-1- METHOD OF FABRI CATI NG SEM CONDUCTOR DEVI CES SUCH AS SOLAR CELLS W TH
ANTI - REFLECTI NG COATI NG Thi s invention pertains to the manufactu of,s
conduct or devi ces such as photovoltaic cells and nore part|cularﬁs

i mproved nethod of fabricating silicon solar cells so as to enhance solar
cell energy conversion efficiency. PRIOR ART U. S. Patent No. 4451969,

i ssued June 5, 1984 to Arup R Chaudhuri _for "Method of Fabricating Sol
Cell s", discloses a nethod of making sem conductor solar cells in which

| ayer- of silicon nitride serves as a mask for netallization and al so, as an

[err] reflection coating. A simlar process is described in U S. Patent No.

4640001, issued February 3, 1987 to Sakae Koiwai et al for "Solar Cel
Manuf act uri ng Met hod". The Chaudhuri patent describes various steps
pertaining to the manufacture of solar cells, including (1) formation of a
shal | ow junction by phosphine diffusion in a silicon substrate, (2)
formation of a "polysilazane"” coating on the silicon substrate, (3) use of
controlled heating to rapidly and efficiently acconplish (a) renoval of
phot or esi st _used for the -2- formation of grid el ectrode patterns by
photolitho- graphy, and (b) conversion of the polysilazane to a substance

that is nmore nearly silioprHodroderABRELATING SEMICONDUCTOR
DEVICES SUCH AS SOLAR CELLS WITH
ANTI-REFLECTING COATING

This invention pertains to the manufacture of semi-
conductor devices such as photovoltaic cells and more |
particularly to an improved method of fabricating silicon
solar cells so as to enhance solar cell energy conversi;n
efficiency. |

PRIOR ART

U.S. Patent No. 4451969, issued June 5, 1984 to
Arup R. Chaudhuri for "Method of Fabricating Solar
Cells", discloses a method of making semiconductor
solar cells in which a layer of silicon nitride serves
as a mask for metallization and also as an antia
reflection coating. A similar process is descrxbed in
U.S. Patent No. 4640001, issued February 3, 1987 to
Sakae Koiwai et al for "Solar Cell Manufacturing
Method".

The Chaudhuri patent describes various steps
pPertaining to the manufacture of solar cells, including
(1) formation of a shallow junction by phosphine
diffusion in a silicon substrate, (2) formation of a
"polysilazane” coating on the silicon substrate, (3)
use of controlled heating to rapidly and efficiently
accomplish (a) removal of photoresist used for the




and has a substantially reduced etch rate, (4) application of an al um num
coating to the rear side of the substrate, and (5) heating the substrate so
as to cause the alumnumto alloy with the silicon substrate so as to form
ari adherent ohmic contact. OBJECTS AND SUMVARY OF THE | NVENTI ON A prinary
object of the-invention is to provide a new nmethod of fabricating silicon
solar ceTts that inproves upon the nmethods disclosed in U S. Patents Nos.
_4451969)aﬁd 4640001. A nore specific object of this invention is to provide
an i nproved nethod for nmaking sem conductor junction devices in which a
silicon nitride-containing coating serves both as a mask to permt

sel ective plating of a predetern ned grdod- shaped el ectrode on one side of

t he device and al so as an anti-reflection coating. Another object is to .
‘provide an inproved nethod of manufacturing polycrystalline solar cells
hayi ng an Ovefé’éd‘a%f‘%& @ffqﬁfw&froﬁgmﬁat%ﬁé Byl pr¥o 1idHyd he cells
bei ng characteri ze y a stlicon nitride anti-refléction coating created by
a pl asma CVD $FaRts and alblkicanvension @f theaodysidazan e fecific

obj ect of thesydw@ildOEnaY (il M ARad 1Y @GAITIOniHIdAC(SY INg .
photovoltaic ce]ls conprising an amoni a plasnma treatnent to prdduce - -3-
hydr ogen i npl Ra% P isphstantiaddys sreduced et &dtaqe (4%l | owed by a _
further treatapptidatidd R ANHd AUMIGROIR AT QTN addt sidmtong of a

the substrate, and (5) heating the substrate so as to
cause the aluminum to alloy with the silicon substrate
so as to form an adherent ohmic contact.

-

\_ - OBJECTS AND SUMMARY OF THE INVENTION

A primary object'df the'inﬁention is to provide a
new method of fabricating silicon solar cellslthaé
improves'upon the methods disclosed in U.S. Patents
Nos. 4451969 and 4640001. S .,

A more specific object of this invention is to

provide an improved method for making semiconductor

" junction dévices'in which a silicon nitride-containing -
coating serves both as a mask to permit selective
plating of a predetermined grid-shaped éleétrdde on one
side of the device aﬁd also as an anti-refieétidn
coating. :

Another object is_cd_provide an improved method of
manufacturing polycrystalline solaf cells'having an
overall cell efficienéy_of about-12.5 to 16.0%, with
the cells being characterized by a silicon nitride

_ anti-reflection coacing_created'by a plasma CVD process
at a relatively high temperature. |

A more_spécific'object of the invention is to
provide a process for manufacturing'phoﬁovoltaic cells .

- comprising an ammonia plasma treatment to produce



pol ysil azane (a formof silicon nitride) having a relatively high etch
rate. Still another object of the invention is to provide an inproved N
- method of producing solar cells conprising (1) formation of an enhanced - ,
.silicon nitride coating by (a) an ammpni a pl asma treatnent that produces
Hydrogen inpl antation and (b) a conbined silane and ammoni‘a pl asma
treatment for obtaining additional hydrogen inplantation and formation of a
silicon-nitride coating having a relatively high etch rate, (2) etcﬁ“%g t he
silicon nitride coating to forma grid pattern, (3) coating the back’
surface of the substrate with an alum num coating, and (4) heating the
substrate so as to alloy the alum numand densify the silicon nitride
coating. The foregoing objects akg-achieved by a process which in its
preferred enbodi nent as applied to the manufacture of silicon solar cells,
involves, inter alia, the follow ng steps: (1) formng a Sha||OM/JunCtI0n

on éhehwmaéeﬁl s!ﬁp%nli:heﬁhl f.ﬁoa stibst:ﬁat golialrth celld c;)nsequeﬂt i a:c

pr oduc an tnsulating |ay rus glass). on that front
surfacé“gﬁtfﬁéesuﬁg qwed EZ) gHﬁ&Sﬁ %ﬁga%ﬁﬁﬂﬁagaﬁb | ayer .fromthe

subst r ginplahBin§ohppegen shé Foamtnguaf&h&noboBMimgﬂnﬁr&ne a silicon and -

nitrogenscontaining,c aV| t|v ly el tch rate by (a) first
subjec??ﬁ&bfhgzgﬂﬁséFaggrPoog ﬁla% #%’tf@ht for a predet er m ned
periodrelatunelyohaghtetphodace -4- hydrogen |nplan1at|on and (b)

SUbJeCt'ngsEQQISHREERQEeobJecc of the inveution is to prOVlde
an imptoved method of producinq ‘solar cells comprising
(1) formation of an enhanced silicon nitride coating by _
{a) an ammonia plasma treatment that produces hydrogen . o W/
implanca:ion and (b) a combined silane and ammonia
plasma treatment for obtaining additional hydrogen _
. implantation and formation of a. silicon nitride coating
having a relatively high etch rate, (2) etching the
silicon nitrideé coating to form a grid pattern, (3)
coating the back surface of the substrate with an |
aluminum coating;'and (4) heating the substtate SO as
to alloy che aluminum and densxfy the sxlicon nitride
coating. _ . _
The_fo:eqoing'objeéts are achieved by a process
which in its preferred embodiment as applied to the
manufacture of silicon solar cells, involves, inter . g)
alia, the following steps: (l)'forminq a shallow_ _
junc:ion'on tﬁeﬁfront side of the silicon substrate.
with the consequential production of an insulating _
layer (a phosphorus glass) on that front surface of the
substrate; (2)° removxng ‘the insulating layer from the
substrate; (3) forming on the front surface of the
substrate a silicon and nittogen-containing coacing
having a relacively high etch. rate by (a) first .
subjecting the subscrate to an ammonia plasma treatment
for a predetermined period of time so as to produce



to0 a silane and ammoni a plasma treatnent to obtain additional hydrogen
i mpl antation and formation of a polysilazane (hydrogenated silicon nitride)
coating; (4) etching a grid electrode pattern in the polysilazane coati ng;
(*5) applying an alum num coating to the back surface of the substrate; (6)-
heating the substrate so as to alloy the alumnumw th the silicon
substrare; and (7) plating the alum num coating and al so the exposed
S|I|cod“bn the front side of the substrate with an adherent coating of a
highly'conductlve sol derabl e netal (e.g., nickel). The anmoni a and
ammoni a/ sil ane plasma treatnents ultimately have the effect of enhancing
the conversion efficiency of the solar-gell by virtue of diffusion of
~ hydrogen into the substrate. The heat treatnent for alloying the al um num
tends to cause the inplanted hydrogen to diffuse further into the

substrate, W@eﬂ)%ﬁ‘élﬂ@déﬂo@léﬁ i (9) tdebPetkinkylEngi subkergtl
(0]

characteristics t he substrate sodggato decrease reconbj nati on of the

‘mnority carh & Shkanfi A | RRIR $mat heeptRentnto| PBRRIPThe al | oyi ng

heat treat myddial ihd e Hird d g dle NEnp Var €€ Do Yahd agonRaEdohi 6§ ao that it is

| [ t BRI W
Pg;$up22ra%&$| e r|§L¥4EP$?ﬂ&§ﬁ oﬁlg}§°ﬂegtFFbg%Fﬁéb?gﬁagred obvi ous

by the foIIqwnu;uhﬁfﬁdegigkiawexﬁcttbdhlphtts:hoxbetben5|Qered t oget her
mmki ng sol a PR arans HoEEiL [iLr abPLUEA b R ER e’ BURLIRE, " | |
the drawi ngta lthe lhaddnenneface of the substrate; (6) heating the
substrate so as to alloy the aluminum with the silicon
sdbstrate: and (7) plating the aluminum coating and
-~ . also the exposed silicon_on-the front side of the
substrate with an adherent coating of a highly
conductive solderable metal (e.g., nickel). .

