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I,

ABSTRACT.

THME NEW METALLIZATION PROCESS BASED oN Mo-Sw SYSTEM IS THE

SUBJECT OF THIS NINE MONTHS PROGRAM.

MoOz 13 USED AS THE SOURCE OF Mo, SINCE ITS RELATIVELY

LOW MELTING POINT AND EASE OF REDUCTION TO METALLIC

MOLYBDENUN.

THE TASKS PERFORMED DURING THIS STUDY INCLUDE:

1., ESTABLISHING THE REDUCTION CYCLE FOR o0z

2. DETERMINING THE REACTION MRCMANISM FOR MoOz-Sn NIxTURE

3. ESTABLISHING THE RATIO OF [00z-5N FOR THE INK COM-
POSITION

4, FORMULATION 07 SCREENABLE INK

5. EVALUATION OF PHOTOVOLTAIC CELLS METALLIZED WITH THE
INK

. CoMPARISON OF THE Mo-SN METALLIZATION WITH NICKEL
PLATED AND SILK SCREENED SILVER CONTACTS

7., ENVIRONMENTAL TEST OF METALLIZED CELLS

8. Merarrrizarronw oF N/P CELLS WITH BSF'AND COMPARISON
WITH CELLS METALLIZED WITH EvAPORATED I1-AG CONTACT

9., CoST ANALYSIS OF THE PROCESS

THE FIRST PART OF THE CONTRACT, I.E. THE REACTION MECHA-
NISM 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 PEMPERATURE-ATMOSPHERE-TIME, WHILE ALLOWING VISUAL
OBSERVATIONS OF THE REACTIONS.

THE METALLIZATION OF THE CELLS WAS DONE IN A DIFFUSION
TUBE FURNACE.

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

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

THE FIRING CYCLE STILL HAS TO BE OPTIMIZED FOR THE
PROCESS USED IN THE CONTINUOUS CONVEYDR BELT FURNACE,
ESPECIALLY IN THE COOLING CYCLE AROUND 45000, WHICH
INDICATED A SIGNIFICANT EFFECT ON THE ELECTRICAL CHARAC-
TERISTICS.

THE COST ANALYSIS OF THE PROCESS WAS BASED ON PROJECTED
PRODUCTION OUTPUT OF ONE MrGaWarr éEn YEAR, USING 2'pDranm.
SILICON CRYSTAL WAFERS AND THE CURRENT MATERIAL COSTS.
THEREZFORE THE CALCULATED COST DEYIATES FROM THE PROJECTED
PRICE GOAL SET UP FOR THE YEAR 1966.

IN COMPARISON WITH THFE STANDARD PROCESSES USING SILFVER
AS THE CONTACTING METAL, THE SAVING OBTAINED BY THE

USE OF THIS NEW PROCESS IS A DIRECT RESULT OF THE

PRICE DIFFEREN&E BETWEEN SILVER AND MOLYBDENUM OXIDE

WITH TIN.
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I. INTRQIUCTIGN

b

METALS FOR OHMIC CONTACT TO SILICON SOLAR CELLS ARE
SELECTED ON BASIS OF THEIR ELECTRICAL CONDUCTIVITY,
THERMAL EXPANSION COEFFICIENT, ENVIRONMENTAL STABILITY

AND CoOST,

TABLE I SHOWS THE PERTINENT PROPERTIES OF METALS. ITHIS
rABLE SHOWS THAT MOLYBDENUM IS MOST DESIRABLE WITH RES-
PECT T0 THE STATED REQUIREMENTS, IT HAS THE CLOSEST
MATCH OF THERMAL EXPANSION COEFFICIENT WITH SILICON FROM
ALL METALS AND IT IS AMONG TEN OF THE HIGHEST CONDUCTIVE
METALS, ONLY SECOND TO COPPER AMONG THE COMMON METALS.
FoR THIS REASON MOLYBDENUM IS USED IN SILICON DEVICE
TECHNOLOGY 45 A STRUCTURAL ELEMENT IN THE DEVICE AND
CIRCUIT ASSEMBLY. IT IS USED AS A MECHANICAL SUPPORT AS

WELL AS A HEAT SINK. AS A CONTACTING ELFMENT HOWEVER

MOLYBDENUM IS USED VERY RARELY AND THE REASON FOR THIS

IS TUAT ITS HIGH MELTING AND BOILING POINT MAKE THE
DEPOSITION OF THE FILM BY EVAPORATION OR SPUTTEBING
RATHER DIFFICULT AND FILM FORMATION BY PYROLYTIC
DECOMPOSITION OF CARBONYLS OR HALIDE COMPOUNDS REQUIRES

COMPLEX EQUIPHALNT AND PROCESSING STEPS.

THE FORMATION OF MOLYBDENUM FILMS BY A SIMPLE AND
ECONOMIC PROCESS IS THE SUBJECT OF THIS PROGRAM. IT IS
BASED ON THE CONVERSION OF MOLYBDENUNM TRIOXIDE ( Mo0O.)

