogen and

silane t chamher, and by introduci.ng high frequency_power to the
antennas?[(\t@gﬂ hy ‘beﬁ%‘ﬁﬁ?%ﬁeoga 18 oWV AR} s 18 0fYe0l f%mgﬁrmp@g a

range. frae 1:.m al lhine silicon~fihr re forned,; o

e substraree e ey, SERECN 31 o 0 % BlaBR"S Vbt e ViinePedbor, Hlygral
the RAMbLSCHAH hPO ArlhBBSHIh Mrn? REAKIAANATANNG A2UEM §6ILLGubR
crystalline silicon, an ais the man scattering intensity at
around 48Jmhbeiel @l @l MW RIHOURtEhhiaCON cohBBEHd TBEa high frequency
m crocrystalline silicon filmof this invention is one where the

rati o | ctp@wer sshetoseemd® @amthd; emerisagrbanded. | aSabetidwesRaranplaced
scatteri nf%@i_ ntensity at around 520cm 1 and at 480cm 1, related to
cryst al | if8611g [theom emh amst priousd dhiej swWhstrass peotnarsityre By loxdvbd an e
this mcroc‘ﬁé%troabl ':Pge silticon fil m(i/vibth an anorphous sjilicon film it
i s enabl €t abr ifcat B 1S 8P REIR] PEIPARP QUM EBR S MaPHade /lchydrogen

utilizati Lasun light -in ite qof, bein hi.n | rs. It is

pref er ablagrp(% %fl]fazr}é:nt? ﬁgen‘ilﬁlgi)r%ﬁsﬁg l?%éngfg?#‘b%‘ﬁgf ﬁ?/% Ef/e%‘(’)ﬁ?%lplqv%r to
t he hydr LSl g 1.Q. /L nge. f . 11
e hyr agenatd A6 098NL O A4 L1k 8108s ATk ] SBGHHIeA thlene
confi gur atdrib frint N PHaEE &oREEOly NAIMBENSHNR RTINS NEXEmbA 6ACthe
other. By these, it is possible to forma mcrocrystalline silicon

fil m haviswpstoaeeynivfioh mhidirekese/IH Sativawn o sard &,] algaeadr €& is the
substrate, conpared to, for exanple, a nethod using rod-shaped

ant ennas.RiigtﬁJFQ]SCIarﬁtQmmg atemsitpnot ia neslpragf erabinel 5@ MinsPoselathdeso

or nore arrays,.of the antennas and_cause a discharge in three or nore
regi ons s‘irﬁfﬁk’%]a](h%%ﬁé 1gon, ﬁnahf% 18 48, W%MF%&I% HHengi b aderround

bet ween. h._arr of .the antennas,..resulting in. increase of the
product i vﬁ@qm?nregéa‘f%itBrEmprF’ngrrd&b‘I%B'to nmeke the hydrogen gas
flow rat I (I 16 ieng . on {\WO. arrays; of
the. ant enags or HecnsFRELEaIhe. GuTRE Ptk BERRSREvPheloti SORENTELe
m crocryshal batie Bé/lhGRNbELKELHO0S AW aTekMRGea8fId A 1AV ic}aa Riman

the nethod to fabricate mcrocrystalline silicon by inductively

coupl ed plcasteri@¢Dinet¢heody eonproandg 5diEResi agdsulist480@s 1 nréated to

vacuum chanber, naking tenperature of the substrate between 150 and

250C. i ntrgateiliee siljgennantduamah hopdr sfésoandespeemeelyyeBer atinbgning
power, controlling the

l asma by .applying an high frequeng , o
Eydr pgeniytélil_g gﬁ}e/”@%yﬁ _gr%eaﬁlégmr}alyr?a‘ﬁgfél Pofmorhongs sahgor ik, it is
ratio PcAPmiapa: i FiRPE g laScheld camstde ol motor T Have pF ol grhisiof
to f j ¢ [ gl i.th hyd i sil fl
ati o contioriad | AP B teshE hib o et Y I T O