The ammonia and ammonia/silane plasma treatments
ultimately have the effect of enhancing the conversion
efficiency of the solar cell by virtue of diffusion of
hydrogen into the substrate. The heat treatment for
alloying the aluminum tends to cause the implanted -
hydrogen to diffuse further into the substrate, thereby
beneficially altering the bulk diffusion length
characteristics of the substrate so as to decrease
recombination of the minority carriers produced in
‘response to the incident light. The alloying heat
treatment also tends to densify the polysilazane

' coating so that it is more nearly silicon nitride.

'BRIEF DESCRIPTION OF THE DRAWINGS

_ Other features and advantages of the znventzon are

~ described or rendered obvious by the following detailed

' description vwhich is to be considered together with the
accompanYing drawing which illustrates the steps
;nvolved in making solar cells according to a preferred

L



and depths of the several coatings and regions are not shown exactly in
accordance with their relative proportions, for convenience of illustration
and description. DETAILED DESCRI PTION OF THE | NVENTION It has been '

di scovered that it is possible to enhance the conversion efficiencyof
silicon photovoltaic solar cells of the type conprising a silicon substrate
having a P/N junction and a silicon nitride anti-reflection coat’ing
'sequentially (a) subjecting the substrate to an ammoni a plasma treatne t at -
a selected tenperature for a tinme sufficient to produce hydrogen :

i nplantation, and (b) thereafter subjecting the substrate to a silane andﬁ-
ammonita plasma treatnent to obtain gornatlon of a silicon and —
ni trogen-contai ni ng | ayer which nmay~be deened a silicon nitride but is nore
accurately identified as a coating of [err] (polysilazane), where x and z

“oo" " aAnEeh OF ARouindefeldn tO0Kh ind BD4uMGATRY WhIBKAMes 05 1O abou!

ogen 1 nplantation occurs € conb
annDnlajandeﬁzptheaoﬁﬁmhe sheerelrtoabangagand aeQRGhscamﬁanGyer mhlch (a)

can be ¢ nel%l?g €q€ci§e%¥cggggﬁ€ﬁaw@¥hfEgg&thgfngak@pte in the form of a

sel ecte n pattern wthout any significant etching . of silicon;
(b) can BEQN@rQEOQSnnﬁﬁrt@op%¢ni§nséleétéglnﬁtaﬁtﬂpat@mﬁ»for fornatlon of
electroq§§sc@@€ ﬁ can serve as an anti-reflection coating.  Mre

i mportantly, ydr ogen i nplantation resulting fromthe two-step

pl-asma treatnent enhances ‘the conversion eff|C|ency of

DETAILED DESCRIPTION OF THE INVENTION
It has been discovered that it xs possible to
enhance the conversion. efficiency. of silicon - ‘tt ' .\J
photovoltaic solar cells of the type comprxsing a B
silicon substrate having a P/N Junctxon and a silicon L
nitride anti-reflection coating by sequentxally (a) ;
sub;ectzng the substrate to an ammonza plasma treatment
at a selected temperature for a time sufficient to N
produce hydrogen implantation, and (b) thereafter o
sub:ectznq the substrate to a silane and ammonxa plasma
treatment to obtain formation of a silicon and
'_nitrogen-containing*layer'which may:be'deeﬁed'a ciiicoo
nitride but is more accurately identified as a coatin§°:'
of SLxHyN - {polysilazane), where x and z each range
from abont 1. O to about 1.3 and y. ranges ‘from about 05_'_
to about .30. Additional hydrogen zmplantatxon occurs ' N\
during the combined ammonia/silane treatment. '
The Sx.H,N.-coatxng’xs a dielectrxc layer
which'(a) éaX ge easily and precisely etched away from”
the substrate in the form of a selected metallization
pattern without any significant etching of silicon, (b)
' can serve as a mask to permit selected metal plating =

for formation of electrodes, and (c) can serve as an
anti-reflection coating. More importantly, the
hydrogen implantation resulting from the two-step



the solar cell. Referring nowto the drawing, the preferred enbodi nent of
the invention relates to the production of solar cells from EFG grown
P-type pol ycrystalline silicon ribbon. However, it is to be noted that the
i‘nvention may be practiced using silicon ribbons or substrates produced by-
ot her nmethods, e.g., substrates produced from Czochral ski (CZ) grown.
crystaPS‘ As a first process requirenent, a pre-cleaned silicon substrate
in the¥6rmof a flat ribbon 2 |annﬁ?cted to a phosphine diffusion
cal cul ated to produce a relatively shallow junction 4 at a first 3|d$
hereinafter the "front side") of the substrate, (i a junction o
getmeen d%ﬁ%?mﬁoﬁﬁeéﬁﬂeaﬁbﬂw- SNﬁhﬂrQﬁHY@F?%OEeESficéﬁnﬂﬂtﬁﬁ%
conductlvtmg'gcgagncalland a phosph05|l|cate gl ass 8. Indth;s PreLerred
enbodi nent of _t ventlon ot t he "rear side of the
substrate is %%? ?gdqﬂ% Hﬂjﬁ uéh%np§? ﬁrrﬁpth the result that
a second ¢mbodimentAo&f thebﬁlmmita.ld:y reﬂ@tébptds tnéoﬁbéduﬂttibhe

- conductiv o] er of h05|l cate 8A are.

pr oduced %%:féggkogﬁgﬁssgggmb H. H? o ﬁ?:?ﬁg?gii£§ ternln?ted
b f ur netkiconvwribbbn iﬂmqem,c tselrs/etso angtédethag theat nen o] :
ggt?erurqgﬂ6 oy hgg t4§i QQ EQgrfiL aygcg be renoved by
et chi ng %eraé?ah?ge Sh %%%? f %) f):Pep I's ca’rled %ut at a
t enper at Lﬁ%b%tr@'eeaeenoésssd mmmmm 1€09. degnbetrateand t he
get t er i Ngp#sHaEERNErbiY L2 b hrEIFNINA dA)E JiiR cSyRERLgLe tO a tenperature

f bout
ol abou - As a first process requirement, a pre-cleaned
silicon substrate in the form of a flat ribbon 2 1s
" _subiected to a nhosphine diffusion calculated to

produce a relatively shallow junction 4 at a first side
(hereinafter the "front side”) of the substrate, (i.e;;
ra junction of between about 3000 and about 5000 ° |
Aantrom units deep), an N;type'conductivity region 6}
and a phosphosilicate glass 8. In this preferred o
embodiment of the invention, the other side (the "rear
side™) of the substrate is not masked off during the |
diffusion step, with the result that a second junction

' 4A of substantially like depth, another N-tvpe
conductivity region 6A, and a layer of phosphosilicate
glass 8A are produced on that other side of the
substrate. The diffusion is terminated by a furnace

\,/ slow cooling step which serves as a qetterine treatment

to getter impurities at the surface of the ribbon where
they can be removed by etchinq.