INTO METALLIC MOLYBDENUM IN 4 REDUCING ATMOSPHERE A?T

2



TABLE I

PrRoPERTIES oF METALS

Erecrricar |CoeF.oF THERHAL HELg.P. Bogb.P. Dsysrgrl

RESISTIVITY|EXPANSI (oC) (°c) |(e/cn

q/onns-cx) (en/erm/ C) 1076

———

TrraNIUN 176 7.1 1725210 4.5
Nrexer 65.3 9.2 1455 3075 8.9
Lean 20.6 16,3 527 | 1740 11.3
Prarinun 14.9 4.9 1774 4530 21.5
TANTALUN 12.4 4.0 |2996 | 2200 | 16.6
Tra 11.5 13 232 2260 7.3
Pavvaprux I 10.8 6.5 1555 3980 12,0
Avunrvum 6.3 13,7 660 1800 2.82
ZINC 6.1 19.3 419 S04 7.17
TyNGSTEN 5.48 2.2 3410 5900 19.4
HowyapENuN 5.17 3.1 2622 | 4570 | 10.2
BErRYLLIUM | ) 6.4 129228 | 2980 1.84
Ruopruox 4.51 4.6 1966 12.4
GorLp 2.35 7.9 1066 2700 19.3
CopPPER 2.03 9.8 1083 2595 8.95
SILVER 10,9 960 2000 10.5
SiLIicoNn 4.2 l 1420 I --E.E;T




ELEVATED TEMPERATURES. Noryspewur tRIOXIDE (MoO3) Is THE
MOST STABLE OXIDATION STATE OF MOLYBDENUM AND HAS AN
ADVANTAGEOUS CHARACTERISTIC IN THAT IT HAS A RELATIVELY
Low MELTING POINT OF 7959C AND IS ALSO EASILY REBUCED
INTO MOLYBDENUM METAL. WHEN HEATED IN AIR IT STARTS TO
SUBLIME ABOVE 55000, MELTS INTO AN OILY LIQUID AT 795°C,
AT WHICH POINT THE SUBLIMATION IS EXCEEDINGLY HEAYY, IN
REDUCING ATMOSPHERE, ON THE OTHER HAND, THIS OXIDE REDUCES
AT APPROXIMATELY 600°C rNTO LOWER OXIDES, MOSTLY HoO2,
'WHICH IS CHARACTERIZED BY A PURPLE COLOR. H002 DOES NOT
SUBLIME AND CAN BE ULTIMATELY REDUCED TO MOLYBDENUNM
METAL ABoviE 600°(C, IF KEPT FOR A4 LONG ENOUGH TIME,

WHEN THE TEMPERATURE IS INCREASED T0 795°C 0OR ABOVE, THE
RESIDUAL Mo0z STILL PRESENT IN THE OXIDE MIXTURE MELTS

AND IS CONVERTED INTO A DENSE MOLYBDENUM FILM,

SINCE THE H003 IS COMMONLY AVAILABLFE IN A FINF POWDER
FORM, IT IS VERY SUITABLE TO USE IN A SUSPENSION ADJUSTED

FOR SILKX SCREENING PROCESSES,

THE SECOND ELEMENT IN THE PROPOSED METALLIZATION METHOD
IS TIN, I? 15 SELECTED BECAUSE OF ITS GOOD SOLDERABILITY
AT LOW TEMPERATURES AND ALSO BECAUSE IT HAS THE HIGHEST

ELECTRICAL CONDUCTIVITY AMONG THE LOW MELTING METALS. .

No coONCLUSIVE INFORMATION IS AVAILABLE ON THE CONSTITUTION

OF MOLYBDENUM~-TIN SYSTEM,



THERE ARE REFERENCES STATING THAT UPTo 0.13% TIiN IN
MOLYBDENUM FORMS A SINGLE PHASE, THIS REFERENCE CAN BIE
FOUND IN THE CONSTITUTION OF BINARY ALLOYS BY F.,A.SHUNK,

1969 ( sEcownp EpITION ).

THERE IS EXPERIMENTAL EVIDENCE THAT MOLYBDENUM IS READILY
WET BY TIN IN THE ABSENCE OF OXIDE AND THIS REACTINN IS
MORE PRONOUNCED WHEN IT TAKES PLACE AT THE TIME WHEN
MOLYBDENUM IS REDUVCED FROM IPTS OXIDE. IHEREFORE THE AIM
IS TO FORMULATE A MOLYBDENUM OXIDE-TIN COMPOSITION,
DISPERSE IT IN A SUITABLE VEHICLE FOR SILK SCREENING

ANP FORM THE CONTACT ON THE SOLAR CELL SURFACE BY FIRING
THIS MIXTURE IN REDUCING ATMOSPHERE.,

FORMING GAS IS USED FOR SAFETY RE.SONS,

THE PROJECT IS PLANNED IN THREE PHASES,

1. THE DETERMINATION OF THE CYCLE FOR CONVERSION OF
H003 INTo Mo 4ND THE RATIO oF MNoOgz:SN.
THIS PHASE IS DONE IN AN EXPERIMENTAL STATION, ES-
PECIALLY CONSTRUCTED FOR THIS PURPOSE,

