DESCRIPTION SOLAR CELL, METHOD FOR MANUFACTURING SOLAR CELL, AND SOLAR CELL
+ MODULE 5 TECHNICAL FIELD [0001] This invention relates to a solar cell featuring high 10
productivity, low cost, and high efficiency, a method for manufacturing the solar cell, and a solar cell
module. BACKGROUND ART [0002] 15FIG. 1 schematically illustrates a p-type substrate solar cell as
one example of prior art solar cells which are generally manufactured on a mass-scale using single
crystal and polycrystalline silicon substrates. A pn junction 103 is formed by diffusing Group V element
such as phosphorus into 20 the light-receiving SiEfCRIGBISEBNiIconductor substrate (silicon substrate)
121 ina higg conhcem?ﬂﬁnct@m]{m aﬁ(;ﬁu@g layas k%@@l@ﬁiﬁﬂlfgs %@ﬂ@@%&iﬁg\ﬂﬂg a lower
refractive index than silicon are formed on e major ight-receiving an
non-light-receiving 25 surfaces) of p or n-ty%%ma |co§kgh%s?rk§t[§,ﬁr%%pectively, for more efficient

containnfent of light. In these dielectric films 104 and 105, titanium oxide, silicon nitride, silicon carbide,
silicon oxide, tin oxide and the like are widely used. While the thickness of a dielectric film that
provides 30 for effective optical confinement ¥§Egﬁéﬂf’%ts§f§3§tive index, the thickness of a silicon
nitride film, for example, is generally about 8 ght-receiving surface and about 90 to
300 nm on thEHtk surface. [0003] 35Als0, on the light-receiving surface and the non-light-receiving
(back) surface, electratteiss106ard 108 are édrateds for e xérastingpheteicre giedwartiars. ADyeNg
methodsof ff%fs%%étg%s@ﬂro%% Essethagwhich s yagaly tsgad rom, the.aspeet pLgost is by

ne

mixing metal fi articles such as silver or aluminum with an organic Binder, printing the metal paste
using a screerﬁa&li)ﬁgcﬁkg,réﬁﬁ h&8Es §R4fMg fif pas®or Frirffidd T irdrtaBPMAthe substrate.
Electrode formation is generally preceded by formation of dielectric film. Thus, in order that the
electrode make electrical contact with the siligpisihsiiaie thegielectric film between the electrode
and the S”ico'[:no]@ sﬁl)bstrate must be removed. This is enabled by tailoring a glass component or
additives in a al paste so that the metal paste may penetrate through the dielectric films 104, 105

to make eontact with théSsilicbnsstatiafel kAdhl dslthes firafiRsugh reapapfiityppubstrate

solar cell as one example of prior art solar cells which are

generally manufactured on a mass-scale using single crystal
and polycrystalline silicon substrates. A pn junction 103 is
formed by diffusing Group V element such as phosphorus into

20 the light-receiving surface of a semiconductor substrate
{silicon substrate) 101 in a high concentration to form a
n-type layer 102. Dielectric films 104 and 105 having a
lower refractive index than silicon are formed on both the
major surfaces (light-receiving and non-light-receiving

25 surfaces) of p or n-type silicon substrate, respectively, for
more efficient containment of light. In these dielectric
films 104 and 105, titanium oxide, silicon nitride, silicon
carbide, silicon oxide, tin oxide and the like are widely
used. While the thickness of a dielectric film that providesg

30 for effective optical confinement wvaries with its refractive
index, the thickness of a silicon nitride film, for example,
is generally about 80 to 100 nm on the light-receiving
surface and about %0 to 300 nm on the back surface.
{00031}

35 Also, on the light-receiving surface and the
non-light-receiving (back) surface, electrodes 106 and 107

are formed for extracting photo-created carriers. Among



15[0004] Another important function of dielectric films 104, 105 is to restrain carrier recombination
on the silicon substrate surface. Silicon atoms within crystal are in a stable state due to a covalent
bond between adjoining atoms. 20 However, at the surface corresponding to the terminus of an atom
array, an unstable energy level, also referred to as unsatisfied valence or dangling bond, develops
because an adjoini(g&étom to be bonded is not available. The dangling bond is electrically active

enough to caPirBetseleétriE PTEmFgE PRbtocdRatEP ARFIn MM MRi&edy whd eRar® is
extinguishedwthds Ietrastikdg froomthepertorpenteof sotas celis Toysupptess thesperformance loss,

the solar cell jhsunlesied (0@ spriain suifoes- inaalm HEAMA foTdpdusiRd e daagling bond.
Alternatively, the 30 antireflection coating is given electric charges for substaritially re th

_ _ ucing tHe
concentratiorP5FEEHEnL BENBRE AL 1RAS bR $hére BT FEQRINRg TBCombifGtioARE e?lé"&r%ns
with holes. Intparéitilag thbdattass eeféoed bordsdfield dffect passivetont’ Silicén biede and 35

analogous fil@syeiaewn thaveperitlverehaiges andithug exertdha feld.effeckpassiyation. [0005]
However, it isfknown thax;[ if %si icgq nitgcide or gnﬁlogoqghﬁlm ha_ving(?%séitive charges is applied to the
it 855 djeléra0 e .ﬁ'hglb%git%echarge in the

ormatlo e Il .
surface of p-typé Siicon substrate” sofar calf performan
film biases thel&®rgp danfat thepegiaditédn sofdesctowsrithdvendd buap, ahbsigate,

concentrationcakelagkors- e i@ ity fabiersbeaomes higheas o der siieen sudace: 1k glectrode is
formed n th%&-)tggg jéigoa&glgagg, then the &O eI,(E trons accumulating on the surface flow to the
electrod{;. Since it Is the electrode on ﬁ?énﬁjffpe' siIic%ﬁssi&esth%?%ét%(%ts%ec %%%?ﬁjfﬁlgsglar cell, the

electrons flovih§ o TRBROHHE &ilkEn 2fELLIA¥RSId Aré IJ8E 58 e dadUrfert MoRPRSm ERE solar cell
output. For thietealsopaatlsd sigorpexide fitmt evhicirallegedtihbasi aselatively dow posiivecharge and

an aluminum oxide, im,gawng gnegafive £iargs,arenqw Usad foifbe passivaliqn of pype sllicon

surface. « . 1he following technical documents are considered to be 20 relevant to the present
invention. PRIGREARTDOEOMERTRENON-BATENT DOCUMENT [0006] 25Non-Patent Document 1:
S. Dauwe, L. Migekstadt, A. Metz and R. Hezel, Proc. the 17th European Photovoltaic Solar Energy

Conference, p.339, 200 3aNen RaieRtRAUNRERR: +hiBesik, & &sx My & Mayan dg Sanden, W.

MM Kessels, Q. ez s, W Glung. Anplied PGS Ly % 20204,3008,

substrate surface. Silicon atoms within crystal are in a
stable state due to a covalent bond between adjoining atoms.

20 However, at the surface corresponding to the terminus of an
atom array, an unstable energy level, also referred to as
unsatisfied valence or dangling bond, develops because an
adjoining atom to be bonded is not available. The dangling
bond is electrically active enough to capture an electric

25 charge photo-created within silicon whereby the charge is
extinguished, thus detracting from the performance of solar
cells. To suppress the performance loss, the solar cell is
subjected to a certain surface terminating treatment for
reducing the dangling bond. Alternatively, the

30 antireflection coating is given electric charges for
substantially reducing the concentration of electrons or
holes at the surface for thereby restraining recombination of
electrons with heoles. In particular, the latter is referred
to as "field effect passivation." Silicon nitride and

35 analogous films are known to have positive charges and thus

exert the field effect passivation.



SUMMARY OF INVENTION PROBLEM TO BE SOLVED BY INVENTION [0007] However, the
aluminum oxide film has poor fire-through 5 capability during electrode formation, as compared with
the silicon nitride film and the like, so that the electric resistance between the electrode and the silicon
substrate may be increased, failing to provide satisfactory solar cell characteristics. Then, when an
electrode is formed on a 10 silicon substrate having an aluminum oxide film formed thereon, the film
must be confib?l?é’c?t]o a pattern conformal to the electrode pattern. This pattern configuration is
generally carried out Bopattemingiusing pkotolithographyt &r acid ¥@distyor by etdhieg the film with
acid. A techniguexelRrnting.am 8{ENNG RRYe eda BRLGHINY techaigye haged ondager ablation

are also included. These techniques, hqQwever, are scarcel accegtable In the commercial a%ﬁcation

from the stanSPSHhESPcSt BEchiBE nBL A e FORTHE BF Steptid MerSSset, BEF 5REIAR aterials
and 20 eguipierdémohdrilare oy axpentileeOniths stharhdite irf ddder bd aesdmiteehe