Preferably the phosphine diffusion step is carried
out at e temperature of between about 800 degrees C and
1000 degrees C, and the'getterihq-treatment involves
coolihg the ribbon substrate to a temperature of about



._dep03|t|on

-7- 650 degrees over a period of between about 1.5 and about 3.0 hours.
During the gettering treatnent, the silicon substrate is typically exposed
to an at mosphere of oxygen and nitrogen (preferably in about a 1:1 vol ume
%IO) gas. Next, the phosphosilicate glass layers 8 and 8A are etched away
i.mersing the substrate in; e.g., a buffered solution of 10N[err] (40%
1HF at a tenperature of betmeen about 25 degrees C and about 40 degdges
C. In the next step, the substrate is subjécted to a two-step silicon
nitride deposition process. The=f7i=rst step of the two-step process
I nvol ves placing the substrate in a plasma reaction chanber, and- subjectlng
the substrate to an ammoni-a pl asna at- a sel ected tenperature for atinme -
suffldsaﬂdegreestherhqdpegéod|nﬁlbnmmaen1ahdmerba5tsndthe substrate is

mai nt i t m xed plasma
- of arr%oﬂr%’ﬁ% ajqncfi r}‘ﬁ?ane atngggg‘p ?‘edla%errperﬁ% EF$ E?f rrghgufflm ent to
produ@dlinnn|snhﬂttaﬁeoéentYPébam#ﬂneaPQQQﬂE$QKﬁWsahmgsphereat|ng of
sui t aly 4&&1 qﬁig §h|W§9@fefE%ﬂ4“fht SE e piiicon:nitride.
cess

en isTinplanted via the front surface of the
subst Valame, H%aghaIIOM/Junctlon 4. The tmo step silicon'nitride-

(polysil aZNHi@& d&i)é) ﬁd:QﬁhééQlQ&&teS L Bbersog ragd At avai Ng a -
convent.i na%/ i)ar alle atg el eg\r ode Iasna gglanced CVD apparatus. Mre
speci 1§ QXK#@?%ﬁ B8y Paf&ﬂ? pr&ferab®y invol ves the
fo||owmaapssom&imadfnmonngrswost)r- _ ,wt@ témperaearede surface(s)
of between about 25 degrees C and about 40 degrees C.
In the next3Step,'the;substrate~is,subﬁected to a
two-step silicon nitride deposition process. The first U
step of the two-step process involves placing the
substrate in a plasma reaction chamber, and subjecting
the substrate to an ammonia plasma at a selected
temperature for a timepsuff;cient to produce hydrogen
implantation. Thereafter the substrate is maintained*'
in the plasma reaction chamber and subjected to a mixed
plasma of ammonie and silane at a selected temperature -
for a timepsufficient to prddnce adaitional hydrogen
implantation and a polysilazane coating .of suiteble
thicknesslonithe_silicon.;_In,this'two-step silicon
nitride deposition process, hydrogen is implanted_via '
the front surface'of the substrate through the shallow ,
'Junction 4, A | SR - S i e
The two-step silicon nitride (polysilazane) '
deposition process is preferably carried out using a- '
conventional parallel-plate-electrode plasma-enhanced -
CVvD apparatus. _ 2 - - '
More specifically, the two-step pclvsilazane
process preferably involves the following steps: (1)
loading the'substrates onto the electrode surface(s)



(‘2) with the substrates in the chanber, heating the vacuum chanber to a

sel ected tenperature, (3) evacuating the chamber to a pressure of about 0.2
Torr or lower, (4) introducing ammonia gas to the vacuum chanber at a
Selected rate for at |east about 15 seconds to equilibrate the pressure at -
about 1-2 Torr, (5) turning on RF power to the electrodes to produce an
~ammoni & pl asma, (6) after the RF power has equilibrated (usually within
about 6o 12 seconds), continuing amoni a plasma -production for a period
of time sufficient to produce inplantation of hydrogen in the substrate,

(7) introducing silane gas to the vacus8~chanber while maintaining flow of
~ammoni a gas, and (8) term nating RF power and ammoni a and silane gas flow
after a polysilazane coating of sufficient thickness has been fornmed on the
substrate. Ad2s¥dtherbensubsscases ipothei chamber.,nhaatingf he of |

hydr ogenat ed valchiuf@nanberdgohay s8I et teaMiahpeaRur8Y! q3gnt ed by the

formul a [erer where Si, are silicon, nitrogen and gdrogen
‘respectivel y* &ﬁHaﬁlaﬁtheeﬁbﬁmpaﬁgé°fPOHF&§§HF31°G gboukolt 21 Terrand vy

ranges frO”labOwae95 W@)a@ﬁ%iod@Q;nE“b&mBﬂ&!Sbh%zﬁaetﬁ Sbhbﬁqa nitride")
coating 10 dlh s fromthe p Ellazang coating initjially formed in the
depositi on pFoeé §rdé§c?|§S&eFﬁ hE2ERafARUAE M&RERKt aPAYLNAS it is denser

and its hydrsgeondentenéqu&utbiatéoﬁheb@BESEuEe akosbod® atanirergsrcent,
n etch rate of

d di ng
aggﬁP ngtgnigg ﬁngs &%ﬁ%ﬁLﬁFsPﬂYﬁﬁtg %hﬁ SEFFéfgaeﬁxkﬂep§?§Hc§u5ﬁ as a
sol uti on of aFmania Pbasma.amd)lafdeposheeaPlpouer has equilibrated

(usually within about 6 to 12 seconds), continuing
| ammonia plasma production for a period of time

'k,/.  sufficient to produce implantation of hydrogen in the

substrate, (7) introducing silane gas to the vacuum .
chamber while maintaining fl~w of ammonia gas, and (8)

- terminating RF power and ammonia and silane gas flow
after a polysilazane coating of suff1c1ent th1ckness .
has been formed on the substrate.

As used herein, the term polysilaiane“ means a |
form of hydrogenated'silicen'nittide having a

- composition represented by the formula Si H N ,
where Si, N and H are silicon, nitrogen a:dyhidrogen |

| respectively, and x and z each range from about 1.0 to

“about 1.3, and 'y ranges from about .05 to about .30;
This polysilazane ("silicon nitride") coating 10
differs from the polysilazane coating initlally formed ”
in the deposition process described in the Chaudhuri.
Patent in that it is denser and. its hydroéen.cohtent
varies from about 5 to about 30 atomic percent,
dePendxng on the temperature at which it is formed. It
has an etch rate of about 40 to 100 Angstrom

_'un;ts/mxnute in a buffered oxide etch such as a

" solution of HF and 'NH4F." and is deposited in a



-9- relatively thin layer, i.e., between about 500 and about 1500 Angstrons *
thick. The 2-step-silicon nitride deposition process is conducted with the
pl asma reaction chanber heated to a tenperature of between about 320
degrees C and 500 degrees C, and with the el ectrodes energized by an RF
pover supply preferably having a frequency in the range of 35 kilohertz to
450 kilohertz. 300 watts.to 800 watts of RF power is provided into R“%

pl asma di scharge that is establ i shed in the gaps between the pairs of .

el ectrodes. The two-step process, i.e., steps (6) and (7) above, takes

bet ween about 3.0 to about- 20 nminutes to conplete, with only amonia and =
silane being introduced to the reactor. Follow ng conpletion of the 2-step .
silicon nitride deposition processbthe next step involves coating the
front side of the substrate with a negative photoresist 12 in a suitable
manner, e.g., by spraying. In the usual case, the photoresist is baked to

drive of S Nt s t heal €sf ¥PhgaLkYso0lbhanRaki ng is achieved
by heatlégf{% ﬁ%tg$£§|%§y%g bg ﬁeén gswﬁggregg gng 100n§egrees Cor .
bet ween pout BﬁﬂﬁnHHQQGQPNGOCHFﬁEtes ‘Then 't he photoresist: i's exposed to a

suitabl e radrﬁéltnge&gysiwéss hheeuea depbsiebba E"rb@el%%t @ n-mask so that
eXpOSGd portlons (e] e resist wl Yneril ze. T Sﬁe ectrode pattern

typi cal 15P74vGEes |4 thotPRCPIAFPR- FPESEF%B GREPBRR BRARRT $OU3S. Pat ent No.
3686036. teﬂ&@ibé@@arssl5&cueedeuabaaedzbydeqa&aetcngnatsoo

degrees C, and with the electrodes energized by an RF.
power supply preferably having a frequency in the range
of 35 kilohertz to 450 kilohertz. 300 watts to 800
watts of RF poﬁe:_is provided inte_thelplasma,discharge W
that is established in the gaps between the pairs of o
electrcdes. The two-step process, i.e., steps (6) and
(7N above, takes between about 3.0 to about 20 minutes
to complete, with only ‘ammonia and silane being -
introduced to the reactor. :
Following completion of the 2-step sxlicon nitride
deposition process, the next step involves coating the
front side of the substrate with a negative photoresist
12 in a suxtable ‘manner, e.g., by spraying. In. the -
usual case, the photo:eszst is baked to drive off
. organic solvents in the resist. Typically. the baking -
is achieved by heatlng the photoresist to between 80. S .'QJ
degrees and 100 degrees C or between about 30 and about-
60 minutes. - :
Then_the'photoresist is-exposed'to a suitable-'
radiant energy sou:ee through a suitable grid pattern
mask so that exposed portions of the resist will
polymerize. The electrode pattern typically ls'similar'
to the multi-fingeted pattern shown in U.S. Patent No.
3686036. Then_the resist is developed by eontaCtinq'it-
with one or more sﬁitable solutions, e.g., toluene
and/or propanol, which serve to remove the unexposed



Wi th one or nore suitable solutions, e.g., toluene and/or propanol, which
serve to renove the unexposed -10- portion of the resist, leaving the
exposed portions 12A intact.. Next the substrate is subjected to a suitable
Buf fered oxide etch such as a buffered solution of 10[err](40%:1HF, so as
to etch amay the nitride in those regions where the resist has been renoved
and al to clean the rear side of the substrate. The next step is renoval
of the:*&maining resist by contacting the substrate with a reactive
solutlon that digests the resist without attacking the substrate. Then the
rear side of the substrate is coated wijlghh a | ayer 14 of a selected
- alum num containing paste 14 that preferably conprises alum num powder in
an organi c vehicle which can be renoved by volatilization or pyrolysis.
Thi s step i spbleioholdfownhe Besd st6CoRAVINR ithe Eiiosed pddtiionse ad
heati ng step,: Ehe substrate is heated for about 0.5-2.0 m'nutes at a
tenperature 8? B&Sneen about 700- 800 degrees C to renove any volatile or
pyrolhyzabl e orgaﬂﬁ&tcalmmombfstraftet is mﬁ;eoamil s @ tsmadalme t he alhum num
in the paste e.sili strate. oy4d n ep causes the
al uni-num coa ?&gsgfsdaf’?‘b e?‘ﬁ FECR.35 & k?é’f?ﬁrt%e tt"r°aﬁ @LEO as to
convert the hDUﬁpS(HegDonHGA s0 asPtoregnh1auiyutheupxtzﬁqﬁr1nﬁ bet ween
about 1 t0 apgyle3, Bhi6RE°unkles chaTEeRIaY M AR Ferda L R L, O

on az

converting t ane-t iconnmtrirde ormor silicon
nitride mh|cﬂlsg ﬁgrglgsarmye rear sxde of the substrate. _

The next step is removal of the remaining resist by
contacting the substrate with a reactive solution that
_dxgests the res;st without attaokzng the substrate.

