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I.

ABSTRACT.

TMX NIW METALLIZATION PROCESS BASED ON Mo-Sw SYSTEM IS THE

SUBJECT OF THIS NINE NONTHS PROGRAM,

H003 IS USED AS THE SOURCE OF Mo, SINCE ITS RELATIVELY

LOW MELTING POINT AND EASKE OF REDUCTION TO METALLIC

MOLYBDENUM,

THE T4SKXS OERFORNED DURING THIS STUDY INCLUDE:

1. ESTABLISYING THE REDUCTION CYCLE FOR MoO3z

2. DETERMINING TNE REACTION MECMANISN FOR HoOz=Sn nrxrunr

3. ESTABLISHING THE RATIO OF HoOs-Sn FOR THE INK COM-
POSITION

4. FORMULATION 07 SCREENAPLE INK

5. EVALUATION OF PHOTOVOLTAIC CELLS METALLIZED WITH THE
INK

5., CoMparISON OF THE Mo-SN METALLIZATION WITH NICKEL
PLATED AND SILK SCREENED SILVER CONTACTS

7. ENVIRONMENTAL TEST OF METALLIZED CELLS

8., Merarrvrzarrow or N/P ceEurLs wrTH 3SF AND COMPARISON
WITH CELLS METALLIZED WITH EVAPORATED TI-AG CcONTACT

9. CoST ANALYSIS ©7 THE PROCESS

THE FIRST PART OF THE CONTRACT, I.E. THE REACTION MECHA-
NISN STUDY OF HoOs AND ITS MIXTURE WITH SN WAS CONDUCTED

IN AN EXPERIMENTAL STATION CONSISTING OF A GRAPHITE




STRIP-HEATER AND 4 PYREX BELLJAR UNDER CLOSE CONTROL

OF TEMPERATURE=-ATMOSPHERE-TIME, WHILE ALLOWING FVISUAL
OBSIRVAPTIONS OF THE REACTIONS.

THE METALLIZAPION OF THE CELLS WAS DONE IN 4 DIFFUSION
TUBX FURNACK.

IN ORDER TO OBTAIN 4 LOW OHMIC CONTACT TO THE CELL, THE
BASIC INK COMPOSITION WAS MODIFIED WITH A SMALL ADDITION
OF PITANIUM IN THE FORM OF TITANIUM RESINATE.

TXr ELECTRICAL CHARACTERISTICS OF THE CELLS WERE COM-
PARABLE WITH THE EXISTING METALLIZATION PROCESSIKS,

THE PIRING CYCLE STILL HAS T9 BE OPTIMIZED FOR THE
PROCESS USED IN THE CONTINUOUS CONVEYOR BELT FURNACE,
ESPECIALLY IN TME COOLING CYCLE AROUND 45090, WHICH
INDICATED A SIGNIFICANT EFFECT ON THE ELECTRICAL CHARAC-
TERISTICS.

THE cOST ANALYSIS OF THE PROCESS WAS BASED ON PROJECTED
PRODUCTION OUTPUT OF ONE MEGANATT PER YEAR, USING 2'DranM.
SILICON CRYSTAL WAFERS AND THE CURRENT MATERIAL COSTS.
IREREFORE TNE CALCULATED €OST DEVIATES FRON TNE PROJECTED
PRICE GOAL SET UP FOR THE YEar 19686.

IN COMPARISON WITH THE STANDARD PROCESSES USING SILVER
AS THE CONTACTING METAL, THE SAVING OBTAINED BY THNE

USE OF THIS NEW PROCESS IS A DIRECT RESULT OF THE

PRICE DIFFERENCE BETWEEN SILVER AND MOLYBDENUM OXIDE

WITH TIN,.

hadiings
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II, IYTROGUCTION

METALS FOR OHMIC CONTACT TO SILICON SOLAR CELLS ARE
SELZCTED ON B4ASIS OF THEIR ELEICTRICAL CONDUCTIVITY,
THERMAL EKXPANSION COEXFICIENT, ENVIRONMENTAL STABILITY

AND COST.

TasLE I SHOWS THE PERTINENT PROPERTIES OF METALS. IHIS
TABLE SHOWS THAT MOLYBDENUM IS MOST DESIRABLE WITH RES-
PECT TO THE STATED REQUIRENENTS. IT HAS THK CLNSEST
MATCH OF THERMAL EXPANSION COEFFICIENT WITH SILICON FROM
ALL NETALS AND IT IS AMONG TEN OF THE HICHEST CONDUCTIVE
METALS, ONLY SECOND TO COPPER ANMONG THE COMNON METALS.
FoR THIS REASON MOLYRDENUM IS USED IN SILICON DEVICE
PECHNOLOGY 45 A STRUCTURAL ELENENT IN THE DEVICE AND
CIRCUIT ASSEMDLY. IT IS USED AS A MECHANICAL SUPPORT 4S
WELL AS A HEAT SINA, AS A CONTACTING ELTMENT HOWEVER
MOLYBDENUN IS USED YERY RARELY AND THE REASON FOR THIS
IS THAT ITS HIGH MELTING AND BOILING POINT MAKK THE
DEPOSITION OF THE FILM BY EVAPORATINN OR SPUTTERING
RATHER DIFFICULT 4AND FILN FORMATION BY PYROLYTIC
DECOMPOSITION OF CARBONYLS OR HALIDE COMPOUNDS REQUIRES

COMPLEX EQUIPMENT AND PROCZSSING STEPS,

THE FORMATION OF NOLYBDENUM FILMS BY 4 SIMPLE AND
ECONOMIC PROCESS IS THE SUBJECT OF THIS PROGRAM, [P Is
BASED ON THE CONVERSION OF MOLYBDENUM TRIOXIDE ( HbOJ)

INTO METALLIC MOLYBDENUM IN A REDUCING ATMOSPHERE AT

3



TABLE 1

PropERTIKS oF NETALZ

EvEcrricar | CoEr.or THERMaL|NMEL?T, P, Bogb.. Dtuszgrr

Cptonns-cn)| (enfens®C), 1076 (06) | 0) | (olen™

Monns-cx
Trranrun 1725%10
Nrexre 65.3 9.2 1455 3075 8.9
Leap 20,6 16.3 327 1740 11,3
Prarrwun 14.9 4,9 1774 4530 21.5
Tanrarun 12.4 4.0 2996 4100 16.6
Trw 11,5 13 232 2260 7.3
PaLvaprunm 10.8 6.5 15556 3980 12.0
ALumINux 6.3 13.7 660 1800 2.82
2iNc 6.1 19.3 419 504 7.17
PowasreN 5.48 2.2 3410 | 5900 | 19.4
MorLysprNux 5.17 3.1 2622 4570 10.2
BERYLLIUN 5 6.4 129228 | 2980 1.8¢
Ruoprux 4.51 4.6 1966 12.¢4
GoLp 2035 7.9 1065 2700 19.3
CoppER 2,03 9.8 1083 2595 8.95
SIL vER 960

r
SiLICON




ELEVATED TRMPERATURES, HOoLYBDENUM TRIOXIDE (Hb03) IS THE
MOST S8PABLE OXIDATION STATE OF MOLYBDENUM AND HAS AN
ADVANTAGEOUS CHARACTERISTIC IN THAT IT HAS A RELATIVELY
LOW MELTING POINT OF 7959C AND IS ALSO EASILY AREDUCED
INTO MOLYBDENUM METAL. WHEN HEATED IN AIR IT STARTS TO
SUBLINE ABOVE 55000, NELTS INTO AN OILY LIQUID 4T 795°C,
AT WHICHM POINT THE SUBLINATION IS EXCEENDINOLY HEAVY, IN
REDUCING ATNOSPHERE, ON THE OTHER HAND, THIS OXIDE REDUCES
AP APPROXINATELY 600°C INTO LOWER OXIDES, MOSTLY H002,
WHICH IS CHARACTERIZED BY A PURPLE COLOR. H002 Dors wNor
SUBLINKE AND CAN BL ULTINATELY REDUCED TO MOLYBDENUM
NETAL aBovE 800°C, Ir XEPT FOR 4 LONG ENOUGH TINME,

WHEN THE TEMPERATURE IS INCREASED T0 7959C OoR ABOVE, THE

RESIDUAL HDOS STILL PRESENT IN THE OXIDKE MIXTURE MELTS

AND IS CONVERTED INTO 4 DENSE MOLYBDENUM FILM,.

SINcE THE HoOS IS COMMONLY AVAILABLE IN A FINE POWDER
FORM, IT IS VERY SUITABLE TO USE IN A SUSPENSION ADJUSTED

FOR SILX SCREENING PROCESSES,

THE SECOND ELEMENT IN THE PROPOSED METALLIZATION NMETHOD
IS TIN, Ir? 1S SELECTED BECAUSE OF ITS GOOD SOLDERABILITY

AT LOW TEMPERATURES AND ALSO BECAUSE IT HAS THE HIGHEST

% ELFCTRICAL CONDUCTIVITY ANONG THE LOW MFLTING NETALS.

No CONCLUSIVE INFORMATION IS AVAILABLE ON THE CONSTITUTION

OF MOLYBNDENTM~TIN SYSTENM.