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

3. THE SPECIFICATION OF THE PROCESS.



IiT, TECHNIC!L DISCUSSICY

THE FIRST RUAATER OF THFE PROGRAM WAS CONCFRNED WITH
ESTABLISHING OF THT TEMPERATURFE-~TIME-~ATMO3SPHNFERFE CYCLE
BREQUIRARED F0OR THZ REDUCTIONDN OF MOLYBDENUM TRIOXIDE INTO
MOLYBDEXNUM AND ALSQ DIZTERMINATION OF MOLYSD®ENUM TRIOXIDFE-~
TIN RATIO T0 OBTAIN SOLDRRABLE AND ADHTRENT COATINGS,.

A SPECIAL STATION WAS BUILT FOR THIS WORK.

III, 1. CONSTRUCTION OF EXPERIMENTAL STATION.

THE PURPOSE OF THIS STATION IS TO ALLOW FOR
VISUAL OBSERVATION OF REACTIONS TAKING PLACE UNDER
VARIOUS TEMPERATURE-TIME~ATMOSPHERE HEATING CYCLES AND
TU PERFORM INDIVIDUAL EXPERIMENTS IN A SHORT TIME, THE
S8TATION SHOWN IN THE ATTACHED SKETCH CONSISTS OF A4
GRAPHITE STRIP HEATER, LOCATED UNDER A PYREX BFLLJAR WITH
AN INLET FOR GASFLOW., I'HE GRAPHITE STRIP IS HEATED BY MEANS
oF AC CURRENT AND DESIGNED TO GENERATE 1000°C. THE TEMPERA-
TURE OF THE STRIP IS MONITORED BY A UHROMEL-ALUMEL THERMO-
COUPLE AND DISPLAYED BY A PYROMETER. THE ATMOSPHERE IN THE
BELLJAR IS CONTROLLED BY FLOWMETERS AND VALVES TO PROVIDE
A DESIRABLE INERT OR REACTIVE GASEOUS ENVIRONMENT,
THE HEATER IS CONSTRUCTED FROM 4 HIGH PURITY POCO GRAPHITE
DISTRIBUTED BY: GRaAPHITE MacHINED PRropUCTS

9806 FvEREST STREET

Dowwney, CarLIr, 90242
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THE DENSITY OF THIS MATERIAL IS 1.846/0”3 AND RESISTIVITY
1. 27x10'3 -CM.

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

THE HEATING ELEMENT IS SHAPED XROM THIS PLATE AND HAS
prMEnsIons oF 1"(2.54cn) x 4.72"(12¢H) WITH SLOTS ON EACH

NARROW END FOR MOUNTING TO THE ELECTRODES TERMINALS (SEE

DRAWING) .

o
i

12.00 cam -

-

2.54¢m

- , . !.0.127“'
 {

THE ELECTRICAL ENERGY FUR THE HEATER IS SUPPLIEKED BY
120VorLrs~20AMPS IN-HOUSE LINE VIA THREE TRANSFORMERS
EACH ONE HavING 208 VoLrs-10.84MPs RATING QN THE PRI-
MARY AND 3CVoLrs«~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 TEMPERATURE OF THE STRIP IS MONITORED BY 4 CHROMEL-
ALUMEL THERMOCOUPLE, GAUGE 28, PURCHASED FRON CALIFORNI4
Arvoy Co., EL MonNTE, CALIF. AND RECORDED ON A PYROMETER
WITH 4 S8CALE FRON O = 1100°C, PURCHASED FROM THE SAME
COMPANY. THE EXTERNAL RESISTANCE OF THE THERMOCOUPLE

IS ABJUSTED T0 10 OHMS IN ORDER TO MATCH THE RESISTANCE

OF THE PYROMETER,

THE BELULJAR IS FROM PYREX GLASS, HAS THE DIAMETER OF
8"(20.32 cH) aAND HAS 4 VOLUME OF 12 LITERS.

Ir IS SUSPENDED BY A WIRE CORD AND BALANCED BY A COUNTER
WEIGHT.

THE FLOWMETERS TO CONTROL THE GAS FLOW ARE MADE BY BRrooks
InNsTruMENT DIviISIoN ENMERsoN ELecrric Co., HarrIELD, PENN.
ONE, USED FOR FORMING GAS, HAS A MAXIMUM FLOW-RATE OF

4,7 STD.L/MIN AND THE MINIKUM FLOW-RATE oF 0.1 81D L/MIN.
THE OTHER, USED FOR NITROGEN, HAS THE MAXIMUM FLOW=RATE

OF o272 STD L/MIN AND A MININUM RATE oF .0l4 sTp L/MIN.