[0014] Becauseid hgréfamlis ORol Fobih afhé NEMLELYR) Ha0BWR! ediidre AlasSBy
CVD, especially by an array-antenna type plasnmda CVD, it enabl es

stabl e f ecomtrolmgf thethgdocgysldldnagasifloworafiblim vahge drd@Ssab 7.
hydrogen gas flow rate, conpared to filmformation by the

paral | el -[gpéﬂ]a thpehieapacintival yitcoupredetaipe) thhasemaclCVintdiona has a
exanpl e, [?v n when sig,bstrate tenperature is low, e.g., 200C it is
possi bl e Y& easiigpaadtan T Hamd agescanion! ltine arpthaorrtemmas noxt

further not re.than 4. Althaugh it h een inpossible b e
18 edch otfler.nBy these, 1t 48 poss1glse 0 Eformng m?crocrys%/altlpne silicon
film having more uniform thickness distribution on a larger-area

substrate, compared to, for example, a method using rod-shaped
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prior-art Method, the invention enables to stably forma

m crocrystalline silicon fil.meven under such a | ow hydrogen gas
flowrate with the ratio Ict:la between 2 and 6, suitable to inprove
conversion efficiency of solar cells. As a result, it is enabled to
reduce the cost of inert gas for diluting hydrogen and the apparatus
cost drastriteallag, which contributes to |owering prices of solar

cells. BRILEF CRI PTI ON OF DRAW.NGS [0015] .FIG 1 j.s a schenmatic
Cross-se ppéﬁglESI\R éilﬁflrﬁ’eﬁ}té%ﬂa 1eVS 25 r]étbL]J% B}é’flép%? yb Of gpore

L T ST AT o B30 AD Pt TP 8 ey A ons
appar at us,; I £l l&ﬁ/\@ I

crystall %ﬁ‘?’@%@??‘éﬁf I%l%}%lgc%%,’ :[sc al 11 ﬁgsg{%iggo%%aﬁﬁlﬁ{/%&%gﬁ%é\? ;br?ec b
gas flowgighiOef h@ 4n$BAWASA 186APANGNIH 6ldkbRBs detheesr@lestivity. In

conductivity of microcrystallin.e silicon and hydrogenisilane gas

f1 ow rat isgaldiPERSCRI RTisGvi 05 NUMERALIG RO I6]drb geacgasflovambees much lower,
compared to a method using one or two arrays of the antennas for one
or two regions.
[0013] Further, the microcrystalline silicon film forming method of
this invention is the method to fabricate microcrystalline silicon by
inductively coupled plasma CVD method, comprising disposing
substrates in a vacuum chamber, making temperature of the substrate
between 150 and 250°C, introducing a gas mixture of hydrogen and
silane, generating plasma by applying an high frequency power,
controlling the hydrogen/silane gas flow ratio in a range from 1 to 10,
and thus forming a microcrystalline silicon film on the substrate,
wherein the ratio Ic/Ia of the film is between 2 and 6. It is further
preferable to form a microcrystalline silicon film with hydrogen/silane

gas flow ratio controlled in a range from 1 to 7.

EFFECT OF THE INVENTION

[0014] Because the invention is by an inductively-coupled type plasma
CVD, especially by an array-antenna type plasma CVD, it enables
stable formation of a microcrystalline silicon film with a lesser
hydrogen gas flow rate, compared to film formation by the
parallel-plate type (capacitively-coupled type) plasma CVD. For
example, even when substrate temperature is low, e.g., 200°C, it is
possible to make the hydrogen/silane gas flow ratio not more than 10,

further not more than 4. Although it has been impossible by the
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2 gas introduction port 3 exhaust port 4 material gas source 5 high
frequency power source 7 mechani cal booster punp 8 diluting gas
source 9 rotary punp 1.0 aba.tenent system

prior-art method, the invention enables to stably form a
microcrystalline silicon film even under such a low hydrogen gas flow
rate with the ratio Ic/Ia between 2 and 6, suitable to improve
conversion efficiency of solar cells. As a result, it is enabled to reduce
the cost of inert gas for diluting hydrogen and the apparatus cost

drastically, which contributes to lowering prices of solar cells.

BRIEF DESCRIPTION OF DRAWINGS

[0015]

FIG.1 is a schematic cross-sectional view of a plasma CVD apparatus
preferably used for the microcrystalline silicon film forming method of
this invention.

FIG.2 is a schematic cross-sectional side view of the plasma CVD
apparatus shown in FIG.1.

FIG.3 shows a graph on relation between crystallinity Ic/Ia of
microcrystalline silicon and hydrogen/silane gas flow ratio.

FIG.4 shows a graph on relations between electric conductivity of

microcrystalline silicon and hydrogen/silane gas flow ratio.