THERE ARE REFERENCES STATING THAT UPTO 0.,13% c1m 1IN
MOLYBDENUM FORMS A SINGLE PHASE, THIS REFERENCE CAN BL
FOUND IN THE CONSTITUTION OF BINARY ALLOYS BY F.A.SHUNK,

1969 ( skcowp ExprrION ).

THERE IS EXPERINENTAL EVIDENCE THAT MOLYBDENUN IS READILY
WET BY TIN IN THR ABSFNCE OF OXIDE AND THIS REACTINN IS
MORE PRONOUNCED WHEN IT TAKES PLACE AT THE TIME WHEIN
MOLYBDENUM IS REDVCED FROM ITS OXIDE. THEREFORE THE AIM
IS TO FORNULATE a4 HOLY&DENUH OXIDE-TIN COMPOSITION,
DISPERSE IT IN 4 SUITABLE VEHICLE FOR SILX SCREENING

AND FORM THE CONPACT ON THE SOLAR CELL SURFACE BY FIRING
THIS MIXTURE IN RENDUCING ATMOSPHERE.

FORMING GuS IS USED FOR SAFETY RE.SONS.

THE PROJVECT IS PLANNED IN THREE PHASES.

l. THE DETERMINATION OF THE CYCLE FOR CONVERSION OF
HoOS rNro Mo AND THE RaTIO OF MoOg:Sw.
THIS PHASE IS DONE IN AN EXPFRIMENTAL STATION, IKS-
PECITALLY CONSTRUCTED FOR THIS PURPOSE.

2. THE FORMULATION OF SCREENABLE INK AND THE EVALUATION
OF THE CONTACT ON SOLAR CELLS. THIS WORK IS CONDUCYED
IN A TUBE FURNACE CALIBRATED TO PARAMETERS ESTABLISHED
EXPFRINENTALLY IN THE FIRST PHASE.

3., THE SPECIFICATION OF THE PROCESS.




[z, TECANIC L AISOUSSICY

THE FIRST RUARTER OF THF PRCGRAM WAS CONCFRNED ITH
ESTABLISHING OF PH" TFMPERATURFE=~TIMF=ATMOSPHRRI CYCLE
RFQUIRFD FOR THZI AEDUCTINN OF MOLYRDENUM TRIOXIDF INTO
MOLYBDENUM :¥D ALSO DETFRMINATION OF HMOLYIPENUM TRIODXIDF-
TIV RATIO TO OHTAIN SOLDTRABLI /AND ADHTRENT COATINGS.

A SPECIAL STATION WAS BUILT FJ?R THIS WORK.,

I[II. 1. CONSTRUCTION OF EXPERIMENTAL STATION.

THE PURPOSE OF THIS STATION IS IO ALLOW FOR
VISUAL OBSERVATION OF REACTIONS TAKING PLACE UNDIR
VARIOUS TEMPERATURE=-TIME=~ATNOSPYERE HEATING CYCLES AND
TU PERFORM INDIVIDUAL EXPERIMENTS IN a4 SHORT TINE, THE
STATION SHOWN IN THE ATTACHED SXETCH CONSISTS OF 4
GRAPHITE STRIP HEATER, LOCATED UNDER A PYREX BFLILJAR WITH
AN INLET FOR GASFLOW., THE GRAPHITE STRIP IS HEATED BY MEANS
oF AC CURRENT AND DESIGNED T0 GENERATE 1000°C, THE TENPER4-
TURE OF THE STRIP IS NONITORED BY 4 CHRONEL-ALUNEL THERMO-
COUPLE AND DISPLAYED BY 4 PYRONETER. THE ATMOSPHERE IN THEL
BELLJAR IS CONTROLLED BY FLOWNETERS AND VALVES T0 PROVIDE
A DESIRABLE INERT OR REACTIVE GASEOUS ENVIRONMENT,
THE HEATER 18 CONSTRUCTED FROM 4 RIGH PURITY POCO GRauPHITE
DISTRIBUTED BY: GRapPHITE M.~:41NED PRODUCTS

9806 Erergsr Sraree

Dowwry, CarLrr., 90242
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THE DENSITY OF THIS MATERIAL IS 1.840/cn3 AND RESISTIVITY

1.27x10"-cn.

THE SUPPLIED MATERIAL IS 4"(10,16cw). wrpe, 6"(15.24cn) Lowne
AND ,050"(0.127cm) rHICK,

THE HEATING ELEMENT IS SHAPED WROM THIS PLATE AND HAS
DIMENSIONS oF 1"(2,34cn) x 4.72"(12¢M) WITH SLOPS ON EACH
NARROW END FOR ] D)UNTING TO THE ELECTRODES TERNINALS (SEE

DRAWING) .

j— 12.00 cm -
i

g

I3y — 2w — j
—_

'Y

THE ELECTRICAL ENERGY FOR THE HEATER IS SUPPLIED BY

120VorLrs~20AMPS IN-HOUSE LINE VIA THREE TRANSFORMERS

EACH ONE HavING 208 VoLrs-10.84MPs RATING ON THE PRI-
MARY aND 3CVoLr8s-60AMPS ON THE SECONDARY WINDING,

THE PRIMARIES OF THESE TRANSFORMERS ARE CONNECTED IN
SERIES, THE SECONDARIES IN PARALLEL, THE VOLTAGE TO THE

PRIMARY IS REGULATED BY A VARIAC,




THE PKXMPERATURE OF THE STRIP IS MONITORKD BY 4 CHRONEL-
ALUMEL THERMOCOUPLE, GAUGE 28, PURCHASED FROM CALIFORNIA
Avvor Co., EL Mownrx, CALIF. AND RECORDED ON 4 PYROMETER
WITH 4 8CALE FRON O = 1100°C, PURCHASED FRON THE SAME
COMPANY, THE EXTERNAL RESISTANCE OF THE THERMOCOUPLE

IS 48JUSTED 70 10 OHMS IN ORDER TO MATCH THE RESISTANCE

OF THE PYRONETER,

THE BELLJAR IS FROM PYREX GLASS, HAS THE DIAMETER OF
8"(20.32 ¢M) AND HAS 4 VOLUME oF 12 LITERS.

Ir 1s SUSPENDED BY A4 WIRE CORD AND BALANCED BY A COUNTER
WEIGHT.

THE FLOWMETERS TO CONTROL THE GAS FLOW ARE NMADE BY BROOKXS

IvsTrumENT DIviSsIioN EnERsoN ELecrrRric Co., HarrreEwLp, Pxww.

ONF, USED FOR FORMING GAS, HAS A MAXIMUM FLOW=~RATE OF
4,7 STD.L/MIN AND THE MININUN FLOW=-RATE oF 0.1 stp uv/MIN.
THE OTHER, USED FOR NITROGEN, HAS THE MAXIMUM FLOW=RATE

OF o272 STD L/MIN AND 4 MININUM RATE oF .0l4 SrtD L/MIN.

IIT. 8 Repucriow or MoO; 1nto Mo,

MATERIALS USED:

Sro1eoN waFErs P-rypr, 1 Oum-cH awnD
Nerrpe, 0.1 Oun~cnm

MoLYRDENUN oxIDE REAGENT ( MarrLiwcxkmronr )
Trrcrrorograyrene ( Los AwerkLes Cuemrcar Co.)

Errrrecerirvrose ( Dow Cuxmrcat Co. )

THE SILICON WAFERS WERE SCRIBED T0 1 x 1 CM aPPROX.

AND ETCH-CLFANED IN 9:1 = HNOg:HF.
10
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THE MOLYBDENUM OXIDE SUSPRNSION WAS PREPARED BY DISPERS-
ING HoOS IN TRICHLOROETHYLENE AND A SMALL AMOUNT OF
ETHYLCELLULOSE WAS ADDED TO ABJUST T0 A CONSISTENCY OF

A4 PAINT,

No EXACT RATIO OF INDIVIDUAL INGREDIENTS WAS ESTABLISHED
AS THE PURPOSE OF THESFE TESTS WAS T0 DETERMINE QUALITATIVELY
THE REDUCTION OF Hoos.

THE SILICON WAFFRS WERE COATEL ON ONE SIDE WITH THIS
SUSPENSION,

THRE SAMPLES WERE SUBJECTED T0 4 HEAT CYCLE TO FORN No.
TwE Mo COATINGS WERK EVALUATED FOR LATERAL RESISTANCE
AND BOND STRENGTH. T[HFE RESISTANCE WAS NEASURED BY AN
OHM MBTER AND THE BOND STRENGTH BY A SCRATCH TEST USING
AN X=ACTO KNIFE,

THE FIRST CYCLE HAD A PEAK TEMPERATURE or 8C00C 4nD THAN
HEAT=UP WAS DONE IN STEPS TO OBSERVE MATERIAL CHANGES

AT DIFFERENT TEMPRRATURES,

Tux GRaPH SHOWS THIS cYcLE., (Fre., 1)

THE INITIAL HEATING WAS DONE IN NITROGEN FLOW OF .25L/MIN
AND AT 225°C THE DARK COLOR APPEARED, CORRESPONDING TO
THE CARBONIZATION OF THE ORGANIC BINDER IN THE COATING.
THE FORMING GAS WAS TURNED ON AT 300°C WITH A FLOW=RATE
or 2.5 L/MIN.