~ Then the rear side of the substrate is coated with
a layer 14 of a selected alumxnum-contaxnxng paste 14
that preferably comprlses aluminum powder in an organic
vehicle which can be removed by volatilization or
pyrolysis. This step is then followed by a seoond
heating step. In this second heating step, the
substrate is heated for about 0.5-2.0 minutes at a
temperature of between about 700—800 degrees C to
~remove any volatile or pyrolyzable organic components _
of the paste and also'to'alloy the aluminum in the '
paste to the silicon substrate. This alloying..step
' causes the ‘aluminum coating to alloy with the rear side
W, of the substrate so as to convert the N-type region 6A

to a P+ region 16 havxng a depth of between about 1 to
about 3 microns. This same ‘heating step has the effect
of convert;ng the polysxlazane-type silicon nitride

into a form of silicon nitride which is more nearly

_SlsN and denser and has a much. slower etch rate than

as originally deposited, typxcally about 20 or less
Angstrom units/per minute._ The heatxng step also tends
to drxve the hydrogen further xnto the substrate., This



Si N and denser and has a nmuch slower etch rate than 3 4 as originally
deposited, typically about 20 or |l ess Angstromunits/per mnute. The
-heating step also tends to dri-ve the hydrogen further into the substrate.
‘Thi's 4 -1 1- inproves the bulk characteristics of the substrate by
dec+€asi ng reconbi nation of the minority carriers produced in response to
the incident light. At the end of the foregoing heating step, the subg%rate
is treated to nake the front surface exposed silicon pattern and the back
surface al um num sol derabl'e, for exanple by plating both sides of the -~
substrate with nickel, with the nickel layer 18 on the back side being _
applied over the entire area of tHe=al uni num|ayer 14 and the nickel |ayer
20 on the front side being applied over those areas of the front surface of
the substrate fromwhich the silican.nitride coating has been renoved.

Ni ckel iipreveseshe badkosharacteristias #f ithe sukstzate i ng 10A -

remai i g edd 1 ontHh o hE WSUBGELePlinRe] Lhe ni ckel | ayers

may be done in various ways. Preferably: it i1's “acconplished in accordance
with a IBFERvcad Ry Sesponfecit@ theatingidanfeddghte 9., a process of the
type describad dwe dnd JRaiet ﬂ&eg‘&%ﬂ@&&.ﬁxﬁ@ rddegatenect al. After the

D ckel RIS i s e e s G AR $ay2¥2f333“ to
cause s;lxcon pattern and the back surface alumxnum -

solderable, for ‘example by platzng both sxdes of the

subscrate with nickel, thh the nxckel layer 18 on the

~back side being applzed over the entzre area of the o e

‘aluminum layer 14 and the nickel layer 20 on the front o/

side being applied over those areas of the front _ '

surface of the substrate from whxch the sxlxcon nxtrxde;_

coating has ‘been removed Nxckel xs not deposzted on

the densified silicon nxtrxde coating 10a remaining on

the front_szde of the substrate. Platinq of the nxckel_ .

layers may be'done in various ways. Preferably it is

accomplished in accordance wzth a known electroless |

nickel plating process, e.g., a process ‘of the type _

described in U. s Patent No. 4321283 of Kirit Patel et

al.. . : .
After the nickel has been applied, the substrate is_ﬁl
heated in nitrogen or hydrogen to a temperature and for : '&v
a time sufficient to sinter the nxckel layers and cause _
the nickel layer 20 on ‘the front side of the substrate :
. to react with the ad)acent szlicon to form a nxckel , p
silicide ohmic contact. Preferably the substrate is p
heated to a temperature of about’ 300 degrees C for
between about 15 and about 40 mxnutes. Thzs provxdes a -
nickel silicide layer with a depth of about 300 _
Angstrom units. The nickel layer 18 on the rear sxde :
forms an alloy with the aluminum layer.j



sthe nickel layer 20 on the front side of the substrate to react with the
adj acent silicon to forma nickel silicide ohmc contact. Preferably the
substrate is heated to a tenperature of about 300 degrees C for between

- »=about A5 and about 40 minutes. This provides a nickel silicide layer with

a-depth of about 300 Angstromunits. The nickel layer 18 on the rear side

. forms -an alloy with the al um num | ayer. -12- After sintering has been
'coaneLed the nickel i's subjected to etching with nitric acid to renove
excess nickel fromboth sides of the substrate. The densified silicon
hitride film10A is highly resistantige the nickel etch solution and thus

- serves as a mask to protect the underlying silicon when excess nickel is

etched away. Thereafter the nickel silicide and nickel/aluninumalloys are

further netal lAzedrt 9iptaridg huist bbba eemduetiaag ehet adckelPief er ably but
not necessarj | furt ti.on i nvol ves ag&llcatlon of a

£.¥é.tajs Fer Eb Ny
second | ayRPPe¢cheeKEP BECPRBRINFE I"F &Fs 3549, 501 TEPRNE GXCERS substrat e
accordi ng abckeakr bfomhboﬁntbmdeskoﬁmmhensubStaate Imheda&hshfzbhereafter,

. I I bot h
ides of thblEEBR; paFeTaR" 241, TBRNGS, BLohdv PERIE R S BR ¢ her cby
prot ect theickehi es¢hosodiation. aﬁdetboppsern&y Be apmiaiskd tioy electrolytlc

P2 G BESEALL CEnk "EndBY 1 §EnTEE RS CBIPLAGH QLR MOy L ot ont

for known purpose e appl i.ed
successi vetychedrawag. previ ously

- Thereafter the nickel silicide and nickel/aluminum
alloys are further metallized to provide suitable
conductzng contacts. Preferably but not necessarily,

N\ this further metallxzatxon involves applxcatxon of a
second layer of nickel to the nickel layers on both
sides of the substrate according to one of the methods'
known in the art. Immediately therehfter, one or more
layers of copper are applied to the exposed nickei on
‘both sides of the substrate so as to bond to the nickel
layers and theréby protect them against oxidation. The
copper may be applied by electrolytic plating.
Thereafter the device may be subjected to other known
treatments for known purposes, e.g., a layer of tin and
solder may be applied successively over the previously
applied metal layers. _

' The nickel etch removes excess nickel and also some

. of the nickel aluminum_alloy formed on the rear side of

- the substrate during the sintering step. After the
nickel etch step, the front side of the substrate is
characterized by a nickel silicide along the entire _
expanse of the preselected electrode grid pattern, and
an aluminum/nickel alloy'layer overlying an aluminum
electrode layer on the rear side of the substrate. |

- The silicon nitride remaining on the front side of



applied netal |ayers. The nickel etch renoves excess nickel and al so sone
of the nickel alumnumalloy forned on the rear side of the substrate

- during the sintering step. After the nickel etch step, the front side of
.the 'substrate is characterized by a nickel silicide along the entire
expénse of the preselected electrode grid pattern, and an al um-num ni ckel
~alloy layer overlying an aluninumelectrode | ayer on the rear side of the
substrate. The silicon nitride renmaining on the front side of - 13- ke
substrate serves as an effective anti-reflection coating. Tests have =
denonstrated that the best convers+Iswefficiencies are achieved when the
ammoni a and the ammoni a/ si | arie pl asma treatments are carried out at a
tenperature of 320-500 degrees C. Test al so have shown that the best

ef fi ci enghes sabstratte serwex@sawe tfeatttive anebtnefilecgioarried out for
bet ween Lq ggq #nnn1nutes and preferably between 1.5 and 10 .m nutes, before
t he conbi ne nia/silane plasma treatnent is initiated. Wile the
anmoni a pIasﬁbsﬁﬁeaﬁmaﬂdengnsnrakgd|EhhtnmhécbeabreonhensiEnn1nutes no -

further ET?HGKEE%Q (f%faéﬂ ‘%ﬂénréﬁﬁnammq$$h enoﬁegas s

preferably supplie ute to the reactor f1 ow of ammoni a
depends Gé@ﬁ"ﬂﬁés@&ﬂmﬁaRﬁaﬁﬂﬁaﬁﬁﬁﬁﬂmﬁﬂ%mamb%rcabuteﬁnouhyasvent shoul d be

enough t eedperaeuirlab @ IPAIT EydvesUs! ai fege LSS ﬁQ@FaEﬂH«ﬁd RF field.

and ade te h dr en [ antation occurs. The_ rate of ow of
deRat ‘the é?%zé}enczes are obtained when ammonia

plasma treatment is carried out for between 1 and 15
minutes, and.preferably,between 1.5 and 10 minutes,
‘before the combined ammonia/silane plasma treatment is
initiated. While the ammonia plasma treatment may be
carried out for more than 15 minutes, no further
1mprovement in effzciency will result.,

The ammonia .gas is preferably supplied undiluted to
the reactor. The rate of flow of ammonia depends upon
the volume of the reactor chamber, but in any event
should be enough to assure that a plasma can be
sustained under the applied RF fzeld and. adequate
"hydrogen 1mp1antatxon occurs. The rate of flow of -
-§ilane is preferably maintained so as to provide
between about 5:1 to about 10:1 ammonia to silane
‘volume flow ratio.