III. 2. Repucrron or Hoogf INro Mo,

MATERTIALS USED:

SroreoNn wareErs P-rype, 1 Oum-cM anD
N-rype, 0.1 OuM-cM

MoLYRDENUN OXIDE REAGENT ( MaLLiwcxropr )
TrrcuLoroETRYLENE ( Los ANGELEsS CHemrcar Co.)

Erarrcerivrose ( Dow CueEMrcar Co. )

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

AND ETCH~CLEANED IN 9:1 = HN03:HF.
10



THE MOLYBDENUNM OXIDE SUSPENSION WAS PREPARED BY DISPERS-
ING HbOz IN TRICHLOROETHYLENE AND A SMALL AMOUNT OF
ETHYLCELLULOSE WAS ADDED TO ABJUST PO A4 CONSISTENCY OF

4 PAINT,

No ExacT RATIO OF INDIVIDUAL INGREDIENTS WAS ESTABLISHED
AS THE PURPOSE OF THESF TESTS WAS TO DETERMINE QUALITATIVELY
THE REDUCTION OF Hoog.

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

TAE SAMPLES WERE SUBJECTED TO A HEAT CYCLE T0 FORM Mo.
Tuz Mo COATINGS WERE EVALUATED FOR LATERAL RESISTANCE
AND BOND STRENGTH. [HE RESISTANCE WAS MEASURED BY AN
OHM MBETER AND THE BOND STRENGTH BY A SCRATCH TEST USING
AN X=ACTO KNIFE,

THE FIRST CYCLE HAD A PEAK TEMPERATURE oF 8C00C anND THE®
HEAP-UP WAS DONE IN STEPS TO OBSERVE MATERIAL CHANGES

AT DIFFERENT TEMPERATURES,

THE 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 A4 FLOW-RATE
oF 2.5 L/MIN.

Ar 40000 YELLOW COLOR OF THE ORIGINAL MoOz REAPPEARED.
Ar 540°C THE COLOR BECAME GREINISH AND AT 550°C soME

SUBLIMATION WAS OBSERVFVED,

11
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Ar 570°C THE COLOR TURNED DARX PURPLE AND THIS PERSISTED
TILL THE PEAX OF 800°C, AT WHICH POINT THE COLOR CHANGED
T0 STEEL-GRAY, [HE TEMPERATURE WAS QUENCHED SUDDENLY TO
ROOM TENMPERATURE. ,

THE FILMS HAD A RESISTANCE BETWEEN 5-10 Ounms ANDvA REA=-
SONABLE GOOD BOND TO SILICON, P-TYPE A4S wELL s N-rrerx,
YET IT WAS POSSIBLE TO BE SCRAPED OFF BY A X=-ACTO KNIFE,
THE FORMING GAS USED FOR THE REDUCTION WAS COMPOSED OF
85% NITROGEN AND 15% HYDROGEN,

EXPERINMENTS WERE DONE ALSO WITH 60% NITROGEN AND 40%A
HYDROGEN.,

THE RESULTS IN BOTH CASES WERE IBENTICAL EXCEPT WITH THE
HIGHER HYDROGEN CONTENT THE REDUCTION OF THE OXIDE WAS
FASTER,

THE CONCLUSION DRAWN FROM THESE EXPERIMENTS WAS THAT THE
TRANSITION TEMPERATURE FROM 550°C ro 650°C was CRITICAL
WITH RESPECT TO THFE SUBLIMATION AND LOSS OF HoO3.
THEREFORF THE CYCLE WAS MODIFIED T0 SLOW=-DOWN THE HEATING
RATE WITHIN THIS RANGE AND ALSO THE PEAK TEMPERATURE WAS
INCREASED T0o 900°C, To DETERMINE THE EFFECT OF HIGHER
TEMPERATURE ON THE BOND STRENGTH,

THE INITIAL HEATING IN NITROGEN ATMOSPHERE WAS INCREASED
10 400°C P0 ASSURE COMPLETE REMOVAL OF ORGANIC MATERIALS,
A FIVE MINUTE PURGE IN FORMING GAS FOLLOWED,

THE GRAPH SHOWS THE MODIFIED CYCLE. (FIU. 2)

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

9FF BY THE X-~-ACTO KNIFE,

III. 3. DErerMINaTION OF NMoO,:SN RaTIO.
(™4

THE PRELIMINARY TESTS FOR THIS TASK WERK DONE BY
COATING SILICON WAFERS WITH MOLYBDENUM OXIDE SUSPENSION
AND LOCATING A FEW GRAINS OF 20 MESH SIZE TIN ON ONE
EDGE OF THE COATING. |
THE PURPOSE OF THIS TEST WAS TO DETERMINE THE wErABILfrr
OF THE MOLYBDENUM BY TIN,
THE SAMPLFS WERE HEATED FOLLOWING THE MODIFIED CYCLE,
THE REACTION PROCEEDED BY FASHION PREVIOUSLY DESCRIBED FOR
H003. Ar S00°C HowEVER, WHEN THE Y0 WAS FORMED, TIN SPREAD
OVER THE ENTIRE SURFACE.,
RESULTED COATINGS PASSED THE ADHESION TEST AND HAD A GOOD

SOLDERABILITY BY LEAD-TIN SOLDER.