DESCRIPTION OF NUMERALS
[0016] 1 vacuum chamber
2 gas introduction port
3 exhaust port
4 material gas source
5 high frequency power source
7 mechanical booster pump
8 diluting gas source
9 rotary pump

10 abatement system



11 antenna 12 high frequency power supply port 13 substrate 14

substrate bol der 15 carrier 10 coaxial cable BEST MODE FOR CARRYI NG
QUT THE | NVENTI ON [0017] The m crocrystalline silicon filmformation
met hod of this invention, which uses the plasma CVD apparat us shown

in Fiefs. 1 and
11 antenna
12 high frequency power supply port
13 substrate
14 substrate holder

15 carrier

16 coaxial cable

BEST MODE FOR CARRYING OUT THE INVENTION

[0017] The microcrystalline silicon film formation method of this
invention, which uses the plasma CVD apparatus shown in FIGs. 1 and
2, will be described as follows. FIG.1 shows a schematic cross-section in
a view in the direction perpendicular to a transfer direction of
substrates. FIG.2 shows a schematic cross section in a view in the
transfer direction.

[0018] As shown in FIG.1, the plasma CVD apparatus comprises a
vacuum chamber 1 having a gas introduction port 2 and an exhaust port
3, an antenna array where U-shaped curved antennas 11 are arranged
in a plane in the chamber 1, an high frequency power source 5 applying
an high frequency power to each antenna 11, a material gas source 4
connected to the gas introduction port 2, and a pumping device 7, 9 and
a abatement system 10 connected to the exhaust port 3. An end of each
antenna 11 (power apply port 12) is connected to the high frequency
power source 5 by a coaxial cable 16. The other end of each antenna 11
is connected to a wall of the vacuum chamber 1 to be grounded. A
multiplicity of the antennas 11 is disposed wholly covering the
substrate 13. Each antenna 11 is apart from each other with a required
distance. Each of the antenna arrays is disposed apart from each other
with a required distance as well. Each substrate 13 is placed facing to

each antenna array at both sides thereof. A heater (not shown) for
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2, Wwll be described as follows. FIG 1 shows a schenmatic
cross-section in a viewin the direction perpendicular to a transfer
direction of substrates. FIG 2 shows a schematic cross section in a
viewin the transfer direction. [0018] As shown in FIG 1, the plasm
CVD apparatus conprises a vacuum chanber 1 having a gas introduction
port 2 andeafingxthrsubpbrates3s dispanedrmmaaawablyo gagusiasddreheydd

ant ennas .. are_arranged. in a plane in the chanber_ 1, a i gh

frequency[]ob r g r’c‘,‘é‘g‘Sr’e?&pgﬁ F§UARS KOGHP F1BE 8 5 EW%&FS{]@%%S and
antenna 11, ;a material gas,.source.4 connected .to the gas i.ntrodyction
port 2. aNECEThERRg RS Cov <5 tEolICEs ARt HAH COPRRHTES: SOrttt B

h f I
to the eé%%lebg 85’9;['égu?¥_lee<f‘gllo§ﬂq‘ra%eseﬁ& AN U T d 'B%\Aﬁf)tﬁ’gﬁc%gg%ﬁto the

12) is ¢ requency power source 5

cabl e 16.ydheudt heka@mdrofireaelrantienngadl ih erFRIESH € ok®. aBWRIde Ofhe
t he vacuum chanber 1 to be grounded. A nmultiplicity of "'the antennas

11 is di spesedialhght Vinteyéutctignt bersasbhstréiewh. g FHaG., aniepdasidlel o
apart fromeach other with a required di stance, Each of the antenna
arrays i scipdpostd apantpler dmltewtstouhtured emtanpeguhrstngi stsadiuason
wel | . Eag}g sub trafle 1% is placed. facing to each antenna array at
both si deRokeed@thisnchgas &he(matestdwads fisrintiedicag 1He eapbiantanna

is di d | | h h 1. [,0019] ,Th i al
gas sour ceoBOAh edevach et BreBiaa dg b BTk AP gERtabe Facyum
fl ow CO”tJ}PAﬁl %?lﬁggr(g‘%?ﬁrth%o nen Shgfos that the gases of required

flow rates an OW 0 Ccan be introduced into the vacuum chanber

through the gpsei RLyREUCET AR VROL t in Besbde thapt@t 8Fi #1(PAS comprises a
i ntroduction structure showmn i.n FIG)., it is possible to enploy,