passivation fustdiegwftae alminemeodde filre, heat tastiment-auad UaPiris Nacessaiye Fhisdfurther
complicates the splar cell ufacturing process, becaming a 25 harrier_ against cost reduction.
Furthermore,sc%?ngr%()n %%%Eﬁglt?vecggs‘fgép E ﬁgﬁ?t%mop%eraé?g‘r_aec cﬁr"ent?/pé’ ]ér%ndﬂf?éfftét% fire through the
aluminum oxig@TheFesUrRftPiRafRcladgbg Elcttrid hsistaddeand rastfi@iiRy-theldolaPcell
characte_ristice:l.a&[_ﬂ;eaa]aAm mbfegtrmémeopresaat pvegpien, gmm&ﬁ;dgﬂsﬁhiﬁa/jewmﬁhghe
above-digcussed cirpumstancesyis1o PIAYIS 2 sAlar srliiaying gqegfitesthiauah. sapahility to an

aluminum oxide film, hi%h productivity, low cost, and high efficiency, 35 a method of manufacturing the

solar cell, and 2%ofardelifiodiie. SHEANEISSROSOEIMNG PRBBLEM fot0R)] RikdtE&Ensive
investigationstotatéain she Abotve ohect thé hwestdrahave hirivethat thdenvamios Wiiok tuelates to

a solar cell copUsipg & $RMIERRAUGPE Bilstpig bayngAa ighidegeiingsvrfage andA
non-Ilght-recelvmg surfac(t;i a pn junction formed in the semiconductor substrate, abpasswatlon layer
€ d

disposed on t%%ﬁig%’tl-'?e \’(/)l‘r'fgg ﬂgcé:%ﬁd/%?%?g SR thr‘gi:%‘iJ\ﬁng s{l?f]écg, SWEPBxtrSction 10
electrodés disgosbdan giellithtFddaiving Sufagd badafé vohdigherasehdig gadfacd. o layer

including an gjuminugoxigdesfaehadag arthiskaessahupi0i4Q@ na isforaed ag the pagsivatien layer,
which provides for. g firg;hraual) GapaRilib,gurng eleclrode frmation: Aol cell naving,
surface.
The following technical documents are considered to be

20 relevant to the present invention.

PRIOR-ART DOCUMENTS

NON-PATENT DOCUMENT

{00061
25 Non-Patent Document 1: S. Dauwe, L. Mittelstadt, A.
Metz and R. Hezel, Proc. the
17th European Photovoltaic
Solar Energy Conference, p.339,
2001
30 Non-Patent Document 2: J. Benik, B. Hoex, M. C. M. van

de Sanden, W. M. M. Kessels, O.
Schultz and S. W. Glunz,
Applied Physics Letters, 92,
253504, 2008



15 satisfactory characteristics is thus obtainable. [0010] Specifically, the present invention
provides a solar cell, a method of manufacturing the same, and a solar cell module, as defined below.
20 Claim 1: A solar cell comprising a semiconductor substrate having a light-receiving surface and
a non-light-receiving surface, a pn junction formed in the semiconductor substrate, a passivation layer
disposed on the light-receiving surface 25 and/or the non- Ilght receiving surface, and power extraction
electrodes disposed on the light-receivingeSWrHe AllighiNeceiving surface, wherein

said passivation layer includes algR% Tﬁwr@gxgﬁ fg&w Ng.9 tt} m I%Nup to 40 nm. 30 Claim 2:
The solar cell of claim 1 Wherewsarépassrvatmnﬂayersnésmedﬁonﬁgﬂm-hght receiving surface
of a p-type serflitBrductor substrate or the light-receiving surface of an n-type semiconductor
substrate. 35 Claim 3Howevidie, salakcelh oftiaitnl & 2ashareinmsaid passyatien tayer ncudpes the
aluminurg oxiggég@ﬁwgtgngmrgéelqu gli[géiéspg gﬁétﬁéggn gwée oth rglgle&trlc, f,élﬁn Qﬁlng formed
of silicon oxide, titanium oxide, silicon carbide or tin oxi aim 4: The solar cell oflany one of
claims 1 to 3 ShEFERB R ERLAGIE 1B stHitErethSroddkCobtame Bt irfieea ESEUEYE paste, and
the sintered preductipenedrates. heeugtihe pdssiiatioddaysrdndhdingihe ahmisubsaxidediim so as
to make electfigg! epntacthetwesn th%&?firﬁge@@dp@wyﬁét@t& 1 ElalpsyyTNesalar eglh 9f claim

4 wherein sai smteredelgroduct contains an oxide of one gr more elements selected from the group

consisting of BEREEAT K IEE 1SS v. APR cHPER, B8R, 497 BBIEnd Bi. A ER/RME® @ The solar
cell of cl8im 4 A8 9gerensaid akenihemieddefiing has browilt-txadgatielale fivicreddrge which is

increased by the fidog stepn&laim 4 20 selaceslrobaieana of glajas 4406 Woereiraal

to the electrode pattern. This pattern configuration is

generally carried out by patterning using photolithography or
acid resist, or by etching the film with acid. A technique

15 of printing an etching paste and a patterning technigue based
on laser ablation are also included. These technigues,
however, are scarcely acceptable in the commercial
application from the standpoint of cost because not only the
number of steps is increased, but also the materials and

20 equipment involved are very expensive.

On the other hand, in order to maximize the
passivation function of the aluminum oxide film, heat
treatment around 400°C is necessary. This further
complicates the solar cell manufacturing process, becoming a

25 barrier against cost reduction. Furthermore, common
conductive pastes of high-temperature cure type are difficult
to fire through the aluminum oxide film, resulting in
increased electric resistance and restricting the solar cell
characteristics.

30 [0008]

An object of the present invention, which is devised
in view of the above-discussed circumstances, is to provide a
solar cell having good fire-through capability to an aluminum
oxide film, high productivity, low cost, and high efficiency,

35 a method of manufacturing the solar cell, and a solar cell

module.



region of said aluminum oxide film which is to be disposed immediately below the electrode is
displaced by the penetration of the sintered product, and said aluminum oxide film is present in at least
a portion of the region excluding 25 the region disposed immediately below the electrode. Claim 8:

A solar cell module comprising a plurality of electrically connected solar cells as set forth in any one of
claims 1 to 7. 30 Claim 9: A method for manufacturln a solar ceII comprlsmg the steps of forming a
pn junction in a semiconductor substrAtEARS : e R0B a light-receiving surface
and/or a non-liglereteiving surface of the 35 semlconductor substrate, and forming power extraction

electrodes on the lighyaeelinc.sutage, 9 e R igeesRYING:sUAGe: v helE L gluminum

oxide film havmgia thickness of l{P to 40 nm is formed as th egtasswatlon a%er Claim 10: The method

of claim 9 wh8RAT e elEBRod@ EERHABE H'6Y firifd R obRdutive-pifstd Y 8B5 18B0BRLER 1 second
to 30 mirfutestdfaitre s dintered pldtict thiat peprpatesithd uyhstew pbassidatde ayenks hrakee
electrical conm&bﬁ@v%mtbgrﬁiemﬂ%gﬁesamae dalaim 1doA0Themethad-of ¢iaig 10

wherein said smt f;‘product contain an oxide of Qge or m gre elements eIe ted from t e group

consisting of ﬁ ﬁ K %:P%l {}nﬁ dmg‘ﬁ 'ui'a > an almrlzsli%ﬁ' emethod of
claim 10 or 1Pm%$§ﬁ‘é@@§ﬁ)nﬁﬁt¥rﬁ’b>@d@ﬁ’lﬁ?ﬁ§s ‘aIbLﬁIBFh ﬁé@%"}/e@&ﬁ%’kﬁarg%‘%ﬁﬁ%%s
increased by #Higififing stiep. ADVAN BAG ECNS BT Fa Offa eV ENTON R0 t radiawithat an

aluminu oxige firg haying %sasal ihidsressds forgied g1 g ewbstiate atage.seiicaly the

non-light-receiving surface of a p-type semiconductor substrate or theli t receiving surface of a
n-type non-light-receiving surface. A lavyer 1nclu ing an aluminum

cxide f£ilm having a thickness of up to 40 nm is formed as the

passivation layer, which provides for a fire-through

capability during electrode formation. A solar cell having
15 satisfactory characteristics is thus obtainable.

[0010]

Specifically, the present invention provides a solar
cell, a method of manufacturing the same, and a solar cell
module, as defined below.

20 Claim 1:

A solar cell comprising a semiconductor substrate
having a light-receiving surface and a non-light-receiving
surface, a pn junction formed in the semiconductor substrate,
a passivation layer disposed on the light-receiving surface

25 and/or the non-light-receiving surface, and power extraction
electrodes disposed on the light-receiving surface and the
non-light-receiving surface, wherein

said passivation layer includes an aluminum oxide film
having a thickness of up to 40 nm.

30 Claim 2:

The solar cell of claim 1 wherein said passivation
layer is disposed on the non-light-receiving surface of a
p-type semiconductor substrate or the light-receiving surface
of an n-type semiconductor substrate.