NExT TRSTS WERE DONE WITH MIXTURE3 OF NoOJ:S~(335 MESH
PARTICLE SIZE) USING THE FOLLOWING RATIOS.

HoO?l 3 5
5

THE MIXTURE WAS SUSPENDED IN TRICHLOROETHYLENE WITH ETHYL-
CELLULOSE BINDER SUCH AS WAS DONE BEFORE WITH [Mo0Oz owLY.
THE OBTAINED RESULTS SHOWED THAT WITN THE MoOz:SN RATIO
GREATER THAN 3:7, THE FORMED FILMS HAD A TEXTURE WITH A

LACY PATTERN WITH TIN FORMING THE RIDGES.,

15



THE BOND PASSED THE ADHESION TEST, BUT THE SOLDERABILITY
WAS POOR AND REQUIRED A SCRUBBING ACTION.

Fruus rorMeD FROM M00z:SN RATIOS LSS THAN 3:7 HAD A DENSE
SOLDFRABLE FINISH, BUT THE COATINGS WITH H003:S~ IN RATIOS

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

THE BEST RESULTS WERE OBTAINED AT A RATIO OF H003:Sn=2:8.
THE FIRING CYCLE TO ACHIEYE GOOD BONDING WITH THIS COMPOS=—

ITION WAS BETWEEN 800°C anp 900°C.

16



III, 4. FORMULATION OF 4 SCREENABLE INK FROM Mooj:SN MIXTURE.

MarErIALS USED:

Tr~v powner (Comrnco & ROIC) 325 Mesw-99.999% purrrY
TRICHLOROETHYLENE-ANALYTICAL REAGENT, (Los AnceLes Cuem.Co.)
Eraryt ceLrviose-Erwocer (R) Stanparp 10, PREMIUM ETHYL
cerLvtose (Dow Cwemrcart Co,)

CarBITOL SOLVENT (DIETHYLENE GLYCOL MONOETHYL ETHER) -
rECHNTICAL GRADE (OmancE Counry CHeEMrcar Co.)

CARBITOL ACETATE-TECHNICAL GRADE (OrRaNGE Couwnry CmEMICAL (Co.)

MorLyspenvun Trroxrpe-REsceENT (MaLLINCKRODT)

H003 AND SN WERE MIXED IN 4 RATIO oF 78% Sw awnp 22% MoOgz.
10 GRAMS 0F THE MIXTURE WERE USED FOR THE FORMULATION

OF THE INITIAL INK COMPOSITION.

2.2 GRAMS OF H003 AND 7,8 GRraMS OF SN WERE DRY MIXED IN

A QUARTZ noanR.

THE YEHICLE FOR THE INK CONSISTED OF 75% PRICHLOROETHYLENE,
15% ETHYL CELLULOSE, 8% CARBITOL SOLVENT AND 2% CABITOL

ACETATE, ALL AMOUNTS IN PERCENTAGES BY WEIGHT.

10 crAMS OFP THE M003:SN MIX WERE BLENDED WITH 5 GRAMS
OF THE VEHICLE AND HOMOGENIZED ON A GLASS PLATE WITH
A SPATULA.

THE SCRFEENING TEST WAS DONE USING 4 200 MESH SCREEN,

17



SET=UP AND CALIBRATION OF THE TUBE FURNACE FOR

INK FIRING,

A HEAVY DUTY 5;ZONE DIFFUSION FURNACE WITH

3" I.D. QUARTZ TUBE WAS USED FOR THIS PURPOSE.
THE INITIAL PEAK TEMPERATURZ waS SET AT 800°C.
Twr PROFILT OF THE FURNACE WAS MEASURES BY a4
CHROMFL-ALUMEL THERMOCOUPLE IN ORDER TO ESTABLISH
THE TEMPERATURE ZONES CRITICAL FOR FIRING THE
MoO03:SN MIXTURES,

NITROGEN 4AND FORMING GAS (6C%N-40%H) WwERZ CONNEC-
TED THROUGH A COMMON FLOWMETER TO ONE END OF THE
TUBE.,

THE EXPERIMANTS WERE DONE WITH N-TYPE SILICON

9 r0 1.5 OHM-CM RESISTIVITY WITH ONE SIDE
POLISHED AND THE OTHER SIDE ETCHED.

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

(21cm x 15cm x 23cm) oN 4 QUARTZ BOAT.

THE AIM OF THE FIRST RUNS WAS TO DUPLICATE THE
CYCLEZ PREVIOUSLY ESTABLISHED ON THE GRAPHITE

STRIPHEATER IN THE EXPERIMENTAL STATION,

18



IIrI.