AT 400°C YELLOW COLOR OF THE ORIGINAL Mo0z REAPPEARED.
Ar 540°C THE COLOR BECAME GREINISH AND AT 550°C somr

SUBLIMATION WAS OBSERVED,

11
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A? 570°C THE COLOR TURNED DARK PURPLE AND THIS PERSISTED

TILL THE PEAK oF 800°C, AT WHICN POINT THE COLOR CHANGED
T0 S8TEEL-GRAY, THE TEMPERATURE WAS QUENCHED SUDDPENLY T0
ROOM TEMPERATURE.

THE FILMS HAD 4 RESISTANCE BETWEEN 5-10 OHMS 4ND 4 REA-
SONABLE GOOD BOND TO SILICON, P-TYPE 43 wELL 48 N-rypr,
YET IT WAS POSSIBLE T0O BE SCRAPKD OFF BY A X=-ACTO KNIFE,

THE FORNING GAS USED FOR THE REDUCTION WAS COMPOSED OF

85% NITROGEN 4ND 15% HYDROGEN.

LYPERINENTS WERE DONE ALSO wITH 60% NITROGEN aND 40%
HYDROGEN.

THE RESULTS IN BOTH CASES WERE IBENTICAL EXCEPT WITH PHE

HIGHER HYDROGEN CONTENT THE REDUCTION OF THE OXIDE WAS

FASTER,

THE CONCLUSION DRAWN FROM THESKE EXPERIMENTS WAS THAT THE
PRANSITION TEMPERATURT FROM 550°C ro 650°C was cRITICAL
WITH RESPECT TO THF SUBLIMATION AND LOSS OF HoOS.
THEREFORE THE CYCLE WAS MODIFIED TO SLOW=-DOWN THE HEATING
RATE WITHIN THIS RANGE AND ALSO THE PEAX TEMPERATURE W4S
INCREASED 70 900°C, TO DETERMINE THE EFFECT OF HIGHER
TEMPERATURE ON THE BOND STRENGTH,

THE INITIAL HEATING IN NITROGEN ATMOSPHSERE WAS INCREASED
r0 400°C "0 ASSURE COMPLETE RENOVAL OF ORGANIC MATERIALS,

A FIVE MINUTE PURGE IN FORMING GAS FOLLOWED,

THE GRAI'H 8HOWS THE MODIFIED CYCLE, ( Fre. 2)

13
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THE MOLYBDENUN FILM RESULTING FROM THESE CYCLES HAD
LATERAL RESISTANCE BELOWw 1 OHM AND COULD NOT BE SCRAPED

O9FF BY THE X-ACTO KNIFE,

III. 3., DETERMINATION OF H003:SN RATIO.

THE PRELIMINARY TESTS FOR THIS TASK WERKE DONE BY
COATING SILICON WAFERS WITH MOLYBDENUM OXIDE SUSPENSION
AND LOCATING A FEW GRAINS OF 20U MESH SIZE TIN ON ONE
EDGE OF THE COATING,
THE PURPOSE OF THIS TEST WAS TO DETERMINE THE WETABILITY
OF THE MOLYBDENUMN BY TIN,
THE SAMPLFS WERE HEATED FOLLOWING THE MGDIFIED CYCLE.
THE REACTION PROCEEDED BY FASHION PREVIOUSLY DESCRIBED FOR
MoOz. Ar 900°C HowEvER, WHEN THE M0 WAS FORMED, TIN SPREAD
OVER THE ENTIRE SURFACE,
RESULTED COATINGS PASSED THE ADHESION TEST AND HAD A GOOD

SOLDERABILITY BY LEAD-TIN SOLDER.

Ngxr TESTS WERE DONE WITH MIXTURES OF H003:SN(325 MESH

PARTICLE SIZE) USING THE FOLLOWING RATIOS.

o0y 5
SN . ‘

TME MIXTURE WAS SUSPENDED IN TRICNLOROETNYLENE WITH ETRYL-

CELLULOSE BINDER SUCH AS WAS DONE BEFORE WITH H005 oNLY.
THE O0BTAINED RESULTS SHOWED THMAT WITM THE H005:SN RATIO
GREATER THAN 3:7, THE FORMED FILMS HAD A TEITURE WITH 4

LACY PATTERN WITH TIN FORMING THE RIDGES.

15




THE BOND PASSED THE ADHESION TEST, BUT THE SOLDERABILITY
WAS POOR AND REQUIRED A SCRUBBING ACTION.
Fruns rorMep Frox No0Oz:SN RaTI0S LESS THAN 3:7 HAD A DENSE

SOLDERABLE FINISH, BUT THE COATINGS WITH H003:SN IN RATIOS

oF 1:9 anD .5:9.5 HAD 4 WEAKER BOND,

THxX BEST RESULTS WERE OBTAINED AT A RATIO OF H003:SN=2:8.
THE FIRING CYCLE T0 ACHIEYK GOOD BONDING WITH THIS COMPOS=-

ITION WAS BETWEEN 800°C anp 900°C,

e T
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FORMULATION OF 4 SCREENABLE INK FRON M00 :SN MIXTURE.

MarERIALS USED:

Trv powper (Comrnco & ROIC) 325 mEsH-99.999% puRITY
TRICHLOROETHYLENE-ANALYTICAL REacENT, (Los AwncrLgs Cwgn.Co.)
Erryr crurvrose-Ermocrt (R) Stranpamp 10, PREMIUM ETHYL
czLrvrose (Dow Cmemrcat Cn.)

CarBITOL SOLVENT (DIETHYLENE GLYCOL MONOETHYL ETHER)-
?ECHNICAL GRADE (Omance Counry CwEmrcar Co.)

CARBITOL ACETATE-TECHNICAL GRADE (ORaNGE Counry CMENMICAL CoO.)

NMovyBpeEnux Taroxipe-REacent (MaLrLINcKRODT)

MoOz 4ND SN WERE MIXED IN 4 RATIO OF 78% Sw anp 22% MoOgz.
10 GRAMS OF THE MIXTURE WERK USED FOR THE FORMULATION

OF THE INITIAL INK COMPOSITION,

2.2 GRANS OF H003 AND 7,8 craMs or SN WERE DRY MIXED IN

A QUARTZ MORTAR.

THE VEHIGCLE FOR THE INK CONSISTED or 75% TRICHLOROETHYLENE,
15% xTHYL CELLULOSE, 8% CARBITOL SOLVENT AND 2% cABITOL

ACETATE, ALL AMOUNTS IN PERCENTAGES BY WEIGHT.

10 emams oP THE HoOs:Sw MIX WERE BLENDED WITH 5 GRuMS
OF THE VEHICLE AND HOMOGENIZED ON A GLASS PLATE WITH
A SPATULA.

THE SCREENING TEST WAS DONE USING A 200 MESH SCREEN,

17




ITI, 5, SET=UP AND CALIBRATION OF THE TUBE FURNACK FOR

INK FIRING,

A EEAVY DUTY 3-Z0NE DIFFUSION FURNACE WITH

3" I.D. QUARTZ TUBE waS USED FOR THIS PURPOSE.
THE INITIAL PEAKXK TEMPERATURE wasS SET ar 800°C,
THE PROFILE OF THE FURNACE WAS MEASURE" BY 4
CHROMFL-ALUMEL THERMOCOUPLE IN ORDER TO ESTABLISH
THE TEMPERATURE ZONES CRITICAL FOR FIRING THE
Mo0z:SN NIXTURES,

NTPROGEN AND FORNING GaS (6C%N-4C%H) wgrz coNNEC-
TED THROUGH A COMMON FLOWMETER TO ONE END OF THE
TUBE.

THE EXPERIMENTS WERE DONE WITH N-TYPE SILICON

& 10 1.5 OHM-CM RESISTIVITY WITH ONE SIDE
POLISHED AND THE OTHER SIDE ETCHED.

AFTER APLLYING THE INK ON BOTH SINDES OF THE WAFER
THE SAMPLES WERE AIR=DRIED AND ORGANIC MATERIALS
BURNED OUT IN A SMALL CERAMIC MUFFLE KILN

(21cn x 13cK x 23cM) ON A QUARTZ BOAT.

THE 4IM OF THE FIRST RUNS WAS TO DUPLICATE THE
CYCLE PREVIOUSLY ESTABLISHED ON THE GRAPHITE

STRIPHEATER IN THE EXPERIMENTAL STATION,



I? HAS BEEN FOUND THAT IN ALL CASES THE REDUCTION
or MoOz INTO PURPLE Hoog TOOX PLACK WITHIN THE
DETERNINED TEMPIRATURE RANGE, I.E. BEPWEEN 550°C
AND 650°C, BUT IN CONTRAST WITH THE REACTION OB~
SERVED ON THX STRIPHEATER WHERE THE METALLIC

TIN FORMED AT 800°C, THE TIN FORMATION IN THE
TUBE FURNACE TOOK PLACE SHORTLY AFTER THE CONVER-

sron or Mo0O3 zwnroO Hoog.

Purs was cowrFIRMED BY 4 RUN oF MoO3z coarIve

ALONFE, DURING WHICH CONDUCTIVE Mo FILM WAS OBTAINED
BETWEEN S550°C awp 650°0 1w 5 MINUTES.

THE Mo:SN LAYER FORMED AT LOWER TEMPERATURES HAD

A GOOD SOLDERABILITY AND IN SOME CASES 4 G00OD

BOND.