for exanphechhalitobsbdsteat paath ankaanas agviwehpdas Adh fefkbisiven. pbyal €Sthe
In this case, the material gas is introduced into each antenna from

t he grourndddrpapemith&r sofornelcteiemith fthes et at eine nthey stacu . chanitbeogdn
t hrough the diffusion _holes, The punpi n% device in the exanple

of conpri s¥&S SOWECH Y EHIuthoR s sPBEsPe T tarfdPiRe ARiesempesting theratery

port of the rotar mp 9 is connected with the abatenent system 10"A
ni trogen %'églpsglﬁr%%l%#&abjﬂed??ﬁﬂ SY§te¥nhected to a pipe

DLEESSTERD, 6 R8N ARG, R BT B e
structure where p-type a-Si, i-type a-Si, n-type a-Si, p-type pc-Si, i-type
pe-Si, n-type pc-Si and backside electrode are formed in this order on a
glass substrate having a transparent electrode thereon. As an example,
a method for manufacturing an i-type pc-Si tandem-type solar cell by
the plasma CVD apparatus shown in FIG.1 is described as follows.
[0021] Opening a gate valve (not shown), a carrier 15 for the holders
14 holding the substrates 13 is transferred to the i-type pc-Si film
formation room (vacuum chamber) 1. Each substrate 13 is placed facing
to each antenna array. As shown in FIG.2, a pair of substrates 13 are
placed interposing one antenna array. On each substrate 13, a p-type
pc-Si film has been already formed in another plasma CVD room.
Closing the gate valve, the substrates 13 are heated and controlled to

be at a temperature for pc-Si film formation, e.g., 200°C. From the
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structure where p-typei-typen-typep-type pc-Si, i-type n-type
pc-Si and backsi de electrode are fornmed in this order on a gl ass
substrate having a transparent el ectrode thereon. As an exanple, a
nmet hod for nmanufacturing an i-type pc-Si tandemtype solar cell by

t he plasma CVD apparatus shown in FIG 1 is described as foll ows,

[ 00211 qO@mtﬁgled gas sovace e, hytlireponsnd sibare iaer the meteting g&ﬂe@ease

14 hol di th trat 13 t f d -t fil
for mat | on HEBREESACHIM @F%ﬁt?élr“)su@rmreéﬁbst by 85 tyoedbfiften wan

t h t f bst t 13 a

ol aced | ASBas RG BRI e ahray. oo LA é%bﬁr%s:é{gsélé? % Vg hum

pc-Si fil een r othe

3 osi ng tﬂf‘é@r? R B A
to be at gokerprr abmi%df % OeclbiarltlenRd qrm%n&ebyeggnerzzﬁgg pH Gt By
mat eri al 'gas source 4, hydrogen and silane as the nateri al gases are

i ntroducethddt etéhe aawha’ﬂgehﬁé@emslof thbesdwdr ngenh st laanef gas fhoowvna
ratio is controlled in the range of 1 to 10 as pressure in the vacuum
chanber laisysoritneolfbeheddeduatietype Iwe-Shi Silst ase formeli gh feseduerdcyhe
power is appl ied to each antenna 11, thereby generating. plasma. By,
these st epak sfd'aéeﬁalr?gémégramn@nﬁm t&gra unie of ddeoflisqharge sngions.
arrays ar d. A e.p filmis for don ea )
SUbet rat eAPREi e Tsthof Pl HamioRmbES R The APOEHARGE™ EgPnk type
Appl | Cat' sfifflhjﬁe g0 tf)rl?awgﬁcyecﬁﬁpﬁ qrﬁcELBQQ%% X\%&? Belrd et¥§§

pc- Si f|| grows ave a require néss on eac stra
[ 00221 By[(nﬁﬂ]yl ng ea{orwﬁ% 96%%'}1' b&@s@ﬁsea stiehos! §t rigs[%é%slé % ff%'iriﬁ the
the mcrocrystaliine silicon filmwhere the ratio Iciia is

even whenmtiBeo&yshliahe §1h@'@ﬁrﬁhﬁrﬁhle$eaﬁhd eutiasI208tis and @V@ﬂeﬂ\/ﬁﬁhen
the hydrogerilsilane gas flowratio is as low as, e.g,, 1. Therefore,
the flow tled esudfstirate ogganptoatdid usi en bam he 2ediCedinit astémwavhgn the
whi ch enabl es to reduce the _cost for the soI ar cell manufacturin