G

IT HAS BEEN FOUND THAT IN ALL CASES THE REDUCTION
oF H003 INTO PURPLE H002 TOOK PLACE WITHIN THE
DETERMINED TEMPERATURE RANGE, I.E. BETWEEN 550°0(C
AND 6509C, BUT IN CONTRAST WITH THE REACTION OB-
SERVED ON THE STRIPHEATER WHERE THE METALLIC

TIN FORMED AT S800°C, THE TIN FORMATION IN THE
TUBE FURNACE TOOK PLACE SHORTLY AFTER THE CONVER-

sron oF Mo03 rwnro HOOZ.

THIs was CONFIRMED BY 4 RUN oF MoO3z codTI¥NG

ALONE, DURING WHICH CONDUCTIVE Mo FILM WAS OBTAINED
BeTwEEN 550°C awp 650°0 rw 5 MINUTES.

Tug Mo:SN LAYER FORMED AT LOWER TEMPERATURES HAD

A coéu SOLDERABILITY AND IN SOME CASES 4 G0OD

BOND.

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

HOOS INTO Mo WAS NECESSARY BEFORE THE TEMPERATURE

W4S RAISED To 80C°C.
Evarvarron oF Mo:Sw cownTacT.

THE CONTACT FORMED FROM A SCREFNABLE MIXTURE OF
78% Sy : 22% o0z wAS EVALUATED FOR MECHANICAL A4S
WELL AS ELECTRICAL CHARACTEZRISTICS.

THE PATTERN WAS SCREENED THROUGH 200 MESH SILK

19



SCREENS ON DIFFUSED P ow N SILICON SOLAR CELL
SPRUCTURES.

AFTPER SCREZENING, THE TEST SAMOPLES WERE DRIED AND
ORGANIC MATERIAL BURNED OFF IN A CERAMIC MUFFLE
FURNACE,

THE FIRST EXPEZRIMENTS WERE DONE WITH A PRE-HEAT
AT 58090 Forn 5 MINUTES AND 4 so04x 47 800°C pPEax
FoR 1 mMINUPTE,

Tuz ATMOSPHERE was 60% NrrroGeEny anp 40% HyDrocrew,
(FORMING GAS, PURCHASED FROM AMweELD INC.)

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

THE VOLTAGZ=CURRENT CHARACTEZRISTICS DFTERMINED

oN a4 K=Y PLOT%ER SHOWED A STRAIGHT LINE BETWEEN
rHE Voc anD Isc vaLUEs.

THERE WAS ¥0 DEGRADATION IN SHORT CIRCUIT CURRENT NOR
IN OPEN CIRCUIT VOLTAGE VALUES, INDICATING THAT
THE CONTACT WAS OHMIC, BUT WITY A HIGH RESISTANCE
(4povr 10 QOuxs).

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

SAMPLES WERE RUN WITH.THE SAME PRE-HEAT CYCLE, BUT

“ITH PEAK TEHPTRATURES oF 700°C anp 200°C RESPECTIVELY,



THE RESULTS SHOWED THAT THE SAMPLES FIRED a7 700°C
HAD THE SAME SLOPE AS THE SAMPLES AT 800°C, wHILE
THE SAMPLE FIRED AT 900°C wAS DEGRADED IN OPEN
CIRCUIT voLTaGE.(F13.3).

IN ORDER TO DETERMINE WHETHER THIS DEGRADATION WAS
CAUSED BY THE ACTION OF THE METALLIC CONTACT OR

BY THE TEMPERATURE ALONE, NON-METALLIZED CELLS
WERE SUBJECTED TO THE SAME cYCLE oF 900°9C prak.
THE RESULTS OF THIS TEST SHOWED ALSO DEGRADATION
IN OPEN CIRCUIT VOLTAGE, WHICM PROVED THAT THIS

DEGRADATION WAS CAUSED BY THE HEAT CYCLE ALONE.

IMPROVEMENT OF THE CONTACT SERIES RESISTANCE.

S RFESISTANCE

ay

IN ORDER TO IMPROVE THFE HIGH SFERI
Mo/Sw-81 CONTACT, RTFERENCZS WERZ SEARCHED
RELATING TO STUDIES OF [[0~SI INTERFACT 4ND

NATURE OF THE CONTACT,

AN aRrRrICL®R PUBLISHED BY R.C., HoorPER, J.A. CUNNINGHAM
4ND J.G., HarPErR 1N SoLID STs4TE ELECTRONICS, VoL.8,
pp 831-833 (1965), Lrsrs cownracCrT RESISTANCE VALUES
oF Mo AND OTHER METALS EVAPORATED ON SI OF VARIOUS
RESISTIVITIES.

ACCORDING TO THIS STUDY THE CONTACT RESISTANCE OF
o ro P-rYPE SI WITH RESISTIVITIES OF 0.002 anB

-

0.1 ouM-cM Is 4.4 x 10'b oax/cxg ANp 1.1 x 10-1

oan/cu’ RESPECTIVELYé
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THE coNTaACT RESISTANCE OF Mo T0 0.5 ouM-cM P-rYPE
St 1s 9.4 x 1072 omu/cn?.