IT? REMAINED T0 BE DETERMINED WHETHER IT WAS
IMPORTANT TO CONDUCT THE HEATING CYCLE IN SUCH 4
WAY TO ESTABLISH IF THEI TOTAL CONVERSION OF

Mo0z 1NTO0 Mo WAS NECESSARY BEFORE THE TEMPERATURE

waS RAISED TO 80G°C.
Evavroarzon or Mo:Sy coNTaCT.

THE CONTACT FORMED FROM A SCREFNABLE MIXTURE OF
78% 5w : 22% MoCxz WAS EVALUATED FOR MECHANICAL AS
WELL AS ELECTRICAL CHARACTIRISTICS,

THE PATTERN WAS SCREENZD THROUGH 200 MESH SILK

19
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SCREENS ON DIFFUSED P onN N SILICON SOLAR CELL
STRUCTURZES.

ArPTER SCRIENING, THI TEST SAMOLES WERE DRIED AND
ORGANIC MATERIAL BURNZD OFF IN 4 CERAMIC MUNFFLE
FURNACE.

THE FIRST EXPEIRINENTS WERE DONE WITH A PRE<HEAT
47 85609C ror 5 MINUTES #ND 4 504X ar 800°C pEaX
FoR 1 mrIwnurE.

Tueg aTMoSPHERE <aS 60% NITROGEN aND 40% HyDrocrw,
(FORMING GaS, I IRCHASED rROM AMwELD INC.)

THE CONTACT HAD A4 GOOD ADHERENCE, TESTED BY THE
X=ACTO KNIFE AND HAD 4 GOOD SOLDERABILITY.

THE VvOLTAGE~CURRENT CHARACTERISTICS DFTERMINED

ON 4 A=Y PLOTT™ER SHOWED A STRAIGHT LINE BETWEEN
rHE Voc anp Isc raLUESs.

THERE WAS ¥0 DEGRADATION IN SHORT CIRCUIT CURRENT NOR
IN OPEN CIRCUIT VOLTAGE VALUES, INDICATING THAT
THE CONTACT WAS COKWNIC, BUT WITY A HIGH RESISTANCE
(Aaovr 10 Ouns).

IN ORDER TC ESTABLISH THE EFFECT OF THE PEAK TEMPE-
RATURE ON THIS HIGH SERIES RESISTANCE VALUE, OTHER

SAMPLES WERE RUN WITH THE SAME PRE-HEAT CYCLE, BT

WITH PEAK TEHPTRATURES oF 707°C unp 270°C mrespzerrvery.




THE RISULTS SHOWED THAT THE SAMPLES FIRED 42 700°C
HAD THE SAME SLOPE AS THE SAMPLES aT 800°C, wxrLx
THE SAMPLE FIRED 4? S00°C wiS DEGRADED IN OPEN
CIRCUIT voLT4GE.(F13,3).

IN ORDER T0 DETERMINE WHETHER TRIS DEGRADATION WAS
CAUSED BY THE ACTION OF THE NETALLIC CONTACT OR

BY THE TEIMPERATURE ALONE, NON=-METALLIZED CELLS
WERE SUBVECTED TO T™HE SAME CYCLE. or 900°C pxax.,
THE RESULTS OF THIS TEST SHOWED ALSO DEGRADATION
IN OFEN CIRCUIT VOLTAGE, WNICN PROVED THAT THIS

DEGRADATION WAS CAUSED BY THE HEAT CYCLE ALONE,

INPROVEMENT OF THE CONTACT SERIES RESISTANCE.

IN ORDER TO IMPROVF THF HIGH S<RITS RASISPANCE
Ko/SN=Cr cONTACT, RYFERENCES WERZ SEARCHFD
RELATING TO SPUNIFS OF i/0=-5I INTERFACE AND

NATURE OF THE CONTACT,

A¥ arrTICLZ PUBLISHED BY R.C. HoorER, J.&. CUNNINGHAM
4AND J.G, Harpir N SoLIp Srarg ELEcTRONICS, V2L.8,
PP 831-8335 (1955), LISTS CONTACP RESISTANCE VALUES
or Mo AND OTHER METALS EVAPORATED ON SI OF YARIOUS
RESISTIVITIES.

ACCORDING T0 THIS STUDY THE CONTACT RESISTANCE OF

o ?0 P~ryYPE SI WITH RESISTIVIP?IES OF (C.0C2 4NBD

N

0.1 oaM-cx 18 4.4 x 107° oun/cné awp 1.1 1 10-1
oun/cne nzspscrzrzbré

H
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THE cONTACT RESISTANCE OF Mo r0 0.5 onM-cm P=-ryprr
Sr 1s 9.4 x 10~2 omn/cx?.

For Y-rypx Sr or 0.005 omHM-CM THE CONPTACT RESISTANCE
rs 7.8 x 1079 om/cne, ror 0.01 omm-cx 6.1 x 1071
om/cne, For 0.05 oum-cr 2.0 oun/cM@ uND FoR

0.5 oun-cx 26 omm/cx?.

SINCE THE STARTING SILICON CRYSTAL USED IN OUR
SOLAR CELL STRUCTURE IS N-TYPE 07 4 RESISTIVITY
RANGE BETWEEN 0.3 = 0.7 oHM-CM, THE HIGH RZSISTANCE
oF THE o CONTACT COULD BE EXPLAINED BY THE RE-
PIRENCED DATA,

ANOTHER ARTICLE PUBLISHED BY R.¥. BOWER AND

Jo#. Maver I~ APpPL. Puys. Lerr., Vor.20 - No.9

(May 1972) pp, 359-361, IS CONCERNED WITH THE
FOAMATION OF METAL SILICIDES, SPECIFrcanLy Pp, Tr,
Cr awnn Mo,

ACCORDING TO THE AUTHORS, THE GROWTH RATE OF Pp:SI
AND T1512 FARIES LINEARLY WITH THE SQUARE ROOT

OF TINE, WHILE CRSIo aND HoSI, GROW LINEARLY

WITH TIME,

THE FIRST CASZ SUGGESTED DIFFUSION IIMITED RATE
GROWTH MECHANISM, WHILE THE SECOND CASX CORRESPON=-
DED T0 REACTION LIMITED RATE GROWTH,

TeE FoRMATION DEPTH OF Pp,Tr SILICIDES IS THERE-

23




PORE EASIER TO CONTROL THAN THE DEPTE OF (R AND

Mo srircrozs. |
WEILE THE PRESENCE OF AN OXIDE FILM ON SI SURFACK
INRIBITS THE FORMATION OF Pp, CR anDp Mo sSirrcipzs,
IT RAS NO DETECTABLE EFFECT FoR PHE SI-II SYS- |
TEX AND THE T1312 FORMS AT RELATIVELY LOW TEMPER=-
ATURES ~600°C. |
Baszp ow rxzsz‘azrsaswczs,_Expzarxznrs WERE PER-
FORNED T0 DETERMINE THE SIGNIFICANCE AND THE EKF-
FECT OF TITANIUM SILICIDE ON THE VALUE OF CON=-
PACT RESISTANCE,
AS THE SOURCE OF TITANIUM, TITANIUM RESINATE WAS
USEID, PRODUCED BY ENGELHARD,INDUSTRIES Drv.,
Nzwarx, N.J.
THIS ORGANO-METALLIC COMPOUND CONTAINS 4.3% sourps
AS TITINIUM AND IS IN 4 SOLUTION FORM WHRICH IS
CONPATIBLE WITH THE SOLYENTS PRESENT IN THE INK,
ONT EYEZDROP OF THE RESINATE SOLUTION CORRESPONDING

20 APPROX. 0.,0013 G OF PITANIUN WAS ADDED TO

30 ¢ or Ink.

THE RATIO OF ADDED PITANIUM T0 PHIS MIXTURE CORRES=-
PONDED THEN 70 4PPROX.1 PART oF Tr 20 15000-16000
PARTS OF HOOS/SN SOLID MIXTURE.

TRE EXPERIMENTS OF THE INX FIRING DESCRIBED FOR THE
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STANDARD Mo:SN MIXTURE WERE DUPLICATED WITH THE INK
MODIFIED BY THE TITANI M,

Trr RESULTS SHOWED A FERY DISTINCT EFFECT oN T-I
CHARACTERISTICS, | |

THE SERIES RESISTANCE HAD A VALUE OF 4PPROX. 1 OmM
AT 4 CYCLE CONSISTING OF A PRE-HEAT AT 560°C ror

3 minvres, 620°C ror 3 MINUTES AND 4 SoAK ar 800°C
For 1 MINUTE.

SIMILAR VALUES OF THE SERIES RESISTANCE VERE.ALSO
OBTAINED BY HEATING AT 560°C For 9 MINUTES. (Fre¢.No, S)
THE BoNDS ON SAMPLES FIRED A7 560°C WERE WEAXER THAN

THE BONDS OBTAINED AT 800°C.

25




III, 8.

OprIMIZING THF FIBRING CYCLE FOR THE Ho:SN INK

Moprrrwp BY Tr.

THE OBJECTIVE OF THIS TASK WAS TO DETZRMINZ THE

EFFECT OF VARIOUS FIRING CYCLES ON THE COMBINED

QUALITY OF MECHANICAL ADHESION, SOLDERABILITY AND

ELECTRICAL PIRFORMANCE OF SOLAR CELLS METALLIZED

wrrH Mo:Sw 1Nk MoDIFIED BY TI.