After forhRvAgogeR/silang ges, flpweratip-isype 9@}’- 88, £ig-ne, Ther%faﬁet rge dow

13 o LTR8BS L LS PR b1,
I d h d
Co bonch ARk By ORI ESShel oy Ry and ctne roaire

is effective APterOFo%iji'neé fied E‘l‘éyEké MBe 0N - %é ?99& ﬂfln{[sh%h%rgxﬂfﬁﬁ-ﬁtes 13
corresponding to the plasna. density di'stribution. Gthérwise, it is

effectiveat® tgaerdenaid® tbhiaCkhnegse gic-dchilgi gbestifhisC abiplafa®ts} Anvarhich
di aneter of the antennas, corresponding to the plasnma densit

di stri butndayelbr eeven; tytpeeupt%sﬁninrkertsna fomadbéfhaﬁeandr eoi/mi tallmare
on the whol e area of each substrate 13 by controlling phase of the
hi gh freqt@n®yeshedyappprmdngo aeksidgnt elﬁféméeecuam&arq thegy required
control li n(%nhl %h frequency phase difference

components.

[0023] For improving uniformity of the plasma density, it is effective
to form dielectric films on surfaces of the antennas, corresponding to
the plasma density distribution. Otherwise, it is effective to coordinate
thickness of each dielectric film or to vary diameter of the antennas,
corresponding to the plasma density distribution. Moreover, the plasma
density can be made more uniform on the whole area of each substrate
13 by controlling phase of the high frequency power applied to each

antenna, specifically by controlling high frequency phase difference
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bet ween the antennas nei ghboring to each other. By this, the
honogeneitly of mcrocryatalline silicon filmt hickness and the film
properties can be inproved furthernore. EXAMPLE [0024] The inventors
had carried out concrete formation of silicon films under various
conditions, and evaluated themregarding to crystallinity and _ .

phot oel edetivean ptlopermpennasf oreiighdorhes sitpi eaehf i prher. t By sihis, the

pl asma CYD apparatuys as shown in EJ].GS wgs used, except the S i

i nt r oductiBROSEREKEYr @ mlcroc’fy%tﬁ‘ﬂié‘& § E‘é?\‘hzatghﬂﬁéélc%fneés afid’ the film

st ai nl ess- st eeh&%i es.wer girtmin dianmeter and wi th many
e

) d i t.h
gas di ff #SOBRT r(@@n‘rtﬁp?%?%q ff'\émﬁshetrﬁ%?]é?'n. The antenna was 1.6nmm

in length and the di stance between the centers of two pipes were

35i xim Each antenna array was forned of twenty five antennas where
the di st gnganppyeen the centers of adjacent. pipes of the sanme side
were 70mn. Three rows of the antenna array were disposed, from which
t he substipabe$ VEhe thwdmtirs3hadmealfieA6bukactngasei fimodtiom af pdidon
was provided at the grounded port of each antenna in the plasma_ CVD
appar at udilmsedunderhiva rembodemeditions gandi svaleateld Hhemgeaganding to
silane was introduced into the vacuum chanber _fromthe s dj.ffusjpon
hol es of cehetaldiwinRaznd photaele¢aicaloreRgdy- Anitoymang ﬁeﬁlbﬁensﬁg‘@a»

I trat d 85 MHz t he hi
O e, e e BB o Pt PR SRR ST 3 5. P8, oo
si |l ane f I : d 1,500 Drain., the hyd
f: ow r a?gﬁge%%/gevéﬂ%edalgc?%%36§§%%nt ., the hyglr ggeni siel a%er gggnf ?g\?v

ratio betweeny Qg #ntPhRSS %ﬁd@%ﬂ‘@%@af—hl@@g-s%@eP?ipéé‘Wéﬁépuée@P%fh
per one antenna between 20 and 428 VT, and the substrate tenperature

bet ween ¥HAnand 3b0m'eCer Y ivight heacpngis doffasion thdse (58mgesin pitch)
silicon films were fornmed, On each sanple. Raman spectra,

phot oel edtrireigufhenandnd ndawiasc brGrem inelengtdasurddhe Thisdanceshe tvgeen
are shown_in FIGs. 3 and 4, [00271 FIG 3 _shows a. graph on relation
bet ween tthe ermiiesgett &V P Mpegaserq s ik dhantABNAR 1Y Wastormped of

t he Rama eak. Lnt it t d 520 cmi | at t talli

P o, HEE RS Al SRR P AT SR R Sl 8 of
anor pho AN n.. Ln 3 en e

coner ot e FRepRf dirkd TR s MENSHEP Wi ST HRe ALaS R (idaptenna

all of tggﬁ%ya&fe%enﬁsﬁbgé%?frdmlﬁﬁmi eRe & fiRltRa WE R drided R AB I 5VaSm .