The ammonia(h;lane plasma treatment should be =~ _ ;/ '
conducted for between 1.0 to about 4 minutes, o
preferably about 2.5 minutes, so as to get a )
polyszlazane layer with a thzckness between about 840
and about 890 Angstroms. Thicknesses in this range are"“:
required for optimum anti-reflection properties of the
polyszlazane layer after it has been heat treated. The
densified silicon nitride has a refractive index of"

2.15. ' '



iSilane is preferably maintained so as to'provide between about 5:1 to about
10:1 ammonia to silane volune flow ratio. The ammoni a/sil ane pl asma
treatnent should be conducted for between 1.0 to about 4 m nutes, 1
-preferably about 2.5 mnutes, so as to get a polysilazane | ayer mnth a i
t hi ckness between about 840 and about 890 Angstronms. Thicknesses in this
range ~are required for optimumanti-reflection propertles of -t he

pol ysi%etizane | ayer after it has been heat treated. - The densified silicon
nitride has a refractive index of 2.15. - 14- Follomﬁng is a specific
exanpl e of the preferred node of practicing the i-nvention. EXAMPLE A
subtrate in the formof a silicon ritidon of P-type conductivity made by the
EFG process, and having a conductivity of about 2 to 3 ohmcm, is cleaned
by etching it in a solution of [errgNASF(l 1) for about 3 nlnutes at -a

t enper at ure of Feddewir® deyreespesi eke (of thepreferpedced in a

di-f fusi on fdgaacE mosﬁ]at@rgdﬁ%gl ow of an atnosphere conpri sing

oxygen, nitrogen a orus source (such as PH) at a tenperature of
about 900 degrees C 3 for .a period of approxi mately 30. minutes. Thereafter
the flow of phosphine is term nategyMprge furnace is allowed to cool in
an air (oxygen and n|trogen) atnDsphETE‘Tb a tenperature .of about 650
degrees C over

A subtrate in the form of a silicon ribbon of .

P-type conductivity made by the EFG process, and havxng
a conductxvzty of about 2 to 3 ohm-cm., is cleaned by
etchznq it in a solution of HNO_ QF(I 1) for about 3
minutes at a temperature of about 25 degrees C.
Thereafter the ribbon is placed in a diffusion furnace
exposed to a continuous flow of an atmosphere
comprising oxygen, nitrogen and a phosphorus source
(such as PH3) at a temperature of about 900 degrees C
for a period of approximately 30 minutes. Thereafter
the flow of phosphine is terminated and the furnace is.
‘allowed to cool in an air (oxygen and nitrogenf
atmosphere to a temperature of about 650 aegrees'clbver
a period of about 1.5 hours,. after whxch it is removed
- from the furnace. .
' 'In the diffusion furnace, the followzng reactions
occur:

Si(s) +_92.(g) l,._'.p. s_ioz(s)
208, (g) + 40,(9). o P,O_(g) + 3H O(g)
2

P,0_(g) + Si0_(s) —mm (7,0,) (sidz)y(s)_ |

zv"z'bs(s) + SSils) —wm 4P(s) + SSiOZ(S')



a period of about 1.5 hours, after which it is renmoved fromthe furnace.

the diffusion furnace, the follow ng reactions occur: [ERR] = -15- where

(g) and

(s) indicate gaseous and solid states respectively. The

[err]

is

a phosphosilicate glass. It is renoved fromboth sides of the ribbon by
ng the latter in a buffered HF acid solution, e.g., 10[err] (40%:

subngr gi

1HF, for a period of about 2 minutes.

pl aced i
paral | el -

reactor

n the plasma reaction chanber of a conventional

Thereafter the ribbon substrat&;ts

pl at e- el ect rode pl asma- enhanced CVD apparatus, and the substrate
is subjected to the two-step silicon nitride deposition process in the

chanber. The reactor chamb®r is evacuated to a pressure

| evel

- of

about 0.2 Torr and maintained there in a gaseous [err] anbi ent whil e being
heated to a tenperature of 360 degrees C. Then anmpnia gas i.s fed into the
react or Whegs olgldand pledsindleate fa eaotat ang $0F4F, StaRsn the pressure
in the r tﬁﬁgﬂper has eqU|I|brated the RF pomer supply is turned on

to establish_ a plasna di scharge, th rou Ennn a gas. The RF power
supply is opdtet ‘epcb ﬁ)‘-qi th’e?ti B HSP °§é i

aver age
anmoni a

glas¥verig q tteenli&

o1 gi nalSREFS G S LR e HE D RREHEF R HE RG4S g0 10LLSR, _at

e.g.., 10Nﬂ4F(40%) :1HF, for a period of about 2 minutes.
Thereafter the rlbbon substrate is placed ln the
plasma reaction chamber of a conventional |

parallel- plate-electrode plasma—enhanced CcvD apparatus,'

its

and the substrate 1s subjected to the two-step szllcon_"
nitride deposition process in the reactor chamber. The

reactor chamberwis_evacuated to a pressure'level of
about 0.2 Torr and Qalntained-there in a gaseous N_
ambient while being heated to a temperature of 360
degrees C. Then ammonia gas is fed into the reactor to
provide a_pressurepof approximately 1 Torr. When the
pressure ln"the reactor chamber has equilibrated, the
RF power supply is turned on to establish a plasma h

dlscharge through the ammonia gas. ‘The RF power supply'.

is operated at 150 kilohertz and is set to deliver

abcut 580 watts average RF power to the plasma. _Theﬁ,:'

about 10 minutes later and with ammonia gas still
flowing through the vacuum reaction chamber at its
original rate, silane gas is introduced to the reactor

SO as to give approximately a 10:1 volume ratio betweenr

the ammonza and silane gases. The average RF power

~input is maintained at about S80 watts. After about an _

additional 2.8 minutes has elapsed, the RF power supply

is shut off and the gas flow is terminateed. After the

‘reactor chamber has been restored to ambient pressure,

the ribbon substrate is removed from the reactor

Bt8cli ver about 580 watts
rom Nepth abLaes16 £mthet @dbbanebyand with

In

L



.s0 as to give approximately a 10:1 volune rati o between the amoni a and
silane gases. The average RF power input is maintained at about 580 watts.

"After

*shut, off and the gas flowis term nateed. After the reactor chanber has -
been restored to anbient pressure, the ribbon substrate is renoved fromthe

react er

-16- chanber. It has a polysilazane coating of about 850

‘Angst r'efrs thick. Thereafter -a |ayer of a negative photoresist is applied to
"~ the front side of the ribbon. A preferred negative resist is marketed under
t he nane of Dynachem. The photore5|s§é|s prebaked for about 40-60 m nutes

at a tenperature of 80-90 degrees C~

as to cause it to adhere firmy to

the silicon. This phot or esi st Iayer is then covered with a mask in the

: mul ti-fingered gr| ctrode 0 havi ng t he
.forn1rllusfsﬁg§8rrn EFSg ﬁafeﬁ? 3688@3§°a$%8999| a%& %g % hen
I rradi at edAngsbrohsr ahieket Ilght for approximately 3 seconds So as to
cause the illuginate orti photo r.esi s oatln 0 ol yneri ze.
The phot or esi s?hfg g& rdévgﬁgg %;‘ 38598 (ﬁw\ﬁ lp}t} r&és or propanol
and/ or otheppéuedabbetheeﬁroatssxdEhnf dtbee [rdjbibemt. pﬂopmsienanuhes t hose
portlons 05 &gﬁfggskéglgg Fg¥§egﬁh %%%QH Q% dh%h qave not

opiten €

pattern of

pol yneri ze

déeve resist, bon Is subjected to a

buf f er ed o%heepbocnresnstsuSngrgbakeslolfam @rboo!ft Hw-érﬁdn[mqes qthe et chant
etches awax t8fperature of 80-90 degrees C so as to cause it to

adhere firmly to the silicon. This photoresist layer

is then covered with a mask in the pattern of a

multi-fingered grid electrode, e.g. an electrode having
the form illustrated in U.S. Patent No. 3686036. The
grid mask is then irradiated with ultraviolet light for

 approximately 3 seconds so as to cause the illuminated
. portion of the photo-resist coating to polymerize. The

photoresist is then developed by contact with toluene
and/or propanol and/or other suitable chemicals. This
development process removes those portions of the

- resist which have not been irradiated and hence have
- not polymerized.