THREE RIRING CYCLES WERE EMPLOYED FOR EVALUATION

4) 5600C = 20 MINUTES AND QUENCH

B) 560°C - 3 mInvres, 6200C - 3 mInvres, 800°C -
1l MINUTE AND QUENCH

c) 560°C - 10 mrwvrzs, 700°C = 1 MINUTE AND
QUENCH.

ALL CYCLES WERE DONE IN 4 FORMING GAS ATMOSPHERE

CONSISTING oF 60% N anp 40% H AT 4 FLOW RATE OF

3L/m1N.

THE 4DHESION WAS DETERMINED BY SCRATCH PESTS
(x-4cT0) AND PULL TESTS WITH SOLDEZRED LE4DS,
THE LEAD ATTACHMENT WAS ALSO A MEASURE OF
SOLDERABILITY,

Trr zLECTRICAL CRARAcrsazsfzcs WERE EVALUATED
8Y THEZ SHAPE oF V-I CURVES. :

THE QUALITY OF MECHANICAL PROPERTIES ( ADEESION




AND SOLDERABILITY ) CONFIRMED RESULPS OF PESTS
PREVIOUSLY PERFORMED wITH Mo:SN INX wITROTT

Tr 4ppED, I.X. THE BOND WAS WEAXKEIR WITH THE
FIRING CYCLE 42 560°C rmaw a7 cyYcuLEs wrrm 700°C
45D 800°C PE4X TEMPERATURES,

THE SOLDERABILITY WAS ALSO BETTER FOR LAYERS
FORNMED AT HIGHER TEMPERATURES.

ELECTRICAL CHARACTERISTICS OF SOLAR CELLS
METALLIZED AT THE STATED FIRING CYCLES WERE ON
PHE OTHER HAND SIGNIFICANTLY BETTER AT THE

LOW TEMPERATURE FIRING CYCLE

I¥N ORDER T0 ESTABLISH WHETHER THIS CHARACTE~-

RISTIC WAS A RESULYT OF TRE PEXAX TEMPRTRATURE

OF PHE FIRING CYCLX ONLY OR OF ADDITIONAL
REACYTIONS TAXING PLACE DURING LOW TEMPERATURE
ANNEALING PROCESS, THE CELLS METALLIZED 47T
HIGHER TEMPERATURES WERZ HEAT TREATED AT LOW

PEMPERATURE AFTERWARDS,

TRE ALSULT OBTAINED FROM THIS TEST ESTABLISHID
PHAT THE VeIl CHARACTFRISTICS IMPROVED TO THE
QUALITY OF THE CELLS METALLIZED AT LOW TEM-
PERATURE owrY., ( Fre. 4 )

FroM TYESE RESULTS OTHER SEPS OF EXPERIMENTS

WERE PLANNED 70 DETZEMINE WwHETHER THIS HEAT

27
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TREAPNEINT CAN BE DONE AS A PART OF THE FIRING
CYCLEZ OR MUST BE PERFORMED AS A POST HEAT TREAT=
MENT STEP. ALSO IT WAS NECESS4RY TO DETZRMINE
wHETRER 550%C IS THE OPTINUM HEALT TREATMENT
TEMPERATURE OR WHETHER THE TREATMENT HAD AYOTHER
PE4KX.

TEX RESUL®S 0BTAINEL FROM THESE PTESTS POINTED
OUT PHAT THI HEAT TREATMENT CAN BE INCORPORA-
PED IN THE FIRING CYCLE AND THE OPTINUN NEAT

TREATNENT 1§ 450°C ror 15 mrwuvres. ( Fra. 5 )

CoMpanrson oF Mo:SN CONTACT WITH NICREL PLATED AND

SILVER SCREENED CONTACT,

VI cKEL PLATED CELLS USED FOR THE COMPARATIVL TESTS
WERE PRODUCTS OF THREE MANUFACTURERS.
THE SCREENED SILVER CELLS WERE FROM ANOTHER SOURCE,

Tug mESULTS oF Voc, ISC AND PULLSTRENGHT ARE LISTED

1y raBLE H
SINCE THE CELLS BID NOT HAVE IDENTICAL DIMENSIONS

2

TRE raLUES OoF ISC WERE NORMALIZED TO 1l cM® ARE4.

ELECPRICAL CHARACTERISTICS DISPLAYED BY THE

7-I cuRves rs smown IN Fre, 6
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PABLE II

COMPARISON OF Mo/Sw INK WITH Nr-PLATED AND Ac-SCREENED

CONTACT,
SovRcE TYPE | MeTaLizazion | Vec () 1—"%-(-’;:1’ PuLL sriewd
MANGEACTURER T | mi-piaveD | sos | 26 200+
*g” PN Ni-PLATED .5 28 200+
c” N/p N/~PLATED .55 28 200+
P | M | rgemseener) 57 | 25 ] 9
EX °,4-‘,/: ;( mMenTAL P/ Mo/, -scazmﬂi .56 26 2004
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THE NEICHANICAL CONTACT OF ?RE MO:SN CELLS WaS
EQU4L TO PHE BEST NICKXEL PLUTED CONTACT AND
SUPERIOR T0 THXZ SCREEZNED SILYER CONTACT.
AcTUiLLY THX SILVER SCREENID CONTACT WiS IN-
PERIOR SINCE THEI PATTERN AS WELL A4S THE BACK
METALLIZATION COULD BE PEELED OFF WITHOUT ANY

EFFORT.

I? WAS COMPARABLE WITH THE CHARACTERISTICS OF
OTHER METALLIZATION, ONLY IN CASES WHEN THE
PEST SAMPLES WERX SCRIBED TO SIZE, THE SHUNT
REZSISTANCE AND SERIES ARZSISTANCE S: ..ED SOMR
DEGRADATION CAUSED BY THE MECHANICAL DANMAGE.
GENERALLY THE SERITS RESISTANCE OF ALL CZLLS

PESTED WS 1 SL IN AVZRAGE,
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V- CHARACTER/ST/C o c&LLs
WITH VARIDUS METACLI28TIDNS

(CbLLs o DIFFERENT Sizes)

170
60,
190
10, T
130]
mq
-~ -2
X
& wo ;
L:' go} £
< &
'§ «
V 70, I wenNy plated (M‘uu:ncwﬁ.k‘ﬂ;))
d . P/NV-N/ plated (MAVUFACTURER B°)
60 L N/P-Npleted (IMANURACTYRER “C*)
£ N Ry -SeResned (MAVYIATURER "D*)
so € P/IN - Mofou ScREENED
“‘>
,oo
204 \
10 L
o'l 1'2 .:; "4 -r, ' -z
VocTAGE (V)
FlG.6

33



III. 10,

OPPINIZAPION OF INK COMPOSITION.

THX INX PREPARED PREVIOUSLY REVEALED DIFFICULTIZS
IN SEGREGATION OF THE TIN FRONM HoOs DURING STAND-
ING,

THIS SEGREGATION RESULTED IN NON=-REPRODUCIBLE RE-
SULPTS, SINCE TIN WITH THME DENSITY oFr 7.3 or/cx’
STEPTLED BELOW TRE H003 WITH A DENSITY Or 4.5 cn/cu3
WITHIN ONE HOUR.

THEREFOR IT WAS NECESSARY TO ADJUST THE RHEOLOGY OF
TRE INK IN SUCH A WAY THAT THE HONOGENKITY OF TNE
MIXTURE WAS MAINTAINED FOR AT LEAST 4 PERIOD OF

ONE WORKINIG DAY AND WAS uicorsnzn THE NEXT DAY.
THr GouL WAS ACHIEVED BY PARTIAL SUBSTITUTION OF

TRICHLOROEZTHRYLENE BY TERPINEOL WHNICH NAS A LOWER

VAPOR PRESSURE AND RIGHER BOILING POINT.

THE INX WAS PREPARED BY THE FOLLOWING PROCEDURE:
SN-HOOJ POWDERS WERE PREMTXED DRY AND ﬁASSED
»dRoUGCH 140 MESH SIEVES TO REMOVE ANY POSSIBLE
LUMPS,

THE VERICLE WAS PREPARED FROM ETHYL CELLULOSE
DINDER DISSOLVED IN TRICHLOROETHYLENE,

To THIS SOLUTION WAS ADDED TERPINEOL AND CAR=

BITOL ACETATE,
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THE PERCENTAGE BY WEIGHT OF THE INDIVIDUAL
INGREDIEZNTS WAS 4S8 FOLLOWS:

6% ETHYL CELLULOSE DISSOLVED IN 20% TRICHLORO=
ETHYLENE, snnEp WAS 70% TERPINEOL AND 4% caiale

TOL ACET4.E,

20% oF THIS VEHICLE anD 80% HOOS-SN MIXTURE
WERE BLENDED TO FORM THE INKX. THIS WAS DONE BY
ADDING THE DRY MIXTURE UNDER CONSTANT STIRARING

TO THE VEHICLE,

FIVE 0z, oF THIS INK WAS SHIPPED T0 JKT

FROPULSION LABORATORY.
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III. 11,

ScrzrENING, Finrne anp TxsrInG or 2¢cm x 2cm crLLS.

Tur czuLs wERE P ov N STRUCTURE AND WERE SCREEN=-
ED WITN 4 GRID PATTERN SPECIFICALLY DESIGNED FOR

THIS PURPOSE.