35 Claim 3:
The solar cell of claim 1 or 2 wherein said

passivation layer includes the aluminum oxide film and



25 semiconductor substrate, a satisfactory passivation function and tight electrical contact between the
substrate and the electrode are obtainable merely by the step of firing a conductive paste, which is a
prior art technique. The invention omits the anneal step which is necessary in the 30 prior art for the
aluminum oxide film to exert a passivation effect, and is very effective for cost reduction. BRIEF
DESCRIPTION OF DRAWINGS [0012] 35FIG. 1 is a cross-sectional view of an exemplary prior art
solar cell str@ftfEher dEfd efirgd Erdsbid GHRRARER ofF BREXMbodiRent 5PEE solar cell of the
invention. dillZxtiskecrbidmsebecmal viewpédnothesdhbodmentigi¢he salbanéihnf theide,

invention. 5FIG.14 isc Cossiseglional vigyw of-asfggher embodiment of the solar cell of the invention.
FIG.5is a crgis-sectio_nal view of a still further embodiment of the solar cell of the invention.

FIG.6isaqgr pﬁ%‘r‘w‘owfng contact resistance versus lo thickness of aluminum oxide film. FIG. 7 is
a graph showing effedtive @edarlifesddeforfandaftenheatircdiian. EMBOBIMENTS.FGR 14

CARRYING QUddNMANTHONAS500k3rea ppoMembediragnisofihe solalcell £f dag iventien are

described below with reference to the drawings afl}ho gh the inveption js not limited to these
embodiments Of 1 t\ﬁ% 'solar ce ?‘%Oﬁ(ﬂ%e eanog 34 u%?r%atg %%%%%?rggﬁts%ﬁ%ggg%la%g Cell of the

invention. A RMFEoNATCOP stBdipate T BN Ss Bh AW AWbrieEh et AflEIiIFe sBRutibA of
sodium hydroxade=oepetassilsa hydroxicde in aeconeentration efizta 60 %araimixed adblsdirate .
hydroflugyic geid,apd pitric acid, or 25 the like to remove saw damages on its surfaces. The
semiconductor substrate used_herein may be any of p or n-type single (l;gjstal silicon substrates, p or

n-type polycrystalline o 8B &g anf p ot Fipd HASHA Micd IREAERT9%e single crystal
silicon substratecday B0dver peepased by ethdethefCZmethod vetlte EZamethbd. Eedexdmple, an

as-cut single gpysial {hQ0)R-biRs Sben subsiatein whicgigh purity silicon ig doped with Greup 1l
element suchﬁ’ BSS? %re!n tg}, gi,"eﬁ te%%ti’vitg 18; OB]i .

15 Claim 6:

The solar cell of claim 4 or 5 wherein said aluminum
oxide film has a built-in negative electric charge which is
increased by the firing step.

Claim 7:

20 The solar cell of any one of claims 4 to 6 wherein a
region of said aluminum oxide film which is to be disposed
immediately below the electrode is displaced by the
penetration of the sintered product, and said aluminum oxide
film is present in at least a portion of the regicn excluding

25 the region disposed immediately below the electrode.

Claim 8:

A solar cell module comprising a plurality of
electrically connected solar cells as set forth in any one of
claims 1 to 7.

30 Claim 9:

A method for manufacturing a sclar cell, comprising
the steps of forming a pn junction in a semiconductor
substrate, forming a passivation layer on a light-receiving
surface and/or a non-light-receiving surface of the

35 semiconductor substrate, and forming power extraction
electrodes on the light-receiving surface and the

non-light-receiving surface,



to 5 Q-cm may be used. 35[0014] Next, the substrate surface (light-receiving surface) is formed with
microscopic asperities known as "texture". Texturing is an effective means for reducing the
reflectance of solar cells. The texture may be readily formed by immersing in a hot solution of alkali
such as sodium hydroxide, potassium hydroxide, potassium carbonate, sodium 5 carbonate, sodium
hydrogen carbonate or tetramethglammoni,um hydroxide (concentration 1 to 10 wt%, temperature 60 to
100C) for about 10 to B FhiftRe O R WY tiTe d AMBURESHE Brébandt fEHESSVES in the
solution to promotethelreaBtide HOJODES] as The tdawdnigvis fdkowddbg washing with an acidic
aqueous solutippighch@s hydrochloric acid, sulfuric acid, nitric acid, hydrofluoric acid or a mixture
f[hereof. From the stanﬂp&i%g 8%stoatnd Rg)fert'beswweaégi{}l%ig 1@.5 h %o%hlogc agig i§g£%fg eq. To
improve cleanness, washing may be perf%rme'c‘i’ by aé‘mlxmg : }%o 5 wtfo:oﬂ%y rogen peroxide in
hydrochléric #8id SbiAa dhdInsling i ed BegUeE. [8016]UDTerfofR0a badiesutacef@BIBEE) layer
206 (306) on 3ne mtihsitaie, wapof gphasea difilistenr etibgroadiemidmantthedikets sagiedrbitcai 00 to
1,000C to forgy,a pd aver, 1he BSF layer may hefameronthe entire back surface (depjctef at 206

in FIG. 2) or locally in conformation toa 25 pattern of back surface electrode (depicted at 306 in FIG.
3). In generafifrasiar IR, B SERSrEHduld be formed only on the back surface. To this end,

a suitable me@haisipicferably taken for preventing the p layer from being formed on the light-receiving

sgrfag:eigor gxample, '?Mé”onfél{'ﬁ/éﬁﬂ Qg (@flfﬁ?ﬂnﬂﬁ‘ %ﬁ@fgfﬂt\@%%b%ﬁ%éx@db EQS'&\HEQ:a .
diffusion barrier sgch as silicon njtride on the Ilght-recelvm%iurface. Since the BSF layer in which

impurity is difft i A iaﬁ cOncStrationhas glﬁid‘ﬁoggrri EBIEL T atis ?‘[‘f‘lﬁ%lgﬁv%rwﬁlso

effective for 3F@dncingihé elebuic rsidtand@befeerka back séifacé/eleérod&208¢808%kand the

substrate 2018630174 [00d1] pb Nextavapor phase diffusion of phosphorus oxychloride is carried out

to form an n-tg@g:{%yefgpz (302) to define a pn junction 203 (303). Typically, the pn junction must be
15 The method of cilaim 10 or 11 wherein said aluminum

oxide film has a built-in negative electric charge which is

increased by the firing step.

ADVANTAGEQUS EFFECTS OF INVENTION

20 [0011]

Now that an aluminum oxide film having a specific
thickness is formed on a substrate surface, specifically the
non-light-receiving surface of a p-type semiconductor
substrate or the light-receiving surface of a n-type

25 semiconductor substrate, a satisfactory passivation function
and tight electrical contact between the substrate and the
electrode are obtainable merely by the step of firing a
conductive paste, which is a prior art technique. The
invention omits the anneal step which is necessary in the

30 prior art for the aluminum oxide £ilm to exert a passivation

effect, and is very effective for cost reduction.

BRIEF DESCRIPTION OF DRAWINGS

[ooiz]
35 FIG. 1 is a cross-sectional view of an exemplary prior

art solar cell structure.



5 formed only on the light-receiving surface. To this end, a suitable means is preferably taken for
preventing phosphorus from diffusing into the back surface, for example, by carrying out diffusion on a
stack of two substrates with the lo+ layer sides mated, or by forming a diffusion barrier such 10 as
silicon nitride on the back surface. After diffusion, any glass deposit on the surface is removed with
hydrofluoric acid or the like. Besides the vapor phase diffusion, this step may be performed by another
technique of spin coafin§ ‘sptayifig dr SHRIRIELEIHINY 1 ditEEnggehE 1%&%“]%&5, Shielectric
film 204 (304¥Tsfosmed vt sewk s Hseari antmefidotive film on the substrate surface or
light-receiving surface: /s, the diglegtrie fibstos cxamniaisilcomnivideds depesitadioua ijeless of
about 50 to 28 Ot%gméggr de%%siq.org A %}emichlr\éar&rodr?position (abbreviated as CVD, hereinafter)
system is used. A mixture 6T moRosilane ( |f141) Bnd ammonia (NH3) is often used as the reactant
gas. In sbme cases, rfittdgertmb§ e FSEPMsERELGINAS. THEHeSifedrefitietiléhdex may be
accomplishe@hyZSidikiing dfe drpositng speees, adjusiig thevaraedssnpressure, and diluting the
reactant gas, with H2 g, T glelectic. (n Isnatiigliad 1o sijea nliidg i, gad g of siicon
oxide, silicon carbide or titanium oxide which is formed by heat treatment, atomic layer deposition 30
(abbreviated $82AH M3t&in2fe ST tFEFiRE nER e 8§e<¥ﬂ%té~éﬂf $631™-  On the other hand, a
passivation film or layBr @05 305 iaclgdegharsalomiingmanades fifin 2854 806a)es fermads35 on the
back sujface gk psiyRe silicge syifags n\ihilgthe VA o ALD method is often used for the deposition

of aluminum oxide film, vacuum, evaporation or sputtering may also be used herein, The CVD and AID
methods typically useE[ﬁﬁ]étﬂyleﬁﬁm#n&ﬁa(?ﬁlﬂ%wﬂfégrﬁg@%f%‘ﬂ%ﬁ5§éﬁ ﬁﬂ,}JoF%rgon (Ar) as
the carrier gase Oxyger(@R)aabonigiatidé Y€@Dandter (H20), ozone (03) or the like is used as the 5
oxidizing agent for aluminum. One exemplary reaction scheme is as follows. A1(CH3)3 + 1.5H20 -*
0.5Al1203 + 3CH4 10 Film de tﬂﬂﬁ C¥ m Hﬁ%j!&rl@&eg%wweé el%wolecules are
decomposed and deposited %@SMW [ Hermally induced at 100 to
400C by heatltPthlsubstrate, or electromagnetically induced at 100 to 400C by applying a
high-frequency electrig digtdl. Smb Gruseailine erameeph@sdiimdzaving any ReDittaryeeonsdtutional ratio
of aluminum Qr%xy@ggd?Q%QE f%@l%qv [919.%% reference to the drawings although

the invention is not limited to these embodiments of the

solar cell.