For V-rvpr Sr or 0.005 oHM-CM THE CONTACT RESISTANCE
rs 7.8 x 1079 omn/cn?, ror 0,01 oum-cx 6.1 x 101
ounlcne, For 0.05 oum-cru 2.0 oum/cn2 anp FoRr

0.5 oum-cm 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 RESISTANCE
oF THE [{o CONTACT COULD BE EXPLAINED BY THE RE-
PIYRENCED DATA.

ANOTHER ARTICLE PUBLISHED BY R.¥. BOWER AND

JeW, MaveEr 1~ APPL. PHYS. LETT., VOL.20 - NO.9

(May 1972) pp. 359-361, IS CONCERNED WITH THE
FOAMATION OF METAL s}chruss, SPECIFICcALLY Pp, Tr,
Cr anp Mo,

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

OF TIME, WHILE CRSIo aND H0SI, GROW LINEARLY

WITH TIME,

P9 FIRST CASE SUGGESTED DIFFUSION LIMITED RATE
GROWTH MECHANISM, WHILE THE SECOND CASE CORRESFPON-
DED T2 REACTION LIMITED RATE GROWTH,

PHE FORMATION DEPTH OF Pp,Tr SILICIDES IS THERE-
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FORE EASIER TO CONTROL THAN THE DEPTH OF CR AND
Mo sritrIcrpES.

WEILE THE PRESENCE OF AN OXIDE FILM ON SI SURFACE
INHIBITS THE FORMATION OF Pp, CR AND Mo SILICIDES,
IT HAS NO DETECTABLE EFFECT FOR THE SI-II sys-
TEM AND THE TrSr2 FORMS AT RELATIVELY LOW TEMPER=-

ATURES ~600°C.

BusED ON THESE REFERENCES, EXPERIMENTS WERE PER=-
PORMED T0 DETERMINE THE SIGNIFICANCE AND THE EF-
FECT OF TITANIUN SILICIDE ON THE VALUE OF CON=-
PACT RESISTANCE.

AS THE SOURCE OF TITANIUM, TITANIUM RESINATE WAS
USED, PRODUCED BY ENGELHRARD,INDUSTRIES Drv.,
Nzwarx, N.J.

THIS ORGANO-METALLIC CONPOUND CONTAINS 4.3% sonrps
AS TITANIUM AND IS IN A SOLUTION FORM WHICRE IS
CONPATIBLE WITH THE SOLVENTS PRESENT IN THE INK.
ONZ EYEDROP OF THE RESINATE SOLUTION CORRESPUNDING

0 4PPROX. 00,0013 ¢ OF PITANIUM WAS ADDED TO

30 ¢ oF INK.

THE RATIO OF ADDED TITANIUM 70 THIS MIXTURE CORRES-
PONDED THEN T0 APPROX.1 PART oF Tr ro 15000-16000
PARTS OF HOOS/SN SOLID MIXTURE.

THE EXYPERIMENTS OF THE INK FIRING DESCRIBED FOR THE

24



STANDARD Mo:SN MIXTURE WERE DUPLICATED WITH THE INK
MODIFIED BY THE TITANIUM,

THE RESULTS SHOWED A VERY DISTINCT EFFECT ON F=-I
CHARACTERISTICS.,

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

3 MINUTES, 620°C For 3 MINUTES AND 4 Soak ar 800°C
FOR 1 MINUTE,

SIMILAR VALUES OF THE SERIES RESISTANCE WERE ALSO
OBTAINED BY HEATING AT 560°C ror 9 MINUTES. (Frg.No. S)
THE BONDS ON SAMPLES FIRED AT 560°C WERE WEAKER THAN

*HE BONDS OBTAINED ar 800°C.
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II,

OPTIMIZING THF FIRING CYCLE FOR THT Mo:Swv Iwnk

Moprrrzp BY Tr.

THE OBJECTIVE OF THIS TASK WAS TO DETARMINZ THE

EFFECT OF VARIOUS FIRING CYCLES ON THE COMBINED

QUALITY OF MECHANICAL ADHESION, SOLDERABILITY AND

ELECTRICAL PZRFORMANCE OF SOLAR CELLS METALLIZED

wirH Mo:Sy INK MoDIFIED By Tr.

THREE PIRING CYCLES WERE EMPLODYED FOR EVALUATION

4) 560°C - 20 MINUTES AND QUENCH

8) 560°C - 3 MIwurEes, 6200C - 3 minvures, 800°C -
1l MINUTE AND QUENCH

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

ALL CYCLES WERE DONE IN A FORMING GAS ATMOSPHERE

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

3L/MrN.

THE ADHESION WAS DETERMINED BY SCRATCH PESTS
(X-4CT0) 4AND PULL TESTS WITH SOLDERED LEADS.
THE LEAD ATTACHMENT WAS ALSO 4 MEASURE OF
SOLDERABILITY,

THE ELECTRICAL CHARACTERISTICS WEAER EVALUATED
BY THE SHAPE OF V-I cumvEs.