THE FIRING CYCLE waS 560°C : 10 Mrw -
700°C : 1 Mrw -
45000 s 15 mrw.

THE CHARACTERISTICS OF THE CELLS WERE TESTED ON
4 V-I PLOTTER AND IS SHOWN OY THE ATTACHED
crare. ( Fre. 7)

COMPARATIVE TZSTS WERE DONE WITH LOW TEMPERATURE
crcLes ar 550°C ror 15 nrw.

IN BOTH CASES THE RESULTS WERE WITHIN A CLOSE
RANGE, ONLY THE CELLS FIRZD AT LOY TEMPERATURE
CYCLES HAD MECHANICALLY WELXER BONDS.

THE CELLS PRIJR TO SCREENING WERE CLEANZD

ay 10% XN4OH sorurion ren 1 nrwuver.

IN orNER EXPERINENTS 1 MINUTE DIP IN CONCENTRATED

HF was uskb.

No DIFFERENCE WAS OBSERVED IN OBTAINE)H RESULTS.

36




v.T CHM”‘C@)ST'I'CL or
2emm2em CELLS




III, 12.

- N

ENVIRONMENTAL TEST OF METALLIZED CZLLS.

THE EVvALUATION OF THE M0-SN SYSTEM AND CONTACT IN-
TEGRITY UNDER ENVIRONMENTAL STRESSES INCLUDED THE
HUMIDITY EXPOSURE AND SUBJECTION TO TEMPERATURE
EXTREINES.

THE ATTEMPT HAS BEEN MADE TO ESTABLISH SOME STAND-
ARD CRITERIA FOR THIS TEST,

InQuirres wrirw JPL awp NASA-LEzwris REsrarncH CENTER
IN CLEVELAND HOWEVER REVEALED THAT THERE ARE NO
ESTABLISHED STANDARD TEST PROCEDURES WHICH WOULD

APPLY TO TERRESTRIAL PHOTOVOLP4L4IC CELLS AND THE

EXISTING TESTS ARE USED FOR SPACE CELLS WITH

MODIFICATIONS SPECIFIED BY CUSTOMERS.

BASED ON SUGGESTIONS OBTAINED FROM THE NASA-LrwrIs

REESEArcH CENTER THE FOLLOWING TESTS WERE USED TO

EVALUATE THE CONTACT:

A: SUBJECTION OF THE CELLS WITH ATTACHED LEADS T0
A CONSTANT TEMPERATURE WATERBATH of 45°C ron
ONE WEEXK  AND

B: SUBJECTION OF THE CELLS TO TEN THERMOSHOCK
CYCLES BETWEEN 100°C (BOILING WATER) AND
«457C (DRY ICE~ACETONE).

THE DWELL TIME AT EACH EXTREMNE WAS 5 MINUTES.

38




O

THE CONTACT WAS EVALUATED THEN BY THE VALUE OF THE

PULL=TEST AND ELECTRICAL CHARACTERISTICS.

THE CELLS FOR THIS TEST WERZ PREPARED BY Borow
DIFFUSION IN +9 QuM-cM N-TYPE CRYSTAL, USING

BCL ; sourck,

THE ELECTRODE PATTERN WAS SCREENED USING Mo0Oz-Sy
INK FROM THE BATCH PREPARED F9R JFL.

THE WAFERS WERE CLEANED BY 10% NaOH soturron on gow.HF
FOR 1 MINUTE PRIOR TO SCREENING.

THF SCREENFD CELLS, AFTER DRYING 4T S0°C, WERE
SUBJECTED T0 4007C HEAT IN AIR IN 4 MUFFLE FUR=
NACE TO BURN JUT THE ORGANIC BINDER FROM THE INK,
AFTER THAT THE CELLS WERE DIVIDFD INTO- 2 GROUPS

07 12 UNITS EACH AND SUBJFCTED TO THZ FIRING-
METALLIZATION CYZLE IN FORMING GAS ATMOSPEERE

( 60% N + 403 4 ).

THE FIAST GROUP wWwAS FIRED AP 550°C rom 15 mIwures
THE SECOND GROUP waS FIRED 4T 560YC ror 10 MINUTES,
FOLLOWED BY 1 MINUTE aT 700°C AND 15 MINUTES 4T
450°¢,

SILVER RIBBON LEADS, 05C" wrpe awp 005" ruICK,
WERE SOLDERED TO THE CELLS AND THE CELLS WERE TESTED
oN V-l CHARACTERISTICS. IHE MECHANICAL STRENCTE

WAS DRTERMINED BY A PULL TEST AND VARIED FroM S50 GA.
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FOR CELLS FIRFED AT LOW TEMPERATURE fr0 200-PLUS

GR., FOR CELLS FIRED AT HIGHER TEZMPFRATURE,

THE CELLS WERE SURJECTED TO CONSTANT TEMPERATURE
WATER BATY AT 45°C FOR ONE WEEX AND THE ELECTRICAL
CHARACTERISTICS WERE MZASURED AGAIN,

THE RESULTS SHOWED THAT THE CELLS FIRED AT LOW TEM=
peRA?URE (530°C)DEGRADED BY LOWERED SHUNT AZSISTANCE
IN THE V=l CHARACTERISTICS ..= SHOWN IN THE ATTACHED
crapus. ( Fre. 8 & Fre., 9)

THE CELLS FIRED AT HIGH TEMPERATURE DID NOT EXHIBIT
SUCH DEGRADATICN.

FURTHIZR EXFPERIMENTS CONDUCTED FOR THE PURPOSE OF
EXPLAINING THE DEGRADATION REIVEALED THAT THF CELLS
FIRED AT LOWZR TEMPERATURE AND DEGRADED BY EXPOSURE
ro 45°C HUMIDITY CYCLE, RECOVERFD T9 THE ORIGINAL
V-I CHARACTERISTICS AFTER 4 15 MINUTE HEAT TREAT-
MENT IN FORMING GAS,

FOLLOWING THE RUMIDITY TEST THE CFLLS WERE SUBJECTFD TO
10 rHERMO-SHOCK CYCLES CONSIS TING 9F EXPOSURES T0
100°C awnp -457C.

Tw23 TEST WAS DONE BY USING BOILING WATER FOR THF
HIGH PEMPERATURE AND DRY ICE=ACETONE MIXTURE FOR THE
LOW TEMPERATURE ENVIRONMENT,

THE CELLS WERE MAINTAINED IN ZACH# ENVIRONMENT FOR

S mrwyurzs.,
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THE TRANSFER oF 7z CELLS FROM ONE TEMPERATURE
EXTREME TO THE OTHER WAS DONE WITHOUT ANY PIME
DELAY,

ONLY CZLLS FIRED arp 700°C pEax TEMPERATURE, FOLLOWED
BY 18 MINUTES ANNEAL AT ¢50°C, were susvEcTED 70
THIS ABOVE DESCRIBED TEST.

Yo MECHANICAL BREAKAGE NOR ELECTRICAL CHJUNGE WAS

OBSERVED AFTER THE TESTS.,
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=
III. 13, Mrrarirzarion or N/P soLar crirs BY Mo-Sw rwx,
Firry DIFFUSED WAFERS, 2 X 2 €M - PRODUCED BY
ANOTHER COMPANY WERE USED FOR THIS TEST,
THZ WAFEFRS HAD AL BACKSURFACE FIFLD.
THE CELLS WERE TESTED FOR 9PEN CIRCUIT VOLTA®E PRIOR
TO SCREEZNING BY MECHANICAL CONTACT.
1 THR VALUES 0F IHE 0DPFY CIACUIT 7VOLTAGE RANGED BETWEEN
872 anp 589,
1 TEN¥ CELLS FROM THIS LOT WERE SCREFNED WITHOUT ANY
PRELIMINARY TREATMENT OR CLEANING, USING THE STANDARD
i GRID FOR THZ ACTIVE SIDS.
THE SCREENED CELLS, AFTER DRYING, /ZA:Z SURNED-OUT
IN 4 MUFFLE FURNACE IN AIR AT 400°C PEAK TEMPERATURE
FoR 10 MINUTES.
THE HYTALLIZED CYCLF WAS CGNDUCTED IN THT TUBE FURINACE
i USING FORMING GAS ATNOSPYFRE (€77 N & 20% H).
é\ THz CcYCLE CONSISTED OF 5 MINUTES PURGE BY #, FOLLOWED

)

BY FIRING IN FORMING GAS AT E257C roa 12 mInUTES,
7007C For & MINUTES AND 4707C ror 15 MINUTES,

THE CELLS TESTEZD AFTER THE FIRING CYCLT WERE SHCRTED
AND ALL OF TYEM SHOWED SPECKS, DARX IN AFPEARANCE,

ON BOTH SIJFS C& THE WAFERGS.

I? w4S SPECULATED THAT THESE SPECKS WERE AL PARTICLES
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ADRERING TO THE SURFACKE AFTER THE RENOVAL OF AL FROM THE
BACK SURFACK AND CAUSED TNE SHORTING OF THE JUNCTION WHEN
HEATED To 700°C,

IN ORDER TO CONFIRM THIS ASSUMPTION, ANOTHER LOT OF TEN
WAFERS WAS PROCESSED THME SAME WAY, BUT WITH THE PEAK TEN-
PERATURE OF THE CYCLE LYING BELOW THME AL/Sr EurEcrIC
(577°C).