20 FIGS. 2 and 3 illustrate embodiments of the solar cell
of the invention. A semiconductor substrate 201 (301) is
etched with a concentrate alkaline solution of sodium
hydroxide or potassium hydroxide in a concentration of 5 to
60 wt%, a mixed acid of hydrofluoric acid and nitric acid, or

25 the like to remove saw damages on its surfaces. The
semiconductor substrate used herein may be any of p or n-type
single crystal silicon substrates, p or n-type
polycrystalline silicon substrates, and p or n-type thin-film
silicon substrates. The single crystal silicon substrate may

30 be prepared by either the CZ method or the FZ method. For
example, an as-cut single crystal {100} p-type silicon
substrate in which high purity silicon is doped with Group

I11 element such as B, Ga or In to give a resistivity of 0.1

to 5 Q-cm may be used.

35 [0014]
Next, the substrate surface (light-receiving surface)

is formed with microscopic asperities known as "texture”.



The aluminum oxide film thus obtained bears a negative electric charge, which is believed to be
derived from the 20 following chemical reaction scheme. Herein, for simplicity sake, reference is made
to reaction in Al203 film. 2AI1203 - 3 ( A10412 )1" + A13+ 25The film is electrically neutral as such. As
Art combines with oxygen in the aluminum oxide film to form a donor/acceptor pair, by which the

positive chargl%is extinct, the film eventually bears a negative charge. It is believed that the negative
charge-genersti g HotR@ ch&nism Fstibéd 4Bovedneqtal dsitieaprrdo PiserEEI&HE30ER as an
aluminum oxidcle fimidaviateDlfsom thirestaieRiometrmaye.,né Atk Odwherefioxnednlaybitrary constant,

or a mixture qfaldmpinyrg oxide i hydrogan s GAbOR. irRGeY o5 le,likes Nasmghyma negative charge

may 35 be generated when the chemical scheme stands between Al and Q, at least in part, in a

system wherd R{ERY Hi&re RRGREEAOBYE Oxj”%htiﬁf?lﬁa%?kéias.f&(ﬂa?gﬁ th& Witkess of
aluminurs oxicarfthen deeinvendisimavy fotrdethattebfimabicknes$ stumteedO niaprefeiainly up to
30 nm, and mgyaSRIedrablydH-iondq-a: sthough the lawer limibisgiot ghtieal, §ie fle thickness is
typically at Iezi%tol E][r)n tg &O\a/‘lgg djnifg COV%'E)a &, qver ethe su&?;:rate surface. [00, e%l To further

a e

enhance the optical confinement effec aHO he bac suﬁéoe, anothér dieReetic fim 2055 05b) may

be formed ondRewhimfiun? oREeIRAPb5h 30587 83 BrbveRayortféd Hiclest it filMDUBBLEBO5D), it
is preferable fram theappticahaspect to use silicon oxide (SiO, Si02), but also acceptable to use
titaniurnlgxidetzé]bigEs Ti02), silicon carbide 15(SiC), tin oxide (SnO, Sn02, Sn02) or the like. The
dielectric film 205b (!305b) on the back surface preferably has a thickness of 50 to 250 nhm, more

preferably 100 to 200 TR IFERYHRIB Yod-thif Ot HRERINE BpHESbnEn&hERt BfeATHA) Become
insufficient. 26[023hs sdNaxt ielectrodds 267 hyd PO8H30E And BO8Y aresfoliedign teid,

light-receiving, syrace grd e AQrrighirreseiving sydach-(back suHace) afile sybstraig,dgspectively.
The electrodes are form%d tg)¥ é{;rlntin%/a conducti\ée aste, 251y icallg/ a silver paste obtained by

mixing a silver bBwitic? AABYTASsHiP itﬁ%%tor%% Texsiiateliod BhthRe li ﬁt%%acréﬁlinlgnsurface and the back
surfacejand fimey trhdestd at acdshpémipredtatyqdt 5000 J00T greferdisigrbeas 700 to 850C, for
1 second to 3Pawinidies mugferbly S:sesondd (o5 Aninies. 0 he heat dreatpesicalisgsdgen
passivation filrr!‘tla to }b{e gétacﬁeq]b)éﬁt:%ec qndflfgvg Dpaste gw;%%llgnsiIgg%p%stgt\ghgregy tgns etl%ctrode in
the form of a Sintered proé’uct of the cond)uctive paste ﬁres or penetrates tﬁrougrh the passivation film
to make electfifafcontact with the silicon

[0016]

29 To form a back surface field (BSF) layer 206 (306) on
the substrate, vapor phase diffusion of boron bromide or the
like is carried out at 900 to 1,000°C to form a p’' layer.
The BSF layer may be formed on the entire back surface
(depicted at 206 in FIG. 2) or locally in conformation to a

25 pattern of back surface electrode (depicted at 306 in FIG. 3).
In general silicon solar cells, the BSF layer should be
formed only on the back surface. To this end, a suitable
means is preferably taken for preventing the p’ layer from
being formed on the light-receiving surface, for example, by

30 carrying out diffusion on a stack of two substrates, or by
forming a diffusion barrier such as silicon nitride on the
light-receiving surface. Since the BSF layer in which
impurity is diffused in a high concentration has a high
carrier concentration, the BSF layer is also effective for

35 reducing the electric resistance between a back surface
electrode 208 (308) and the substrate 201 (301).



35 substrate. Notably, firing of the electrodes on the light-receiving surface and the back surface may
. be carried out separately on each surface. [0024] It is the metal oxide in the conductive paste
that provides the conductive paste with a passivation film fire-through capability. The metal oxide used
herein may be 5 an oxide of one or more elements selected from the group consisting of B, Na, Al, K,
Ca, Si, V. Zn, Zr, Cd, Sn, Ba, Ta, Tl, Pb, and Bi. In order that firing cause the paste to penetrate
through the akﬂﬁﬂﬂﬂl}n oxide film and optional dielectric film to make good contact with the substrate,
10 glass materials sutteas B-RhfaB-pade @G iFFinsYdh BoSi-Bh< dhr&iib - A% 1851 BidEb-O,

and B-SI-Zn-Qbasg.paaiamiay bedisag L%O%?Jﬁfﬁeg%getp%%mw?ﬂ@& Tymayich Js to be

15 disposed immediately below the electrode Is displaced he penetration of the sintered product,

and the alumRRind BRGEFIR i€ Sotmietfin \at 1e2¥R4 5B oR - offtf‘?@ réGtod BREGARRY HBSEGRS disposed
immediately Balowetie etdgroue. Ebegdinhgigta setsfavtongpassnation.eff@ct, titeialuamdymaoxide 20

film is preferaply fosened qnthesentice ﬁ@@ﬂ@ﬁaﬁqgel\@agéﬂrf%%(Qﬁfg@ﬂf@fﬁbaaﬁ@éﬁ%%ﬁﬂgre
light- recelvm%surfa%e %écludl Lgrthe {:eglgg?l %Josed Ié{%\% diately below the electrode, specifically on
the entire non- Fé’ﬁ‘t receivings face of p- y%e silicon fate orff?]lé e‘?ﬁ‘?@%ﬂjeﬁgh??ecewlng surface

of n-type silic6AStiB4Rae f00 28} £ fusiminogh thesdmbbdinfentsrof selsplaradeisusiigh g-iype
silicon substrgte haye beendiescriackdhe Bwedsri;iOﬂ&&amlg:aalaim’é@@bﬁeibasm&ﬂ Bdygpe silicon

30 subsﬂjate t}_ n.F nd Y Ilcon substrate 4 50 ared by doping
high-purity sﬂ%ﬁnﬁwclv#%rou%% %r%en?guc %g%\%{s or §k%jaa%% typl ]ﬁé ad]i)ul 0 a resfs}l{l Vi ity of

0.1 to 5 Q-cnf &5 ﬁﬁiéoﬁﬂébr%’olé'lh@elFhﬁﬁ?%@nﬁﬁufﬁ%ﬁﬂ@&%yvfﬁé}éaﬁ%dﬁ%%boé@% the p-type
silicon solar cafl i éxeapt that ilLlislessenBakibderm tthpt+ Jayeo 4081{a62) ia nfderstddorm ehps junction