generated in"two regi ons by applying the high frequency power to two
antenna dooays. Badh ¢&s andrddudssntodawaswhesvided at aheegmasnded port
generated in one region by applying the high frequency power to one
ant enna arfreach antenna in the plasma CVD apparatus used in this embodiment.
A gas mixture of hydrogen and silane was introduced into the vacuum
chamber from the gas diffusion holes of the antennas.
As the substrate, a 1.2 x 1.6 meters sized glass substrate was used.
An 85 MHz source was used as the high frequency power source.
[0026] Film formation conditions were; the silane gas flow rate
between 250 and 1,500 L/min., the hydrogen gas flow rate between 0
and 40,000 L/min., the hydrogen/silane gas flow ratio between 0 and 40,
pressure between 2 and 29 Pa, the input power per one antenna

between 20 and 428 W, and the substrate temperature between 150 and

250 °C. Varying the conditions in these ranges, silicon films were
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[ 0028] When the flow ratio was 10 or below, formation of

m crocrystalline silicon having the Icila between 2 and 6 was rat her
difficult, as sane as in the case of p araliel-plate type plasma CVD
apparatus. On the other hand, the result shown in the figure
denonstrates formation of mcrocrystalline silicon even when the flew
rati o wasomfedf uPmhemchveaniplepl Rhowah shectiraasonotnedeeisic basireateand
a mcrocrystalline silicon filmcan be forned at | esser rogen
gas flow cyrem it erpandesuptd.c hBesr sepa t@earreeghewni n Pﬁg% and 4.

0029] FI i b h - - k i ]
Eﬁnduilt P2l ik 2 h‘v’v&sﬁah%@ el Pe bR < s LAY frogapysilane
ot oel ectri (Y] Q0 i h.at
0TS A (e RS ol e b1 Rl R e ERAC i Bl Bby at
ratios apfi,uah ngtéiﬁ-lni'e%%d lﬁiétc‘i‘&kiaﬂ?i_xﬁé kil had g ikheie Rain®an peak

lcil[a. between and 6 are all approximately 100, and that

m crocryshabhsitg S HBoumflideTatHd @bermedphots seliaonc&hlBIGS, eof denedes
[ 00301 Although the inductive-cou.pling plasna CVD net hod using the
ant enna ar days whsn déscpliaseda whe geneeatedmnithraotreigions &g apphhing the
The invention can. be applied to an outside antenna. type or an

i nsi de ardtighnfreypacyspeweastalpbicobslerrs Anlapaaedtr Hibl xcgﬁnehes a data

H10- 2_652_12h0r éha%ariese ublication 2001-35697. . t hough. t he, a veh
desor | pt 1ER RSO IEAB BT fig SaaE el Fufithis it AP EngpBYe
t andem stt uct ur -Si fil -Si fil i i i

| tou 6t EhPESy pheRBa iRbh NTREREn R AR Ay o 2 ARY P! HBHLS 8Ot

Lo o o Bin PO LAyl L0 1] Rl ¥l Mk
frequency power to one antenna array.
[0028] When the flow ratio was 10 or below, formation of
microcrystalline silicon having the Ic/Ia between 2 and 6 was rather
difficult, as same as in the case of p arallel-plate type plasma CVD
apparatus. On the other hand, the result shown in the figure
demonstrates formation of microcrystalline silicon even when the flow
ratio was 10, further even 1. Although the reason has not been clear, a
microcrystalline silicon film can be formed at a lesser hydrogen gas
flow rate when the number of the discharge region is three.
[0029] FIG.4 shows relations between photo-and-dark electric
conductivities o ph, od and the gas flow ratio.V alues of the
photoelectric conductivity oph were under 100 mW/cm? irradiation at
1.5 AM (Air Mass). Comparing FIG.3 and FIG.4, it is known that the
ratios gph/ od of the microcrystalline silicon having the ratio Ic/la
between 2 and 6 are all approximately 100, and that microcrystalline
silicon films preferred for solar cells were formed.