TMrs SECON: LOT WaS FIRED ForR 15 MINUTES a7 525°C, roLLowED
By 15 mInurEs ar 470°C.

THE RESULTS OF THE SECOND TEST WERE AS LISTED ON THE
ATTACHED TABLE. ( Tamrr III )

No pARK SPECKS WERE PRESENT ON THE SURFACE,

III.14.
ComMparIsoN or Mo/Sw wrirn Tr/Ac EVAPORATED CONTACT.

Te coMPARE THE V-l CHARACTERISTICS OF CELLS wITH Mo/Sw

AND Tr/AG¢ METALLIZATION, CELLS WERE USED WITHOUT AR

COATING A4S WELL AS CELLS wITH AR coarING,

THE RESULTS ARE SHOWN ON THE ATTACHED GRAPK 8. ( GRapus 10 & 11)
IN ORDER TO APPROACH THE CMARACTERISYTICS oF THE AR coarxd

CELLS, CELLS METALLIZED WITH Mo-SN INX WERE COATED WITH

Tr RESINATE, DILUTED IN 10 T0 1 RATIO WITH ALCOHOL AND

prrEp a7 110°C.

THE RESULTS ARE SHOWN ON THE ATTACHED TABLE AND GRAPH,
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TABLE /-

Yoc AND Ise vatues of N/Jp cezes (2x2om)
(Mo-5m  iNK ) 5‘Jl.f,~c FEA K.
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576 | - sBo | 84 /18
' §Bo Y24 37 /120
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é
7
8
g

ot | s Lsp | B¢ | 16

TR | 55, | .om2| 85 | /i8]

6/A
ﬂ?’ . 582 | .582 86 /22

46




LA S, L ST T

BT ed ot e

CURRENT (mA)

V-I CHARACTERISTICS oF N/P CELLS
METALLIZED 8Y Mo-Sn- ( 525% PEAK)

( No AR COATING )
- . . L
P A;/,-, CEL
807 AVE. eCHARACTER!STIC
OF ;a ecELLS Ih-Sx.
70¢
Si2g : 2Axdem
/\LLUM.- © 100 MW/ ! Am:l
€0 1 CALBRATED 8Y CEuL
METALLIZED 8Y Ag-T3
80 +
40 1
30 +#
m p
10 ¢
v el > I — -
°! ‘2 3 ‘4 .5 6

47
£16.10. VOLTAGE (v) ’




/40-

/120

/00 1

CURRENT (mA)
®
[l

8

V- CHARAGTERISTICS OF N/P ecLes
METALLI26D #Y My -5+ (S25C Peax/

(AR coaring)

»A?/S.'-(;Eu

AVvE. CHARACTYFR/STIC
OF (0 CEULS Ma-5o
t Ti -RESINRTE Co arinig

$12€  2em x3cm
I"‘UM' : IOOm W/cny y AM-.‘

CALIGRATED By céu
HETRUi2ED) Py 4;-7‘.'-0- S.d aaﬁw

404
20 4
;
m! e L4 t . o
ol ] -4 3 6

J
G- 1/ VoLTAGE (V) 48




oy s O o A A

Twe coNCLUSION OF TAIS TEST WAS THAT TAK No-SN METAL-
LIZATION WAS ELECTRICALLY EQUIVALEN? T0 AG-TI NETAL~
LIZATION.

MEcHaNICALLY, HOWEYER, THE Mo-SN coNTACTS FIRED a7 525°C
PEAKX TEMPERATURE WERE WEAKER THAN THE Tr-AG CONT4CTS.
A CLEANING PROCESS STILL REMAINS TO BE WORKED OUT T0O
RENOVE LOOSE AL PARTICLES FRON WAFERS WITH AL BACK-
SURFACE FIELD,80 THAT A HIGHER TEMPERATURE FIRING
CYCLE CAN BE ENMPLOYED IN ORDER TO IMPROVE THE MBCHA-

NICAL BOND.
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IV, Cos? awaLyszrs or No-SN MEPALLIZATION PROCIESS.

TRE COST ANALYSIS OF THE NEW NETALLIZATION NETHOD IS
B48SED ON 4 CONTINUOUS MANUFACTURING PROCESS, USING
AUTOMATIC SCREEIN PRINTERS AND 4 CONVEYOR BELT FURNACE.
THr THROUGHPUT FOR THIS cCaLCULATION IS 500 DIFFUSED
waFERS/RR, 5.08 cr (2") Dram. ovw 4 rur. Yrar (8280 Hours)
NANUFACTURING SET=-UP.

TRE cOST FOR MATERIAL AND EQUIPMENT ARE ACTUAL CURRENT
YALUES, OBTAINED FROM SOURCES OF INDUSTRIAL SUPPLIERS
AND NANUFACTURERS.

Tur ovrpur or 500 cerrs/AR or 5.08 cn (2") pram commzs-
ponNDs T0 1 He/novn OF SOLAR CZLL ACTIVE AREA AND BASED
ow 10 ro 12% EFFICIENCY GENERATES APPROX 1 MyGiWarr

PER YEAR.
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METALLIZATION PROCELSS FLOW

SCREEN SCREEN CONVEYOR
INPUT PRINTER I PRINTER II BELT
ey

500 warFERs/HR BacksIDE FronNTSIDE INk FIRING
5.08cn(2")p1an THROUGHPUT THROUGHPUT THROUGHPUT
DrerUsED 500 warers/HR 500 waFERS/HR 500 wiFERS/HR
CuEaNED EQUAL TO 1M

+ . Vv - ACTIVE AREA/HR
1006 1wk/HR OPER'G TINE

14R/HR

Openarine Tine 0O.17HRS/HR




Iv. 1.

IV, 2.

INPUT SPECIFICATIONS

MarzrraL:
P/N orn N/P DIFrvsSED WAFERS
SI-8INGLE CRYSPAL, I-~1-1, oR 1=0=0 ORIENTATION
DimEnsIoNS:
5.08 ex (2") pram.
0.0254-0.0304 cx (0.010-0.012") TRICKNESS
QUANTITY REQUIRED:
500 warers/Hour
Unrr Cosr:
$ 2.10, BASED oN THE PRESENT PRICE For 2" Dram.
SINGLE JRYSTAL SILICON WAFERS
Inpur Cosr:
$ 1050,00/Houn
WAFERS ARE CLEANED BY THE J-WAFER CLEANING PROCESS
OurpuT RATE:

500 waFERS/HOUR

Dirgcr MaTERTIAL

Trpe:
Mo/Sv scmexnaBLe rnx ( For 500 warers)
FUANTITY REQUIRED:
1006 /moun
Unzr Cosr: Cosr:

$ 0.03/¢ $ 3.00/m0un
52




INK COMPCSITION

DirEcT MaTERIAL CoOSTS FOR MAXING INK,

)

NATERIAL % sy Wr.| Dewszird 4 Z | SovrcEs - Cost ($)
) (¢/cn,) By Tor. [§/LB ke Iw 1006 INK
e ————— -
Sw 6§2.4 7.3 29.6 18.00 |17.60 | Arcanw MEzrar 1,10
=325 MESH) Powper, INc.
HoOg 17.6 ¢.5 |15.0 l4.46 |9.81 | Crrmax Morys-|0.173

| pENTM (o,
Ergrn- 1.2 1.1 3.2 3.50 |17.70} Dow CrmeEMIcar |0.009
CELLULOSE
TRICHLORO= 4.0 1.47 8.0 0.34 (0,748 L.A.CaeMzcar | 0.003
ETHYLENE Co.

TERPINEOL 14,0 0,935 44.0 1,60 [3.5¢ Orawnce Couwnryl 0.05
Cwemrcar Co,

CARBITOL- 0.8 1.0129 2.4 0.68 {1.50 | Orawnce Couwnry] 0.0012
ACETATE Cuemrcar Co.
TITPANIUM- 1 pr/ ——— rRacES| 31.80170.00) EwceELHARD IN-| TRACES
RESINATE 50000 DUSTRIFS
HOOS'*SN
TOTAL DIRECT MATERIAL COSTS IN 100 GRAMS OF INK 21, 3¢

MANUFACTURING CHARGE FOR INK FORMULATION OBTAINED BY METZ METAL=-

LURGICAL COoRP.: $ 0.40/0z or $ 1.42/100¢

COST OF 100e¢ OF INK: & 2.78
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Dirzcr MarEnrray CosTs PER Crrs,

Baskp onw 2" DraM. Warer

CoveEraGE: 100% Bacx Srpr
10% Acrrve Sipke

Torar AREA coOvERED BY INnx:22 cn2

ScREENED THIrcxwess : 0.00254 cn (0.001")

Torar VoLUME oF SCREENED INK/CELL-0,0558 cn3

Amount oF Marerraus In 0.0558 cxd Inx,

{ Sw 0.12¢
MoO 0,0
0 3 3c
ErHrLcELLqusz 0.0007¢

TrrcuroroerRYLENE|0.C147¢

TERPINEOL 0.019¢

CARBITOL 4ACETATE [0.0012¢

TITANIUM RESINATE (TRA czs)

We-cur oF rNx PErR |0.1856¢ _ ToraL
CELL

54

Cosrs (§)
2z10'3

TRACES
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I7. 3.