403 (503). On th,0ther, hgad yan B JJaetios 0mipg RS days o the Badk surface may be formed

on the entire back surface de{g:)lcted at 406 in FIG. 4) or formed locally in con ormatlon toa pattern of

back surface SREEHHRYd8picd & Bt FBP &Y. %0@7?1 Ut HE9ERVing surface may be
passivatéd byl fotdBig an aluminum oxide film 405a (505a) on the surface of a p+ layer 402 (502)

according to the invengigRtand forming anether gielactsis 4ilm 492 (335 eIy diglectric 10 film
OfsmconOXMe(§K3 Sgg)éﬁag% Omgﬁé %%égo%llm on the substrate surface or

light-receiving surface. As the dielectric f£ilm, for example,
silicon nitride is deposited to a thickness of about 50 to

200 100 nm. For deposition, a chemical vapor deposition
(abbreviated as CVD, hereinafter) system is used. A mixture
of monosilane (SiH,) and ammonia (NH,) is often used as the
reactant gas. In some cases, nitrogen may be used instead of
NH,. The desired refractive index may be accomplished by

25 diluting the depositing species, adjusting the process
pressure, and diluting the reactant gas, with H, gas. The
dielectric film is not limited to a silicon nitride film, and
a film of silicon oxide, silicon carbide or titanium oxide
which is formed by heat treatment, atomic layer deposition

30 (abbreviated as ALD, hereinafter) or the like may be used
instead.
{0019]

On the other hand, a passivation film or layer 205

(305) including an aluminum oxide f£ilm 205a (305a) is formed

35 on the back surface or p-type silicon surface. While the CVD
or ALD method is often used for the deposition of aluminum

oxide film, vacuum evaporation or sputtering may also be used

-10-



silicon carbide (Sic) or tin oxide (SnO, 5n02, SnOj thereon as an overlay. On the n layer on the back

- surface, a dielectric film 404 (504) of silicon nitride, silicon oxide, silicon carbide, titanium oxide or the
like is preferably 15 formed. The film forming conditions including film thickness and the conditions for
forming electrodes 407 and 408 (507 and 508) may be the same as those for the p-type silicon

substrate. [0028] 200n the solar.cell b cl?}1 rface,.a reflector is preferably provided for reflecting back
the light tranglrﬁl tee?jrb'y tr?[gl s?ut?s{{r%tea.n S fél]"l)re 8‘(1:5%—6?, eﬁur%rm?ulrﬁ %f% veur%veﬁich can be formed as a

film by vacuuk¥ épgidvation wrimautkel s beagsdth € qimatdmrdife capyiedaeyered Hykhedt 25
additional treatrgemt, (rerelydy applyingarwbie Baek shegligea solas celldaetida. @ndheather hand,

the reflector may ke O{J}H%(} ang gl ,ctrj)cét%ncgn(t%? pegdgrq;gg p¥ﬁggsi{1g %ggﬁrigg Ii% teenter the

back surface. Furthermore, electficity can be genetated by setting the solar cell such 30 that the back
surface may B&d6HhE1RG ligHEREei/iy SrERERle. [BUPD)] e XeMPAGITdREE6 tHOThERlBRea solar
cell module is sbtasnetbhy elestrically connecting a plurality of solar 35 cells manufactured as above.
EXAMPLE [0030] Experiments, Examples and Comparative Examples are given below for further

illustrating the inventi%{é_a(lte&ugh S'Eh ingcipt'tﬁ)n is not limi %%lto the Ex @ges. [0031] Experiment 1
¢ [ e?gﬁcli'fﬂegs

Investigation of electrode*contdct resistance?To |ﬁ\7est|gat “an aluminum oxide film,
10 first a conductive paste commonly used for the fire-through capability to silicon oxide film was used

to exantifie it& HlditiHBRGF LAp&HIIN Yo BRfmAYR BRiERITPTRE Bfclthrotigh 8af &SRS can be
evaluated in etmsecni Contact scsistannm betwicamihedelpetsddeandther sikcandbuisteate.. 15Vapor

phase diffusiqn, oL baron pAuqe V&8s GRINED AUt hermally induced at 100 to 400°C
by heating the substrate, or electromagnetically induced at
100 to 400°C by applying a high-frequency electric field. A
15 crystalline or amorphous film having any arbitrary
constitutional ratio of aluminum to oxygen may be formed.
[0020]
The aluminum oxide film thus obtained bears a negative
electric charge, which is believed to be derived from the
20 following chemical reaction scheme. Herein, for simplicity

sake, reference is made to reaction in Al,G, f£ilm.

2A1,0, — 3(AlQ,,,)' + Al™

25 The film is electrically neutral as such. As Al™
combines with oxygen in the aluminum oxide film to form a
donor/acceptor pair, by which the positive charge is extinct,
the film eventually bears a negative charge.

It is believed that the negative charge-generating

30 mechanism described above 1s equally applicable to other
systems such as an aluminum oxide film deviating from the
stoichiometry, i.e., of Al, 0, wherein x is an arbitrary
constant, or a mixture of aluminum oxide with hydrogen,
carbon, nitrogen or the like. Namely, a negative charge may

35 be generated when the chemical scheme stands between Al and O,

at least in part, in a system where Al and O are co-present.

-11-



on a textured p-type silicon wafer of 15 cm squares having a thickness of 240 Ku, thereby diffusing
boron therein to form a p. layer. An aluminum oxide film was formed on the p+ layer by the ALD
method, and a silicon oxide film was formed 20 thereon by the plasma CVD method. The thickness of
the silicon oxide film was adjusted such that the total thickness of aluminum oxide film and silicon
oxide film was 100 nm. On these passivation films, a commercially available fire-through capability
silver paste mﬁa‘%ﬂﬁri‘r&ed in a 25 comb-shaped pattern, and fired in a rapid thermal processing (RTP)
furnace at a peak temerstiireadh80CEhfor13i seconsisudhe sumbetlod samptdsereparetl was 5

samples for egelirset ohconditiens: {90321 30 oieMAlvats .coNACT Lesisiange b dhe lagder method,

strip-shaped st%e,ugens of 1 cm wide and 5 cm Ié);sr}ggwere cut out of a wafer at 5 positions and

measured. FrEPE HadramtRatcans A8 atdd EH AR Sisth B et SudhickiRes B Efuminum
oxide filni. FopHes egmmbikiation 35cofAfMlicon .oxidé fimuaid dibminewexideifiit whennthé aluminum

oxide film thickpess isaedugrd t¢ abpuEH] BRL 4R cortactresisiance showsa sikasticgiopesand when
the aluminum oxided‘ilm thickness is reduced to 20 nm or less, t g corptact resistance reaches a value

h
approximate & that of silicon oxide Film of 100 nht ?}:ﬁcl%l?a ur%‘ilr?usm bxide film thickness = 0 nm). From
these results, tA&&fminum oxide 5 film thickness that provides for satisfactory electrical contact is

judged to be 40 nm orlessprefasably@iatoor tess, aptinar peferahymdhymarfess. [4933]
Experimgnt 2 Ierstoalion oL aasONGee UPOB ISP lino sy LK) 'SR e
measuring carrier life was carried out to examine thegasswaﬂon effect versus thickness of aluminum

oxide film. OnfGpPEGeuridtes BRI RHHR SRiFPwafet®f 2833 i SeBaréfaitiy A4RickABss of 200
pm which had’beerthsdrrdd lishéa by aCidletchingb alddimibm, oxide fienpokfarymiglthickness were

formed by therAkDdpethosh Tedmpat the theraal hysiesesis of glectrade firiag heat tipatment;, gach
sample was heat tre g% in qCRTP furnace at a &)leak 28 terPf%erature_of 00C faqr.3 seconds. FIG.
us e

7 diagrammaﬁtgaffl?/Eil Petes the'fiBaSdreMentTeSaitssr cifetive taftidr it befsieardardIfeat
treatmeht. ThéEkfettivé tarreriifeis @nbveran@arrienife) ineldidtea takrer lifdTrecrystal bulk silicon

and a 25 carri;_aiéij_eg_aﬁ;ﬂagcﬁilﬂm\algm_m ;m('gd@)fiI%i%@%@@r@g@@&nﬁ@mwit In FIG.
e A Reck aUa s e b g SIS B oo e anc e
nm, If the film is too thin or thick, the optical
confinement effect may become insufficient.