‘After development of the resist, the ribbon 13
subjected to a buffered oxide etch consisting of a

' solution of HF and NH F. The etchant etches away the
-nitride on those portions of the front surface of the

ribbon from which the resist has been removed. The

'silicon nitride has an etch rate of approximately 100
Anqstroms per mznute.

Thereafter the silicon ribbon is immersed in a

_sulfurxc acid bath for about 3 minutes to strip away
~ the remaxnan photoresist. The substrate is then,

washed with water and dried.
" After removal of the remaining resist, the back

about an additional 2.8 mnutes has el apsed, the RF power supply is - A



nitride on those portions of the front surface of the ribbon fromwhich the
resi st has been renoved. The silicon nitride has an etch rate of

approxi mately 100 Angstrons per mnute. Thereafter the silicon ribbon is
imrersed in a sulfuric acid bath for about 3 minutes to strip away the

repai ni ng photoresist. The substrate is then washed with water and dri ed.

- Af ef renmoval of the remai ni ng resist, the back -17- side of the rifbon
is coated with an al um num paste conprising mnute alum numparticles:in a
~volatile organic vehicle that preferably is terpineol. The paste is applied
as a relatively thin layer. Then the substrate is subjected to infra-red
heating at a tenperature of about 700-800 degrees C for about 1.0 mnute to
renove the organi c component of t4-al umi num paste and alloy the remaining
aluminumto the silicon. This alloying step causes the N-type regi-on at the
rear side of the ribbon to be converted to a P+ region 16 having a depth of

“about 1sidei oforthe riitbbunsdal@csitidd wittte ai |a owsimin rpagtend gives it a
refracti ' of .2, r | . i{dcon tibbon are
coated vﬁ\éﬁﬁ%gglq)é)?e%;o.“j% B}g{ﬁ?{l‘}“g CJ(#}%;%}%Q%% ‘{{%% ‘hod described in
sai d U. orgmatenveldclesxtegs prafincablycis i terpineab: h Bheles of the silicon
ri bbon @03l qd Jad1ts VoLl i a ¢4 id FNg- reR@on in an
aqueousyt’?gtt% 2% %P?%émdzh%%# eaaan%u\‘e\lé(nﬁ}on?yu’h? Pilgljio% de ‘gﬁ %*I;I@of -about 2.9
and apppgpﬁﬁgpgpyxﬁoémbjected to infra-red heating at a _ :

temperature of about 700-800 degrees C for about 1.0

minute to iemove'thg organic component of the aluminum

paste and alloy the remaining aluminum to the silicon.

This alloying stgplbauses;the N-type region at the rear NS

side of the :ibbdn to be converted to a P+ region 16 '

-having a depth of about 1-3 microns. It also densifiés | _

the silicon nitride and gives it a refractive index of R

2.15 L - o

Thereafter both sides of the silicon ribbon are
coated with'a'layer of nickel in accordance with the
method desc:iﬁed ih said U.S. Patent No. 4321283. More
- specifically, both sides of the silicon ribbon are
coated with a layer of nickel by immersing the ribbon
in an aqueous bath of nickel chloride and ammonium
fluoride at a'pH:of ébcnt 2.9 and approximately,room'”
temperature fo; aboug 2-4 minutes. Then the riﬁbdn'is'; | _'_ \J
subjected to sintering in a furnace at a temperature of
about 300 degreé#_c in a nitrogen atmosphere for a
period of abouﬁ 2S minutes, whereby the nickel layer 20
on the front side of the ribbon reacts with the C

- adjacent exposed silicon to form a nickel silicide -
ohmic contact, and nickel layer 18 on the back side
forms an élioy'with the underlying alhminUm'léYet'14}'“
It is to be noted that no nickel layer is deposited 6h 
the silicon nitride remaining on the front side of the
ribbon. |



»

.tenperature for about 2-4 mnutes. Then the ribbon is subjected to

sintering in a furnace at a tenperature of about 300 degrees Cin a

ni trogen atnosphere for a period of about 25 m nutes, whereby the nickel
tayer; 20 on the front side of the ribbon reacts with the adjacent exposed
silicon to form-a nickel silicide ohmc contact, and nickel layer 18 on the
back side forms an alloy with the underlying alum numlayer 14. It is to be
not ed™hat no nickel layer:is deposited on the silicon nitride remaining on
the front side of the ribbon. -18- The ribbon is then imersed in an
etching solution consisting of [err] and kept there for a period of
approxirmately 1-2 mnutes so as to Lﬁ gove excess -nickel from both sides of
the ribbon. On renoval fromthis bath the nickel on the front side of the

ribbon is essentially all in the formof a nickel silicide. After renoval
from the ni ckepngt £1159bn ! fig éh@boﬂmhéreﬂa'@nsuhlé%Eﬁdngothh%iéﬂn'C
cleaning in water to renove all residues. Then a second nickel plating

conp05|t|dﬂP@%l%ﬁﬁﬁqeﬂft%N@gﬂ ndt kept theger £rand Berdednosi des of the
ribbon aCC@éﬁ‘t@ﬁuﬁ&éi‘? repNpdndessr s8edsakoV eehdive! BRcelist indlekeilckel

been conpl BT, 5AEh 3EAE81 o6 B8 5LBRGNCopBE: ZPBOXAH FEAM SMife met al || zed
pOrtions cbatWetha\on5ékes O the frbbensxibiafithéokh@med Hw a second | ayer
of electrol $I€€%|¥} gﬁflt Eﬁgpgggmagg |eg1% e&h%. lé¥dé,zed portlons of
After removal from the nickel etchant the ribbon is
again subjected to ultrasonic cleaning in water to
_remove all residues. Then a second nickel plating
o composition is applied to the metallized portions of
_both sides of the ribbon according to the method
described abcre for the initial nickel plating.
As soon as possible after the second nickel plating
. step has been completed, a layer of electroless copper
is applied to the metallized portions of the two sides
of the ribbon. This is followed by a second layer of
electrolytically deposited copper applied to the
' metallized portions of both sides of the ribbon. Then
a layer of tin is electrolytically deposited onto each
_ copper layer by 1mmersxng the :Lbbon in an electrolytlc
tin bath. o - '

. : Thereafter the finished cell is dipped in a solder
bath_comprising_ﬁZ% tin, 36% lead and 2% silver so as
to.apply'a solder layer over the tin coatings.

‘It has been determined that solar cells made
accérding to the foregoing example from EFG grown
ribbons routinely exhibit conversion efficiencies in

 the range of 12.5%-16%. The silicon nitride remaining
on the front side of the finished devices serves as an
effectijve antx-reflection coating.

As hes been previously noted.'xh order to combine

'both si des®

2
]



a layer of tin is electrolytically deposited onto each copper |ayer by
imersing the ribbon in an electrolytic tin bath. Thereafter the finished
cell is dipped in a solder bath conprising 62%tin, 36%I|ead and 2% silver *
»so-as to apply a solder layer over the tin coatings. It has been.determ ned
- that, sol ar cells made according to the foregoing exanple from EFG grown

ri bBbons routinely exhibit conversion efficiencies in the range of kég
12.5% 16% The silicon nitride remaining on the front side of the flnlshed
devices serves as an effective anti-reflection coating. As has been
previously noted, in-order to comnbine -19- the advantages of (1) a high
performance junction formation tecppique i nvol vi ng phosphi ne diffusion so
as to create.a shallow junction plus a furnace cool for gettering purposes,
and (2) a low cost-=netall'i zation technique, a dielectric is required which

can serveh@swvsrﬁexgée afovmeasnigﬁt pé?fbkﬁhh&ﬁ Wubledondegr adi ng cel |
perfornaP (o] |teg Sill gg nitrid §1&§ ts that requ1renent
and al so*®B fTEF§°?hEe éﬂ“ dvaye &éggtﬁ ing LR && A

anti - r ef teceteaceont shgl bow jhﬁcptoaepausf apfagnaiceg cobdt ﬁmatu ng ‘and

al I oyi ng al um num benefi ci alters the bul |ffu on | ength
characte?%gg?ﬁéngVV?ﬁBﬂfe?heaﬂg {¥!r5a ﬁghF°ﬁﬁbW|§€§ é’alloylng st ep,
an- |nproﬂeobmiqma,bml&1d1ééusxon1Bengqblredn®h1¢hscemndunye dkhi s i nvention

of fers thenaghedoagvai §9°skiake 10e5BRALING LaTh e HdiHadry " oaui red to

densify the Si
' cell performance. The plasma-deposited. sxllcon nxtrxde

meets that requzrement and also offers the added" o
advantages that it is a very effegtive anti-reflection o M;/' _
coating and the process of producing that coating and '
alloying the aluminum beneficially alters the bulk
di£fusion length characteristics.-'Without'the heat
treatment provided by the alloying step, an 1mprovement
in bulk diffusion length is not discernable. This

. invention offers the added advantage that no sepatate '
heat treatment Ls requited to densify the silicon '
nitride coatxng.__ T

This 1nventxon retains a numbe: of the: advantages

of the process described in U S. Patent No. 4451969,
i.e, the silxcon nitride coating is deposited, rather
than formed by conversion of a heavily doped, i.e.,
high conductiyi:y,'uf silicon; as occurs, for example,

~ when an anti-reflection coating is formed by chemical
-staining which converts silicon to an oxide fluorxde_
stain A/R coating or when a silicon nitride |
antx-reflectxon coating is formed by thermal _
nitridation (see U.S. Patent No. 4266985 for formatxon' o
of direct thermal nitride films).