INDIRECT MAPERIAL

Typr:
Formrve Gas, 60% N ro 40% H, MIXED FROM INDIVIDUAL GASES,
SPECIFICATIONS:
NEEDED CONTINUOUSLY FOR CONVEYOR BELT FURNACE
TO FIRE MATALLIZATION INK,
QUALITY REQUIRED:
900 rrrErs/wovr or ¥ & 600 uvirters/mour or H
( STANDARD FORMING GAS FLOw: 25 r/MIN
I.E, 15 u/mrn N & 10 r/m1v H )
Uwzr Cosr:
H - $1.35/100 rr° (2832 1) + $500/10 ranx RENTAL
N - 30.66/100 rrs (2832 1) + $270/M0 TANK RENTAL
Cosr:
H - $ 0.,98/rour
N - 8 0.59/noun

Torar cosr: § 1.57/w00R

Cosr rﬁroanArrow PROVIDED BY AMWELD INC,
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IV. 40

IV,

IV.

Eovremens

4.1 Trpe: 1 THICX FILM SCRESYN PRINTER FOR BACK=~SCREENING
HopEL: AERobrx TzcuNIcarL CorP. OR AFFILIATED
MANUFACTURERS.
Capacrry: 3000 warErs/HOUR
Cosr: § 15,000
TaroucapPur: 500 WAFERS/HOUR

PrLan? OpERATING TIME: 8280 HOURS/YEAR

HacrIng oPERATING TINME: 1375 HOURS/YEAR OR
16.6% oF PLANT OPERATING TINE

USEFUL LIFE: 7 YEARS

CHARGE RaTE: 21.35% or Cosr/vrar

Caprrar cosr: & 3202.50/rEar

Parrs or Oursrpe Szavrez: 3 2000/vEanr

SALVAGE vaLUE: $ 3,000 (80% oF cosr)
Torar Cosr: 3 0.62/douR

4,2 Typz: 1 THICK FILM SCREEN PRINTER FOR FRONT-SCREENING
Moper: Aerorix Tecawrcal CoRP. OR AFFILIATED
MANUFACTURERS.
Capacrry: 3000 warenrs/mour
Cosr: & 13,000
TeRoUGHPUT: 500 WAFERS/HOUR

PrLaNT OPERATING TINE: 8280 ROURS/YEAR

MacuINE OoPERATING rINE: 1375 moums/YEAR oR

16,6% oF PLANT OPERATING TINE
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Uszrur LIFg: 7 Yrams

CHaRGE RaTE: 21.35% oF Cos?/YEAR
CaPrraL cosr: $ 3202.50

Parrs or Oursipr Skrvrce: $ 2000/vzar

SaLVACE vaLUE: $ 3,000 (20% or cosr)
Torar Cosr: 3 0,63/m0UR

I¥. 4.3 Prer: Cowveror Bepr FurNace
MopEL: THERMO OR WarxINs JoRNSON
Cosr: $ 30,000
Insrarrarron cosrs: INcLopep
THrRouarPUP: 480 warcrs/Houn
Prawr OpER'c rINME: 8280 HOURS/YEAR
NacuINE oPEZRATING TINE: 7838 HOURS/YEAR oR

95% or PLANT oPERATING TINE

Useror LrIre: 7 vEARs
CH4RGr RaTE: 21.35% oF Cost/vEam
Carrrar Cosr: § 6400/YEan

Parrs or Oursrpe Servrce: § 2000/YEan

S4LvAGE varLuE: } 6,000 (20% oF cosrt)

Torar Cosr: § 1.01490U5
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Iv, 5. ENERGY

Trpg:
Evrcrrrcrry
4) SCREENW PRINTERS: §0p Warrs (40C Waprs g4)
17 % bury crerx
QUaNrrEY REQUIRED: (,6 138 fwarrs
Uvzr Cosr: § 0.06/kwe
Cosr: § 0.0081/ua
8) Converon Berr Foawacr: 20 Kwares, CONTINUOUS,
QuaNTITY RZQUIRED: 20 Kwarrs
Usrr Cose: § 0.06/fuwn
Cosr: § 1.20/nova

Torar Ewrmroy Cosp: 8 1.09 /moUn
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IV, 6. Drmrecr LaBOR

IV, 6.1. CaTEGORY: SEMICONDUCTOR ASSEMBLER
derrviry: OPERATION & MAINTENANCE OF SCREEN PRINTERS
Rare: $ 5.00/mR Amount REQUIRED: 0,17H0URS/HOUR
Loapn: 36%
Cosr: $ 1.15/ar

IV, 6.2, CarzeoRry: SEMICONRUCTOR ASSEMBLER
Acrrvivy: OPERATION & MAINTENANCE OF SCREEN PRINTERS
Rare: § 5.00/wmr AMounr REQUIRED: 0,17H0URS/HOUR
Loap: 36%
Cosr: & 1.15/mR

IV. 6.3, CarEcoRy: SEMICONDUCTOR ASSENBLER
Acrrvriry: OPERATION AND  MAI NTSNANCE OF CONVEYOR BELT

FURNACE

Rare: 8 5.00/uRr AMOUNT REQUIRED: lWoUR/HOUR
Loan: 36%
Cosr: $ 6.80/mn

IV, 6.4. Carecany: MarnrTewaxce MecHawnrce
Acrrvrry: SERvICE & REPAIR
AMounr oF rIME REQUIRED: 0.1 ROUR/HOUR
Rare: $ 8.0./8R
Loan: 36%
Cosr: & 1.10/un

TorarL DrreEcr Lasor cosr: § 10,20/amr
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IV,

InNprrecT LaBOR

TAxEN 4S8

25% or Dinkcr LaBoOR

Cosr: § 2.55/HR

SuB=ror4l cosr oF Drrgcr + INDIRECT LaBOR:

O7VERHEAD

oN LaBor: 5.26%

Cosr: -$.0.67/HR

7. FacIrLrTIES

IV, 7.1 TyeE:

IV. 7,2 Type:

$ 12.75/HR

Sus~roraL Laaor Cosrs: $§ 13.42/HR

FuaNaceE ARE4
Froom ArRza: 30 M2
CHARGE RATE: 179.13/(M2.rn)

(THIS INCLUDES ENERGY COSTS FOR AEATING, AIR-

CONDITIONING & LIGHTING)

fosr: § 5373.90/YR --- $ 0.,65/a4r
ScREEN PRINTSRS ARE4
Froor Arza: ¢4 Hg
Cuaror RatE: § 179,13/(H2.rR)
Cosr: & 716.,52/YR =-- § 0.26/HR

SUB=POTAL FACILITIES COST

: $ 0.91/8n



? IVe 8., Proczss Cosr CoxpurarION,

Marerrars (Drrzcr + INDIRECT)
EvgRoy

LaBor (Drrkcr + InpIRECT)

‘ Equrpment + FACILITIES

Toras

TREORETICAL LOSS IN PROCESS

(srraxace) ( 1% or § rnxpur/RR)

k TOTAL COST

IV. 9. Ourpur SPECIFICATIONS

IreM: PHOTOVOLTAIC SOLAR CELL

MarERIAL: Hiom Purrry Sirricow

61
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$

4,57/un
1.21/8R
13.42/mn
3.18/HR

$ _22,38/xn

$

)

10.50/5n

32.88/ur

Drnensrons: 5.08 cx (2%) prax, 0.055-0.03 cx

| (0.01-0,012") rHrcxwzss




SUNNARY

I? RAS BETN PROVEN EXPERIMENTALLY DURING TNIS PROGRAN
THAT TRE OHMIC CONTACT T0 SILICON SOLAR CELLS CAN BE
OBTAINED rFROM Mo/SN MEPAL SYS”TM BY REDUCTION OF
HoO3-Sw MIXTURE,

IN ORDER T?0 LOWER THE CONTACT RESISTANCE WHILE NAIN=
TAINING THE PEAX TEMPERATURE AROUND 800°C, TNE BaSIC
M003-SN FORMULATION WAS MODIFIED BY AN ADDITION OF
TITANIUN IN THE FORM OF TITANIUM RESINATE.

A YERY CRITICAL PART IN THE METALLIZATION PROCESS

WAS THE RATE OF COOLING DURING THE FIRING CYCLE,
SPECIFICALLY AROUND 450°C.

THE IMPLEMENTATION OF THIS METHOD TO THE AUTOMATED
CONVEYOR FIRING FROCESS WILL REQUIRE THEN THE DETER-
MINATION OF THE FIRING CYCLE WITR A SPECIAL ATTENTION
T0 THE COOLING RATE,

THE CHARACTERISTICS OF CELLS METALLIZED WITH THIS
METAL SYSTEM WX, ~ COMPAPABLE WITH THE CHARACTERISTICS
OF CELLS METALLIZED WITH THE STANDARD METHODS ( PLAT=
Ep N1, ScrzEneD AG aND EvaroraTED T1/Ac).

SINCE THE PROCESS USES STANDARD MANUFACTURING EQUIP-
MEINT SUCH A8 USED IN THE ESTABLISHED SILK SCREENING
PROCESSES, THE ADVANTAGE OF THIS NEW METHOD RESUL?TS
FRON THE COST SAVING ON MATERIALS® USED IN TNE FORMUL-

ATION OF THE INK IN ADDITION TO THE TECHNICAL ASPECT
62




OF USING STRICTLY 4 METALLIC SYSTEN FOR TNX FORN~

ATION OF THE CONTACT,
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