20 [0023]

Next, electrodes 207 and 208 (307 and 308) are formed
on the light-receiving surface and the non-light-receiving
surface (back surface) of the substrate, respectively. The
electrodes are formed by printing a conductive paste,

25 typically a silver paste obtained by mixing a silver powder
and glass frit with an organic binder, on the light-receiving
surface and the back surface, and firing the paste at a
temperature of about 500 to 900°C, preferably about 700 to
850°C, for 1 second to 30 minutes, preferably 3 seconds to 15

30 minutes. The heat treatment causes the passivation f£ilm to
be attacked by the conductive paste, typically silver paste,
whereby the electrode in the form of a sintered product of
the conductive paste fires or penetrates through the
passivation film to make electrical contact with the silicon

35 substrate. Notably, firing of the electrodes on the
light-receiving surface and the back surface may be carried

out separately on each surface.
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For all the samples, a phenomenon that the carrier life was extended by heat treatment was observed,
and the results indicated that the value of carrier life does not depend on the thickness of aluminum
oxide film. It was 35 confirmed by CV measurement that the extension of the carrier life by heat
treatment is attributable to an increase of built-in negative charge quantity in aluminum oxide film by
heat treatment. The charge quantity before heat treatment was I1x101 to 3x1le C-cm-2 whereas the
charge quantft? %f&¢ heat treatment increased to about 3x1022 C-cm-2 for all varying thickness
samples. Based on th&tfadtsthaibthere padsivaticiee ffect idhaluwindncadide fia sloes tish tlepend on its

thickness, it ig bglig rdsthah shatgesyithin the filat eolect pear thedaterface Hetweegn silicon substrate
and aluminurg oxid_et@lm. L[%%B%]hlm IS JZvident frciran these results that satisfacté?g &pﬁassivation effect is
achievable even when t7e KRR B Aiunlinunt B%ide&his Bdd&e 4540 # BsI¥ 88 been
newly fo@ind tat a¥igienedamrecinirgeeuantyateniminsetesitedirizomlyiveveloperl by brief heat
treatment durinRgh 5 eleciigderirmg, RAJ tha lovkterpperatiye anneghstepwhielahagheena prablem
can be omitteg, [0036] Example 1 Qne hundred,(;100) as-cut, boron-doped, {100} p-type 20 silicon
substrates hzg:ltn'g %ﬁtjﬁicl?rlmlealjsFg 87'25%%@%%1 "a F(erlé?s iv%fi%%? -%?nu\?v%re% ??g{at% }SV%I pagl%ot conc.
potassium hyeifSade agGedtid ssighort st bV Bdmage t&8HETal imheiset PR poRRSIUM
hydroxide/2-pidpaerelagleofis kelutionfaktextord), andisabseguianilytrashadbgitir athydrochloric 25

acid/hydogeq peroxide mixad saluligaNext, 8 stacksor substrates with ejrlighteceiving surfaces

mated was heat treated at 1000C in a boron bromide atmosghere to form a p+ layer. Subsequently, a
stack of substtates With theiPoadk ERidtbsInaaStaPhedtrCe a2t sB0€4n A PRBFus 30

oxychloride atabsphierésorfanm agprysadtion. After diffusion, the glass layer was removed with
hydrofluoric acirh s0¢l the substrates were washed with deionized water and dried. After these
treatments, a silicon nﬁrlge film of (;)Lg\(; E_)rhrrg3 thl(ik was deposlt(-é‘lqa ag ant&rlefl%ctl};/g flLrg Oé‘lathe entire 35

. . eglion ctil UMLNDUum oxX3i1 1im wWiRLcC
light-receiving surface ina f}’lasma system.

15 disposed immediately below the electrode is displaced by the
penetration of the sintered product, and the aluminum oxide
film is formed in at least a portion of the region excluding
the region disposed immediately below the electrode. For
gaining a satisfactory passivation effect, the aluminum oxide

20 film is preferably formed on the entire non-light-receiving
surface (back surface} and/or the entire light-receiving
surface excluding the region disposed immediately below the
electrode, specifically on the entire non-light-receiving
surface of p-type silicon substrate or the entire

25 light-receiving surface of n-type silicon substrate.

[0026]

Although the embodiments of the sclar cell using a
p-type silicon substrate have been described, the invention
is applicable to a solar cell using an n-type silicon

30 substrate. As shown in FIGS. 4 and 5, an n-type silicon
substrate 401 {501) is prepared by doping high-purity silicon
with Group V element such as P, As or Sb, and typically
adjusted to a resistivity of 0.1 to 5 Q-cm. The n-type
gsilicon solar cell may be manufactured by the same method as

35 the p-type silicon solar cell, except that it is essential to
form a p° layer 402 (502) in order to form a pn junction 403
{(503). On the other hand, an n’' layer for forming a BSF

-13-



[0037] On half (50 substrates) of the thus treated substrates, a back side passivation film was
formed. On these 50 substrates, an aluminum oxide film of 20 nm thick was 5 deposited on the entire
back surface at a substrate temperature of 200C in an ALD system, using TMA as the reactant gas
and oxygen as the oxidizing agent. The aluminum oxide film resulting from this process was
stoichiometric amorphous Al203. Thereafter, a silicon oxide film of 150 nm 10 was deposited in a

sputtering systB¥PT OINHREAL P8t WRE ER AN IRED FiPERBFARENIR FattetRDrbRek
light-receivings surfacs=anidibadlc sedaee: otalbthins #iBkrates) and-dfedmEE nlibeiaste was fired in air

at 800C for 3 sgreRdswhersbyAd slesipdes pegetraied 13 threugh they diglectic films.Qn Bethsthe

Iight-receivin%surfa%e and thIe bacl}surface to make electric conduction to the silicon substrate. In a
vacuum evap Fatith sy%f‘erﬁ, &1 AP film of 2 [tm thick was formed as a reflector on the back side of the
solar cell? 20[0088]7Gomparative Example 1 The remaining 50 substrates prepared in Example 1

were processed as in fxxampleyi exsepkthed Agilicepmitidediy afd094un tRigk v@seposited on the
back surface py the same 25 method as applied to.the substrate. light-receivipg surface in Example 1.
roeSE S R g R A o e b R
characteristic& bB*a é@¥é&it-Afltdgé 18dter 30cRTisithuiatolt B6lat Ryevlifi P&y niid £ Srmhadesults
are reported iankethe #, mikichiiogthat the peripomance of Bolar eelisiivfampledial thecprastice of

the invepyion is;3pegier oy thepgrfosmaggce phsglar g5l in Comparatyg kxarale dr{804QiEaple 1
[MEECUmfmnéyiicon carbide (SiC) or tin oxide (Sn0O, SnO,, SnO,) thereon
as an overlay. On the n layer on the back surface, a
dielectric film 404 (504) of silicon nitride, silicon oxide,
silicon carbide, titanium oxide or the like is preferably

15 formed. The film forming conditions including film thickness
and the conditions for forming electrodes 407 and 408 {507
and 508) may be the same as those for the p-type silicon
substrate.
fo028]

20 On the solar cell back surface, a reflector is
preferably provided for reflecting back the light transmitted
by the substrate. As the reflector, aluminum or silver which
can be formed as a film by vacuum evaporation or the like may
be used. Equivalent effect may be achieved, without

25 additional treatment, merely by applying a white back sheet
to a solar cell module. On the other hand, the reflector may
be omitted, and electricity can be generated by causing
scattering light enter the back surface. Furthermore,
electricity can be generated byrsetting the solar cell such

30 that the back surface may become the light-receiving surface
side.

[0029]
According to the invention, a solar cell module is
obtained by electrically connecting a pluraliity of solar

35 cells manufactured as above.
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non-light- receiving surface Short-circuit current, mA/cm2 Open-circuit voltage, V Fill factor,
Conversion efficiency, Example 1 Al202 20 nm + Si02 150 nm 37.8 0.641 78.4 19.0 Comparative
Example 1 SiN 100 nm 36.0

EXAMPLE
[0030]
Experiments, Examples and Comparative Examples are
given below for further illustrating the invention although
5 the invention is not limited to the Examples.
[00311]

Experiment 1

Investigation of electrode contact resistance

To investigate the thickness of an aluminum oxide film,
10 first a conductive paste commonly used for the fire-through
capability to silicon oxide film was used to examine its
fire-through capability to aluminum oxide f£ilm. The
fire-through capability can be evaluated in terms of contact
resistance between the electrode and the silicon substrate.
15 Vapor phase diffusion of boron bromide was carried out

on a textured p-type silicon wafer of 15 cm sguares having a

thickness of 240 ym, thereby diffusing boron therein to form
a p' layer. An aluminum oxide film was formed on the p* layer
by the ALD method, and a silicon oxide film was formed

20 thereon by the plasma CVD method. The thickness of the
silicon oxide film was adjusted such that the total thickness
of aluminum oxide f£ilm and silicon oxide film was 100 nm. On
these passivation films, a commercially available
fire-through capability silver paste was printed in a

25 comb-shaped pattern, and fired in a rapid thermal processing
{RTP) furnace at a peak temperature of 800°C for 3 seconds.
The number of samples prepared was 5 samples for each set of
conditions.

[0032]

30 To evaluate contact resistance by the ladder method,
strip-shaped specimens of 1 com wide and 5 cm long were cut
cout of a wafer at 5 positions and measured.