Of course, the process provided by this invention __:'

is not limited to the production of solar cells from_
EFG substrates. Thus, for example, silicon substrates



nitride coating. This invention retains a nunber of the advantages of the
process described in U S. Patent No. 4451969, i.e, the silicon nitride
coating is deposited, rather than fornmed by conversion of a heavily doped,
* i.e.,; high conductivity, N+ silicon, as occurs, for exanple, when an :
‘anti ~reflection coating is forned by chem cal staining which converts
silieon to an oxide fluoride stain A/R coating or when a silicon nitride
anti @yefl ection coating is forned by thermal nitridation (see U S. Patent
No. 4266985 for formation of direct thermal nitride. films). O course, the
process provided by this invention is, not limted to the production of
solar cells from EFG substrates. THiUs,~ for exanple, silicon substrates
-20- derived fron1CZ gromm boul es or grown fron1the nmelt by a method ot her

than EFG d to-foimrel ativel effi.ci enc olar cells
accordlng%FS‘Fﬁ FE?% GRANR bople %M%ﬁ)? %5§HT Hﬁ?y %pplied to
silicon fsubau‘dml beswdmmltafam 'BFG ;alk&mrmprbanmémttélm:me g., cCi rc:JI ar

pi eces of _sil.icon Sil i i.n forns havin n arcua or, po ona

bt ose. socFEOR VEo b igh ST s iRneY, ol O ¥ Adefiing no baoral |
the_ manuf presea tofi nveinerida ndAlsfo sshe ciomderct ton dwydss agpliedher obvious
modi fi cat #8”5'1%%8.1”%%'85&}%6&“ whidE a‘ifc%t Orn%n 8 %o .g ié‘gnébe diffusion

junction format p, SO as to preven
. flat, e.g., circular pieces of szllcon. or silicon in:

Eozms having an arcuate or polygonal cross-sectional

v

shape.

The process steps herein descr;bed may be used in
the manufacture of other kinds of semzconductor
devices. '

A further obvious modification is to mask the rear
side of the substrate during the diffusion junction
formation step, so as to prevent formation of back
junction 4A and the N-type region 6A. In such case a
P+ region as shoén.at 16 is still produced when the
aluminum layer 14 is alloyed to the silicon substrate.

It also is understood that the etching of the
polysilazane coating to form a grid electrode pattern
may be achieved without photolithography, e.g., by use
of plasma or laser etching techniques.

_ _ Still other changés_may be made without departing
N\ from the principles of the invention, e.g., forming the
P+ back region of the cell by using flame sprayed

- aluminum instead of an aluminum paint, or using
different methods of applying the second and subsequent
coatings of nickel and/or coating(s) of copper, or

: forming'the'junction by ion implantation. Also it is
-contemplated that silver or other conducting and’
solderable metals may be used in place of nickel to
form an ohmic contact. Further the method'of this



junction 4A and the N-type region 6A. In such case a P+ region as shown at .
16 is still produced when the alum num |l ayer 14 is alloyed to the silicon
substrate. It also is understood that the etching of the polysilazane:
coafing to forma grid electrode pattern may be achi eved wi t hout
photel i t hography, e.g., by use of plasma or |aser etching techniques. Still
ot her changes nmay be made w thout departing fromthe principles of them%
invention, e.g., forming.the P+ back region of the cell by using flame*
.sprayed al um numinstead of an alunh um paint, er using different nethods _
of applying the second and subseque coatlngs of nickel and/or coatlng(s)-'

. of copper, or formng the junction by ion |nplantat|on Also it is :

cont enpl onducting and sol derabl e netal s may be
~used in rg‘geeﬁg n| c%cyeeé?o&f'%%gféﬁaoﬁﬁfe CX%F %@Pﬁ?epft he method of
this Qﬂﬂvﬁﬂﬁmgnékwpmaylbelppheteeedensrugevpﬂa@m&JQﬂuahdédconvent|onm
paralleLqﬂuﬂﬁgéﬂnggode pl asma- enhanced  CVD nachi nes. -22- CLAIMS: - 1.
- Method of fabricating a solid state sem conductor device conprising: (a)

providing a silicon substrate having first and second opposite surfaces;



+ (b) formng a PN junction in said substrate adjacent to said first
surface; (c) subjecting said first surface sequentially to (1) a plasm
treat ment | ong enough to produce hydrogen inplantation and (2) a conbi ned -

: silane and ammoni a pl asma treatnent | ong enough_to_produce additional
hydrogen inplantation and formation of ‘a pol ysilazane coating; (d) etching
a predeterm ned two-di nensional pattern in sai dumm ,l&mﬁm ting so
that ‘el ected portions of said first surface ar Eﬂ sai d
ponS|Iazane coating; (e) applying a coating of alufi num%oS®sa*d second
opposite surface; (f) heating said ?4J(NN15ubstrate to a tenperature and
for a tinme sufficient to cause the al"um num constituent of said alum num
coating to alloy with said silicon substrate; (g) applying a conductive
metal coating to said selected portions of said first surface; and (h)
sintering said conductive netal coating so that the conductive netal and
silicon react and QidIMSit-their interface. -23- 2. Method according to
claim1 wherein said pol ysilazane coating has a refractive index of 2.15

after step (f). 3. Method according to claim1 wherein said ponS|Iazane
coating hds amm@% fabrimatdag abanlighcs take soonierpduchar

device comprising:
(a) providing a silicon substrate having first and

second opposite surfaces;
(b) forming a P/N junction in said substrate’
adjacent to said first surface;
(c) subjecting said first snrfhce.sequentially to
- {1) a plasma treatment long enough to produce hydrogen
implantation and (2) a combined silane and ammcnia.
plasma treatment long enough to produce additional f
hydrogen implantation and formation of a polysilazane
coating; - - |
(d) etching a predetermined two-dimensional’paﬁtern
~in said polysilazane'coating so that selected portions
of said first surface are not covered by said
polysilazane coating; o
' (e) applying a coatihg of aluminum eo=said'second
opposite surface; |
(f) heating said silicon substrate to a temperature
W, and for a time sufficient to cause the aluminum
constituent of said aluminum coating to alloy with said
silicon’ substrate,
(g) applying a conductive metal coéting to said
‘selected portions of said first surface; and _
(h) sintering said conductive metal coating so that
the conductive metal and sxlxcon react and bond at
their xnterface. |



* opposite surfaces; (b) forming a.shallow P/ N MNBHJ

4. Method according to claim3 wherein said polysilazane coating has a

t hi ckness of about 850 Angstrons. 5. Method according to claim1 wherein
sai d pol ysilazane coating has a thickness of between about 840 and about
890‘Angstrons and a refractive index of about 2.15. 6. Method according to

1

_ L5\1 wherein said solid state sem conductor. device is a photovoltajc
ca

‘Met hod of fabrlcatlng a solid state sem conduetor—device —wi.
conprising: (a) providing a silicon substrate havi rﬁ!ﬁ“ﬂ‘! second o

substrate

adj acent said first surface; - (c) subjecting e to (1) an
ammoni a plasma so as to produce hydrogen |nplantat|on at said surface and
(2Y a conbi ned silane and amoni a Ppgsma so as to produce additional |
hydrogen inplantation and formation of a polysilazane coating on said first
-24- surface; (d) covering said polysilazane coating with an adherent

coating of, a@‘g&m éérd‘ﬁfrtéﬂcléfﬂ\ eXQPR8krBYnSahfigphot oresi st coating to
radi ant energy through a mask defining_a predeterm ned two- di mensi onal

pattern; RQBYSM%I‘FVWIW@; gaﬁaasﬁamr Lodex of £nif sl ected
portions Hfearigkdesigf. are removed fromsaid ponS|Iazane coatlng
according to said predetern1ned _

3. Method according to claim 1 wherein saxd

polyszlarane coating has a thickness of between ¢bout

840 and 8390 ‘Angstroms.

4. Method according to claim 3 wherein said
polysilazane coating has a thickness of about 850
Angstroms. © e

S. Method according to claim 1 wherein said
polysilazane coating has a thickness of befween about
840 and about 890 Angstroms and a refractive index of
about 2.1S.