[0030] Although the inductive-coupling plasma CVD method using the

antenna arrays was described, the invention is not limited to this. The
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CLAIM5 [1] A nethod for formng a mcrocrystalline silicon filmby a
pl asma CVD net hod, conpri sing arranging a substrate and

i nductive-coup ing type antennas in a vacuum chanber; maki ng an
array of the antennas in a plane to froman array ant enna structure;
arranging the substrate facing to the array of the antennas; naking

t enper at uneenfiorheasulist ratdiodt eem 150t dd aao@nanttynel uef ngnainside

m xture of gas including hydrogen and sil ane; y| ng hi ncy
power to amHenast Bhttassudthapabyclpsnera ¢ ﬂgapleag D LGHEPB ﬁqﬂgégggfz or

hydr Ogesz&)Ia%{elsee I?l?ﬁhca W ! gbb? é%&range from 1 to 10; and

Although the above description was on the PIN type solar cell
where the i-layer is the tandem structure of an a-Si film and pc-Si film,
the invention is not limited to this. Beside the PIN type, the invention
can be applied to formation of microcrystalline silicon films of any types

for PN type solar cells, Schottky type solar cells and others.
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formng a rnierocrystul hne silicon filmon the substrate;

wherein the high frequency power is between in a range from 130 to
278(3 WnR2 per one substrate surface on which the mcrocrystalline
silicon filmis formed, and ratio of Icila of the filmis between 2
and 6; whereas Lc is Raman scattering intensity of a peak at
around 520cm 1 related to crystalling ghll\i[[gon, and la is Raman
scattering intensity at around 4800m% related to anorphous silicon.

[2] A nmethdd Pomdt®od fdn férhih ErOhksbatydtagdlisiel ity film as al Fla{’giﬂa
in claim1l, wherein the hydrogenisilane gas flowratio is controlled
in a rang€ViDanethod, Jompr3dink nethod for formng a microcrystalline
silicon ias clainmed in. claim1l or 2, further conprising connecting
one end of eachrameghrmatoubstgate raayliendycpowecourbuecepeanatenaas in a

other end to the rougld;_ and
vacuum chamber,

making an array of the antennas in a plane to from an array
antenna structure;

arranging the substrate facing to the array of the antennas;

making temperature of the substrate between 150 and 250°C;

introducing a mixture of gas including hydrogen and silane;

applying high frequency power to the antennas, thereby
generating plasma;

controlling hydrogen/silane gas flow ratio in a range from 1 to 10;
and

forming a microcrystalline silicon film on the substrate;

wherein the high frequency power is between in a range from 130
to 2786 W/m? per one substrate surface on which the microcrystalline
silicon film is formed, and ratio of Ic/Ia of the film is between 2 and 6;

whereas Ic is Raman scattering intensity of a peak at around
520cm’! related to crystalline silicon, and Ia i1s Raman scattering

intensity at around 480cm-! related to amorphous silicon.

[2] A method for forming a microcrystalline silicon film as claimed in
claim 1, wherein the hydrogen/silane gas flow ratio is controlled in a

range from 1 to 7.

[3] A method for forming a microcrystalline silicon film as claimed in

claim 1 or 2, further comprising

connecting one end of each anfenna to high frequency power
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controlling phase difference between antennas next to each other.
[4] A nmethod for formng a mcrocrystalline silicon filmas clained
inclaim 3, further conprising arranging plural arrays of the

ant ennas; and arranging two substrates at both sides of each
array of the an [5] A nethod for formng mcrocrystalline silicon

filmas chadsd dii eheidlbr dMM {DShoCOIIAS] ggar Tanging thr ee or
a

more arrays of the antennas; gene e di sc arge in three or nore
regi ons sinmul t eheawsling phase d1fference between antennas next to each other.

[4] A method for forming a microcrystalline silicon film as claimed in
claim 3, further comprising

arranging plural arrays of the antennas; and

arranging two substrates at both sides of each array of the

antennas.

[6] A method for forming a microcrystalline silicon film as claimed in
claim 4, further comprising
arranging three or more arrays of the antennas; and

generate discharge in three or more regions simultaneously.
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