FIG. 6 diagrammatically illustrates contact resistance
versus thickness of aluminum oxide film. For the combination

35 of silicon oxide film and aluminum oxide f£ilm, when the
aluminum oxide film thickness is reduced to about 40 nm, the

contact resistance shows a drastic drop, and when the
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0.636 77.5 17.7 5[0041] In Example 1 within the scope of the invention, satisfactory electric contact is
obtainable even though the thickness of dielectric film on the back surface is greater than that of
Comparative Example 1. In addition, since the 10 leak current is eliminated due to the absence of an
inversion layer, a satisfactory fill factor is obtained, and both the open-circuit voltage and short-circuit
current are significantly improved. [0042] 15 Example 2 One hundred (100) as-cut,
phosphorus-(golp"@‘f.'ﬂL YFEHE ShithR SUbLFSRESFahTy SSHIERRESSTEr 250 O S 4 88Sistivity of 1
Q-cm were tréaedagititadibt tesd. poiassiumdachedde ayadaes spiptiox farasosy damslgetrenval,
20 immersed dn aiRatasHD AW dEaxide/3PropanakAdeods PR fakIEX KNG apd shbsequently
washed with %Iwg{{%cgIosric“acéd/h%Srog%n cEero jde mixed soi(l:tion. ext, a stack of substrates with
their back surfaces mated was hear treated at 1 i & B8ror brohide A8 HE e 3518/ a pn
junction. 25 Stbseqlibritikaegckbduznevdsiadh fealr kgtireeiokprsuriabes trdted was heat
treated at 85 irtaphosphoruagxichieride almospheye to dargn aiRSir iyepiAfterdiffusign, the glass
layer was remaved with, Qydrofluoric acid. and the, substrates were washed with deionized water and
dried. After ?%%s{gt?eéﬁlnger%ﬁﬂag Si |%§r% ﬁlifr?(géq ﬂln? (é)f 00 A thick \was deposited as a back side
dielectric film W?%Re kntire back surface in a plasma CVD system. [0043] 50n half (50 substrates) of
the thus treatBdseibstnates, 2 light-receiving surface passivation film was formed. On these 50
substrates, an aluminum oxide film of 20 nm thick was deposited on the entire light-receiving surface
at a subratel Bssdiigpd HeD RapsiivgtigRneikartTRois electrode firing

Next, a test of measuring carrier life was carried out

1 &l N 4t 1ISEHH

to examine the passivation effect wversus thickness of
aluminum oxide film.

On opposite surfaces of a p-type silicon wafer of 15

15 cm sgquare having a thickness of 200 um which had been mirror
finished by acid etching, aluminum oxide films of wvarying
thickness were formed by the ALD method. To impart the
thermal hysteresis of electrode firing heat treatment, each
sample was heat treated in a RTP furnace at a peak

20 temperature of 800°C for 3 seconds.

FIG. 7 diagrammatically illustrates the measurement
results of effective carrier life before and after heat
treatment. The effective carrier life is an overall carrier
life including a carrier life in crystal bulk silicon and a

25 carrier life at the silicon-aluminum oxide film interface,
expressed in microsecond unit. In FIG. 7, the broken line
with black squares designates the effective carrier life
before heat treatment and the broken line with white sguares
designates the effective carrier life after heat treatment.

30 [0034]

For all the samples, a phenomenon that the carrier
life was extended by heat treatment was observed, and the
results indicated that the value of carrier life does not
depend on the thickness of aluminum oxide film. It was

35 confirmed by CV measurement that the extension of the carrier
life by heat treatment is attributable to an increase of

built-in negative charge quantity in aluminum oxide £ilm by
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10 the reactant gas and oxygen as the oxidizing agent. The aluminum oxide film resulting from this
process was stoichiometric amorphous Al203. Thereafter, a titanium oxide film of 50 nm was
deposited by the atmospheric CVD method. Next, Ag paste was screen printed in a comb-shaped 15
pattern on the light-receiving surface and back surface of all the substrates and dried. Then the paste
was fired in air at 800C for 3 seconds whereby Ag electrodes penetrated through the dielectric films on

both the light{t&8&ivingSaHAER and thep &SIt @@ Thaky eRefitrCortrtior ¥5 2088 Silicon

substrate. In gyacuurevapgrationosystensmen Hhillpeat2 g thigk was fained asp refiegtor on the
back side of the solar cell. [0044] Comparative Example 2 25The remaining 50 substrates prepared in

Example 2 wBgaproEEssddnas th Eranprs2 dxteptahatis silicdA NitGdeim §0T0@AM thick was

deposited onyhe-jighlyrecrivinehaiyfacethessameduethogiastarpliedde the substate back surface
in Example 2. 30%00451C . Thggolatr ceﬂs iriExam le 2 an Com%ara%e Exaqr%ple 2 were measured
S J.OT a ﬁ‘.ﬁ aﬂ,

for charatterigfics %;‘/’ A'cuifen -voﬁa?ge festé ﬁlsnllr%él %lﬂgfo&%oﬁ’ "ah agsef%pq’h%nresults
are reported tFalle PokRERingthatihelsekfor i ctlvt Boduiarasdis Wi Elxampldr2 akith practice

of the inventiemn isL sitperios & thenpericormancedef ssdaneas ik CompaativesExample 2nf0046] Table 2
Dielectric filmaqqlggplgl&ecoe}i(vi%% sgrjl‘%g
[0035]

10 It is evident from these results that satisfactory
passivation effect is achievable even when the thickness of
aluminum oxide film is reduced to 40 nm or less. It hag been
newly found that a high negative charge guantity of aluminum
oxide film is fully developed by brief heat treatment during

15 electrode firing, and the low-temperature anneal step which
has been a problem can be omitted.

[0036]
Example 1
One hundred {(100) as-cut, boron-doped, {100} p-type

20 silicon substrates having a thickness of 250 pm and a

resistivity of 1 Q-cm were treated with a hot conc.

potassium hydroxide aqueous solution for saw damage removal,
immersed in a potassium hydroxide/2-propancl agueous solution
for texturing, and subsequently washed with a hydrochloric

25 acid/hydrogen peroxide mixed sclution. Next, a stack of
substrates with their light-receiving surfaces mated was heat
treated at 1000°C in a boron bromide atmosphere to form a p°
layer. Subseguently, a stack of substrates with their back
surfaces mated was heat treated at 850°C in a phosphorus

30 oxychloride atmosphere to form a pn junction. After
diffusion, the glass layer was removed with hydrofluoric acid,
and the substrates were washed with deionized water and dried.
After these treatments, a silicon nitride film of 100 nm
thick was deposited as an antireflective film on the entire

35 light-receiving surface in a plasma CVD system.
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Short-circuit current, mA/cm2 Open-circuit voltage, V Fill factor, Conversion efficiency, Example 2
AlI203 20 nm + TiO 50 nm 36.5 0.651 78.8 18.7 Comparative Example 2 SiN 100 nm 36.2 0.637 78.0

18.0

10

i5

20

25

30

[00371}

On half (50 substrates) of the thus treated substrates,
a back side passivation £ilm was formed. On these 50
substrates, an aluminum oxide film of 20 nm thick was
deposited on the entire back surface at a substrate
temperature of 200°C in an ALD system, using TMA as the
reactant gas and oxygen as the oxidizing agent. The aluminum
oxide film resulting from this process was stoichiometric
amorphous Al,0,. Thereafter, a silicon oxide film of 150 nm
was deposited in a sputtering system.

Next, Ag paste was screen printed in a comb-shaped
pattern on the light-receiving surface and back surface of
all the substrates and dried. Then the paste was fired in
air at 800°C for 3 seconds whereby Ag electrodes penetrated
through the dielectric films on both the light-receiving
surface and the back surface to make electric conduction to

the silicon substrate. In a vacuum evaporation system, an Al
£ilm of 2 pum thick was formed as a reflector on the back side
of the solar cell.

[0038]

Comparative Example 1

The remaining 50 substrates prepared in Example 1 were
processed as in Example 1 except that a silicon nitride film
of 100 nm thick was deposited on the back surface by the same
method as applied to the substrate light-receiving surface in
Example 1.

[0039]

The sclar cells in Example 1 and Comparative Example 1
were measured for characteristics by a current-voltage tester
using simulator solar light with air mass 1.5. The results
are reported in Table 1, indicating that the performance of
solar cells in Example 1 as the practice of the invention is
superior to the performance of solar cells in Comparative

Example 1.
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510[0047] 101,201, 102,202, 402,502: 301, 302: p-type DESCRIPTION OF REFERENCE
NUMERALS 401,501:semiconductor substrate n-type layer layer 103, 203, 303, 403, 503: pn

junction

10

15

20

25

[0040]
Table 1
Dielectric
£ilm on Short-circuit| Open-circuit Fill Conversion
non-light- current, voltage, factor, efficiency,
receiving mA/cm? v % %
surface
Al1.,0, 20 nm
Example 1 + 37.8 0.641 78.4 19.0
S5i0, 150 nm
Comparative .
Example 1 SiN 100 nm 36.0 0.636 77.5 17.7
[0041]
In Example 1 within the scope of the invention,
satisfactory electric contact is obtainable even though the

thickness of
than that of

leak current

dielectric film on the back surface is greater

Comparative Example 1. In addition, since the
is eliminated due to the absence of an inversion
layer, a satisfactory fill factor is obtained, and both the
open-circuit voltage and short-circuit current are
significantly improved.