6. Method according to claim 1 wherein said sblid
'state semiconductor device is a photovoltaic cell.

7. Method of fabricating a solid state semicofductor - W/
device comprising: o -

(a) providing a silxcon substrate having fxrst and
second opposite surfaces; _

(b) forming a shallow P/N Junction in said
substrate adJacent said first surface;
-~ (e) subjecting said first surface to (1) an ammonia
plasma so as to produce hydroqen'impldntaﬁidn at said.
surface and (2) a COmbined'silane'and ammonia piasma so
as to produce additional hydrogen implahtation and
formation of a polysilazane coating on said first



-

pattern; (g) renoving those portions of said polysilazane coating which are
not covered by said photoresist so that sel ected portions of said first
surface are exposed to the atnosphere; (h) applying.a coati'ng of alum nym

: td said second opposite surface; (i) heating Said siTicon substrate to a~

tenperature and for a tinme sufficient (1) to Iy consti tuent
of said alum numcoating to alloy with said sﬂﬁ“ﬂ!““ﬂilﬂ[lﬂlmpnd (2) to
drivend he hydrogen inplanted in step (c) above subsstanttalty fully through °
said substrate; (j) applying a solderable nmetal coating to said sel ected
portions of said first surface; and (k) sintering said sol derabl e netal
coating so that the sol derable netat?4md silicon react to forma sol derable
netal silicide-at their interface. 8. Method according to claim?7 wherein
the substrate is subjected to ammonia plasnma at a tenperature of between
about 320 PGS C and about 500 degrees C for  at |east -about 1.0
mnute. 9. Methnd Q¥ i %d 1 Polys V1aberel Bos8ilgSWPEhrahe IS subj ected
to annDn|%F§1asna at a tenperature ‘of abgut 360 degiees C. 10. Method '
accor di ng ¥'eHemeratidtEidf HiRhATA$I B MrteBdiing i's represented by

~ the fornula [efd)] exph¥yiy syl phoesres aogechsoingbeyt raa@ahe about 1.3

and y ranges from about. .05 tq(%Po f ,30. 11. thod_acgording to claim?7
wherei n s&PSEHhSEough a mask defining a predetermined -

two-dimensional pattern; _ _

(f)'chémically developing said photoresist so that
selected portions'of said resist are removed from said
polysilazane coating according to said predetermined
pattern; _ _ . : | .

(g) removing those portions of said polysilazane
coating which are not covered by said photoresist so
that selected portions of said first surface are
exposed to the atmosphere; :

(h). applying a coating of aluminum to said second
opposite surface; o |

(i) heating said silicon Subsfrate-to a temperature
and for a time sufficient (1) to cause the aluminum

- constituent of said aluminum.coating to alloy with said
silicon substrate and (2) to drive the hydrogen
implanted in step.(é) above substantially fully through
said substrate; ' :

o _ (j) applying a solderable metal coatinguto said

' selected portions of said_firs: sur£ace; and
- (k) sintering said solderable metal coating so that

the solderable metal and silicon react to form a

solderable metal silicide at their interface.

. 8. Method according to claim 7 wherein the substrate
is subjected to ammonia plasma at a temperature of
between about 320 degrees C and about 500 degrees C for



I s exposed to ammoni a plasma for at |east about 1.0 mnute and is exposed
to said amonia and silane plasma for at |east about 2.8 mnutes. 12.

‘Met hod according to claim7 wherein said polysilazane coating has a

t hi ckness of between about 840 and about 890 Angstrons. 13. Method

acc@rding to claim?7 wherein said polysiIazaggrggﬁéL?g_hgg_é_Leiractive

i ndex of 2.15 after step (i). 14. Method ac ' o0 claim7 wherei.nJfhe
al um num al | oyi ng causes | mpl ant: e%%%/drogen t @\“ M\m}er i nt o -the

- bul k of the substrate. Met hoc fabricag ““ﬂ
.seniconductor device conpr|5|ng (a) providin silucan SubStrate haV|ng

_f_i rst le éﬁgo?d ?‘39’?"&; surfaces; (b) formng a P/Njunction in

sai d substTH acen rst surface; (c) subjecting said first
surface sequentlally to (1) an ammoni a plasma 1 ong enough to produce

hydr o i t t Fggb o d ane and'
a?]/m)nlg?pl z:’s?éngﬂﬁgé hegﬁggg?@t gco;r u{:ng -gdwl ti o%él) sﬁygr ggg%%?rrp antation and.

f or mat i ¥ %ﬁbi\eﬁﬁﬁasFPam tH]rﬁfma (a8 otempagature pdl ysil azane

coati ngapbhe P6028agkeels eQating of a photoresi'st material; (e) exposing
sai d photoresist coating. to radiart energy through a mask deflnlng a

predet er mi ned two-di mensi onal pattern;
10. Method according to claim .7 wherein said

polysilazane coating is represented by the formula

Si H N , where x and z each range from about 1. 0 to
abouz 1.3 and v ranqes from about 05 to about .30. o
11. Method according to claim 7 wherein said substrate .
is exposed to ammonia plasma for at least about 1 0
minute and is exposed to said ammonia "and silane
plasma for at least about 2.8 minutes.

12. Method aecording to claim 7 wherein:said_-
polysilazane coating has a thickness of between about
840 and about 890 Angstroms.

13. Method according to claim 7 wherein said
polysilazane coating has a refractive index of 2. 15
after step (i).

14, Method ‘according to claim 7 wherein ‘the aluminum .
alloying causes implanted hydrogen to be driven further_
into the bulk of the substrate. '

15.- Method of fabricatinq a solid state semioonductor
device comprising:-
~ (a) providing a silicon substrate having first and



. (f) chemcally devel opi ng said photoresist so that selected portions of

Cwtr 8

“nmetal so that e con

said resist are renoved fromsaid polysilazane coating according to said
predetern1ned pattern; (g) renoving those portions of said polysilazane
coating which are not covered by said photoresist so that selected portians
of said first surface are exposed to the atnosphere; (h) applying a coating
of alum numto said second opposite surface; (i) heating said silicon
substrate to a tenperature and for a time sufficient to (1) cause the

al umi num constituent of said al um num coating o alloy with—sai-e silicon
substrate, (2) densify the polysilazane coat| re nearly
silicon nitride, and (3) drive the +2ftant ed ﬂlg nwmgﬁtothe
substrate; - AMENDED CLAI M5 [received by the [*nternatl reau on 7
Novenber 1988 (07.11.-88); new clains 17-19 added; other clains unchanged (1
page) | U)SQﬂﬂﬂQHOEPQSiﬂnﬂSugfaﬂea.solderable conductive netal to said

sel ected porti@is égr 4j;|§fﬁ Slfgdséfa sé&g%gé*gg sai d conductive

ive net i con react to forma conductive
net al sniﬁﬁlﬁsqntts&md ﬂkﬂ%#f%kﬂfaqg} Met hod according to claim 15
further includid)g duiedefivg Mda GPNELEL ¢ NS SRa e | SY, ?ueﬁ’éx&?ﬂ?uea' ve netal

with an etchant to renpve unbonded conductive neta
1} an ammonia plasma long enough to produce hydrogen

1mp1antatzon in said substrate. and (2) a combined
silane and ammonia plasma long enough to produce
additional hydrogen implantation and_formatzon of a

polysilazane coating; R
 (d) covering said polysilazane coating with an
adherent coating of a photoresisé materiai#'

(e) exposing said photoresist coating to radiant
energy through a mask defining a predeﬁermihed
two-dxmenszonal pattern;

(f) chemically developing said photoresist so that
selected portions of said resist are removed from said
polysilazane coating according to saxd predeterm;ned
pattern;

(g) removing those portions of said polysilazane
coating which are not covered by said photoresist so
that selected portions of said fxrst surface are
| exposed to the atmosphere; _
~/ - (h) applying a coating of alumznum to said second

opposite surface; '
| (1) heating said silicon substrate to a temperature
-and for a time sufficient to (1) cause the aluminum
constituent of said alumxnum coating to alloy with said
silicon substrate, (2) densify the polysllazane coating
SO that it is more neerly silicon nitride, and (3)
drive the implanted hydrogen further into the
substrate;



i e

overcoating said |ayer of conductlve netal with addit ductive
metal . 17. Method according to claia1 V\herg‘““ﬁ r“‘jwmgeat nment is -
carried out at a frequency in the range of 3 ki | ohert z. %'
18. Method according to claim7 wherein step (c) is carried out at a
freduency in the range of 35 ki AMENDED CLAIMB-n j|ohertz. 19. Method .
according to clai m 15[nereispd byt éBe( tngaE’Q{‘f?‘ TGt at a frequency .L_ﬂ t he

range of 35 kil ohertz toon50 NovERpRY
? new claims 17-19 added- other claims unchanged (1 page)]

(3) applying a coating of a solderable conductive
metal to said selected portions of said first surface;
and | | . | N

(k) sintering said cohductive metal so: that the
'conductive metal and:silicon react to form a conductive
metal'silicide at their interface. '

16. Method accordlnq to claim 15 further includinq the

steps of contactinq said Iaver of conductive. metal withjm

an etchant to remove unbonded conductive. metal, and |
overcoating said layer of conductive metal with o . W
additional conductive metal, '

17. Method accordinq to claim 1 wherein . said plasma
treatment is carried out at a frequencv in the range of 35
kilohertz to 450 kxlohertz,

18. Method according to claiﬁ 7 wherein step (c) is

carried out at a frequency in the range of 35 kilohertz to
450 kilohertz.

19. _Method accordinq'to claim 15 wherein step (c) is
carried out at a frequency in the range of 35 kilohertz to
450 kilohertz. '