[0042]

Example 2

One hundred (100) as-cut, phosphorus-doped, {100}

n-type silicon substrates having a thickness of 250 pm and a

resistivity of 1 Q-cm were treated with a hot conc.

potassium hydroxide agqueous solution for saw damage removal,
immersed in a potassium hydroxide/2-propanol aqueous solution
for texturing, and subsequently washed with a hydrochloric

acid/hydrogen peroxide mixed solution. Next, a stack of
substrates with their back surfaces mated was heat treated at
1000°C in a boron bromide atmosphere to form a pn junction.
Subsequently, a stack of substrates with their
light-receiving surfaces mated was heat treated at 850°C in a
After

the glass layer was removed with hydrofluoric acid,

phosphorus oxychloride atmosphere to form a BSF layer.
diffusion,
and the substrates were washed with deionized water and dried.
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104, 105, 204, 304, 404, 504:dielectric film 205, 305, 405, 505: passivation film 205a,
305a,405a,505a: aluminum oxide film 15 205b, 305b,405b,505bh: dielectric film 206, 306,

10

15

20

25

30

35

After these treatments, a silicon nitride film of 100 nm
thick was deposited as a back side dielectric film on the
entire back surface in a plasma CVD system.
[0043]

On half (50 substrates) of the thus treated substrates,
a light-receiving surface passivation film was formed. On
these 50 substrates, an aluminum oxide film of 20 nm thick
was deposited on the entire light-receiving surface at a
substrate temperature of 200°C in an ALD system, using TMA as
the reactant gas and oxygen as the oxidizing agent. The
aluminum oxide film resulting from this process was
stoichiometric amorphous Al,0,. Thereafter, a titanium oxide
film of 50 nm was deposited by the atmospheric CVD method.

Next, Ag paste was screen printed in a comb-shaped
pattern on the light-receiving surface and back surface of
all the substrates and dried. Then the paste was fired in
air at 800°C for 3 seconds whereby Ag electrodes penetrated
through the dielectric films on both the light-receiving
surface and the back surface to make electric conduction to
the silicon substrate. In a vacuum evaporation system, an Al
film of 2 pym thick was formed as a reflector on the back side
of the solar cell.
[0044]

Comparative Example 2

The remaining 50 substrates prepared in Example 2 were
preocessed as in Example 2 except that a silicon nitride film
of 100 nm thick was deposited on the light-receiving surface
by the same method as applied to the substrate back surface
in Example 2.

[0045]

The solar cells in Example 2 and Comparative Example 2
were measured for characteristics by a current-voltage tester
using simulator solar light with air mass 1.5. The results
are reported in Table 2, indicating that the performance of
solar cells in Example 2 as the practice of the invention is
superior to the performance of solar cells in Comparative
Example 2.
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406, 506: back surface field (BSF) layer 106, 207, 307, 407, 507: light-receiving surface electrode
107, 208, 308, 408, 508: back surface electrode CLAIMS: 1. A solar cell comprising a semiconductor
substrate having a light-receiving surface and a non-light-receiving 5 surface, a pn junction formed in
the semiconductor substrate, a passivation layer disposed on the light-receiving surface and/or the
non-light-receiving surface, and power extraction electrodes disposed on the light-receiving surface
and the non-libﬂ?— }eiving surface, wherein 10said passivation layer includes an aluminum oxide film

Table 2
Dielectric
film on Short-circuit| Open-circuit Fill Conversion
light- current, voltage, factor, | efficiency,
receiving mA/cm? v % %
surface
Al,0, 20 nm
Example 2 + 36.5 0.651 78.8 18.7
TiO 50 nm
Comparative .
Example 2 SiN 100 nm 36.2 0.637 78.0 18.0
5
DESCRIPTION OF REFERENCE NUMERALS
[0047]
101, 201, 301, 401, 501: semiconductor substrate
102, 202, 302: n-type layer
10 402, 502: p-type layer
103, 203, 303, 403, 503: pn junction
104, 105, 204, 304, 404, 504: dielectric film
205, 305, 405, 505: passivation film
205a, 305a, 405a, 505a: aluminum oxide film
15 205b, 305b, 405b, 505b: dielectric film
206, 306, 406, 506: back surface field (BSF) layer
106, 207, 307, 407, 507: 1light-receiving surface electrode
107, 208, 308, 408, 508: back surface electrode
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having a thickness of up to 40 nm. 2. The solar cell of claim | wherein said passivation layer is
disposed on the non-light-receiving surface of a 15 p-type semiconductor substrate or the
light-receiving surface of an n-type semiconductor substrate. 3. The solar cell of claim 1 or 2 wherein
said passivation layer includes the aluminum oxide film and 20 another dielectric film disposed
thereon, the other dielectric film being formed of silicon oxide, titanium oxide, silicon carbide or tin
oxide. 4. Th&&81&ME&l of any one of claims 1 to 3 wherein said 25 electrode is a sintered product
obtained by firing a conductive paste, and the sintered product penetrates through the passivation

layer including the alugnigyaxide flin se@ste Maks aleckicakerniacilatwean e glectrode and the
substrate. 30.5.The solar che" of claim 4 wherein said sintered product contains an oxide of one or

more element?¥eii@ed fiohd e §rothicoSiRg oI B NSIT, R BaRsit2h; TP Ed VaRBa, Ta, T,
Pb, and Bi. 35@rf#csolanc@nofisiaint 4t Stwheedn aidHiemiremi ogkidfiharmssabaiicimbeegative

electric charge whisk is/ieieaseddpehediiivgeten oh tessaawea!lofanyiena of darruddo 6
wherein a region, o said eluminum exide fim whieh s o be dispesed jmmediaiely below the glectrode
is displaced bynt e pene?ration of egsmteregprodluc?, and said alurminunt oxide 5 fil ie present in at

least a portiofs b HerRefoh SXARARGhOTedit® dishBREd TRRrtVBY FBIeW A cRfolBe 8. A
solar cell modide edingisingea: plivality of alectoally enapedtad solar cells as set forth in any one of

10 claimg 1 to 7. 9. Asagthogdarmantiasiuring a solar cel LOmmrising thesstens of fiming gpn

junction in a semiconductor substrate, forming a passivation layer on a light-receiving 15 surface
and/or a non-NENERBeRing dFrtRSst tRE sBRhiddhdiRidubstrate, and forming power extraction

electrodes on the light-receiving surface and the non-light-receiving surface, wherein an

aluminum oxige film hayiag athigkness pf 28 up1te AP AMya g as the presivaligpiayer. 10. The
method of claim 9 Wherei%the electrode is Iigrmed by firing,a condu,ctiye(gaste t 500 to_900C for 1

second to 30 Tikates 3 forht Ashered’ pr% Gel'that %)%ﬁe tatbg frough 25 the 3&8ivafioR layer to

make efectricatéoimactssaveendie beetradbahtake seibstedie. Lghenachbdigicidnrfewherein
said sintered prodict gomtps arnxideroiosedsr eateselemests selected from the

3. The solar cell of claim 1 or 2 wherein said
passivation layer includes the aluminum oxide film and

20 another dielectric film disposed thereon, the other
dielectric film being formed of silicon oxide, titanium oxide,

silicon carbide or tin oxide.

4. The solar cell of any one of claimg 1 to 3 wherein said
25 electrode is a sintered product obtained by firing a conductive

paste, and the sintered product penetrates through the

passivation layer including the aluminum oxide film so as to

make electrical contact between the electrode and the substrate.

30 5. The solar cell of claim 4 wherein said sintered
preoduct contains an oxide of one or more elements selected
from the group consisting of B, Na, Al, K, Ca, Si, V, Zn, Zr,
Ccd, Sn, Ba, Ta, Ti, Pb, and Bi.

35 6. The solar cell of claim 4 or 5 wherein said aluminum

oxide film has a built-in negative electric charge which is

increased by the firing step.
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30 group consisting of B, Na, Al, K. Ca, Si, V. Zn, Zr, Cd, Sn, Ba, Ta, Tl, Pb, and Bi. 12. The method
of claim 10 or 11 wherein said aluminum oxide film has a built-in negative electric charge which is 35
increased by the firing step.

7. The solar cell of any one of claims 4 to 6 wherein a
region of said aluminum oxide film which is to be disposed
immediately below the electrode is displaced by the
penetration of the sintered product, and said aluminum oxide
5 film is present in at least a portion of the region excluding

the region disposed immediately below the electrode.

8. A solar cell module comprising a plurality of
electrically connected solar cells as set forth in any one of
10 claims 1 to 7.

9. A method for manufacturing a solar cell, comprising
the steps of forming a pn junction in a semiconductor
substrate, forming a passivation layer on a light-receiving
15 surface and/or a non-light-receiving surface of the

semiconductor substrate, and forming power extraction
electrodes on the light-receiving surface and the
non-light-receiving surface,

wherein an aluminum oxide f£ilm having a thickness of

20 up to 40 nm is formed as the passivation laver.

10. The method of claim 9 wherein the electrode is formed
by firing a conductive paste at 500 to 900°C for 1 second to
30 minutes to form a sintered product that penetrates through

25 the passivation laver to make electrical contact between the
electrode and the substrate.

11. The method of claim 10 wherein said sintered product
contains an oxide of one or more elements selected from the

30 group consisting of B, Na, Al, K, Ca, S8i, V, Zn, Ir, Cd, Sn,
Ba, Ta, T1, Pb, and Bi.

i2. The method of claim 10 or 11 wherein said aluminum

oxide film has a built-in negative electric charge which is

35 increased by the firing step.
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