THE QUALITY OF MECHANICAL PROPERTIES ( ADHESION
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AND SOLDERABILITY ) CONFIRMED RESUL?TS OF PESTS
PREVIOUSLY PERFORMED WITH Mo:SN INXZ WITROTT

Tr 4DpED, I.E. THE BOND WAS WEAKER WITH THE
PIRING CYCLE AT 560°C rRAN 4T cYCLES wITw 700°C
458D 80C0°C PLiK TEMPERAPURES.

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

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

LOW TEMPERATURE FIRING CYCLE

I¥ ORDER TO ESTABLISH WHETHER THIS CHARACTE-
RISTIC WAS 4 RESULT OF THE PEAR TEMPERATURE

OF THE FIRING CYCLZ ONLY OR OF ADDITIONAL
REACTIONS TAKING PLACE DURING LOW TEMPERATURE
ANNEALING PROCESS, THE CELLS METALLIZED AT
HIGHER TEMPERAPURES WERE HEAT TREATED AT LOW

PEMPERATURE AFTERWARDS.

TH®E RESULT OBTAINED FROM THIS TEST ESTABLISHED
PEAT THE Vel CHARACTERISTICS IMPROVED TO THE
QUALITY OF THE CELLS METALLIZED AT LOW TEM~

PERATURE oNLY. ( Fre. 4 )
FRoM THESE RESULTS OTHER SETS OF EXPERIMENTS

WERE PLANNED T0 DETERMINE WHRETHER THIS HEAT
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TREATMENT CAN BE DONE AS A PART OF THE FIRING
CYCLE OR MUST BE PERFORMED AS A POST HEAT TREAT=
MENT STEP, ALSO IT WAS NECESSARY TO DETEZRMINE
wHETHER 550%C Is THEZ OPTIMUM HEAT TREATMENT
TEMPERATURE OR WHETHER THE TREATMENT HAD AVOTHER
PEAK.

THE RESUL™S OBTAINED FROM THESE PESTS POINTED
OUT THAT THZ HEAT TREATMENT CAN BE INCORPORA=-
TED IN THE FIRING CYCLE AND THE OPTIMUM HEAT

PREATMENT IS 450°C ror 15 nrvvres. ( Fra., 5 )

CoMPARISON OF Mo:SN CONTACT WITH NICKEL PLATED AND

SILVER SCREENED CONTACT.

NICKEL PLATED CELLS USED FOR THE COMPARATIVE TESTS
WERE PRODUCTS OF THREE MANUFACTURERS.

THE SCREENED SILVER CELLS WERE FROM ANOTHER SOURCE.
TyE RESULTS oF Voc, ISC AND PULLSTRENGHT ARE LISTED
I¥ t4BLE H.

SINCE THE CELLS BID NOT HAVE IDENTICAL DIMENSIONS

THE VALUES OF ISC WERE NORMALIZED TO 1 CH2 AREA.,

FLECTRICAL CHARACTERISTICS DISPLAYED BY THE

V-I CURVEZS IS SHOWXN Iy Fra. 6
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TABLE II

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

CONTAGT.
SOURCE TYPE METALL{.Z’ATiON Voc ) ‘Ls%%i’ PULL sTRENG
MANGETTITR T | M- pavER | ses |26 200+
- g” F/N Ni-PLATED .56 28 200,;
fold N/p N.-PLATED 55 | 28 200+
| D N /p Ag -sheeneD 57 25 (o)
&A p,e: ;( MeNTAL P M%." - Scnswwj .56 26 2004
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THE MEZCHANICAL CONTACT OF TXE Mo:SN CELLS W43
EQUAL TO THE BEST NICKEL PLATED CONTACT AND
SUPERIOAR TO THE SCREENED SILVER CONTACT.
ACTUALLY THE SILVER SCREENED CONTACT WAS IN=-
FERIOR SINCE THE PATTERN AS WELL AS THE BACK
METALLIZATION COULD BE PEELED OFF WITHOUT ANY

EFFQAT,

I? WAS COMPARABLE WITH THE CHARACTERISTICS OF
OTHER METALLIZATION, ONLY IN CASES WHEN THE
TEST SAMPLES WERE SCRIBED TO SIZE, THE SHUNT
RZSISTANCE AND SERIES RESISTANCE SHOWED SOME
DEGRADATION CAUSED BY THAE MECHANICAL DAMAGET.
GENERALLY THE SERIES RESISTANCE OF ALL CELLS

"PESTED WAS 1 {)L IN AVERAGE.
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III. 10.

OPTIMIZATION OF INK COMPOSITION.

THE INK PREPARED PREVIOUSLY REVEALED DIFFICULTIES
IN SEGREGATION OF THE TIN FROM HoOS DURING STAND-
ING.

THIS SEGREGATION RESULTED IN NON=-REPRODUCIBLE RE-
SULTS, SINCE TIN WITH THE DENSITY oF 7.3 cr/cuS
SETTLED BELOW THE MoOz WI?H 4 DENSITY oF 4.5 cr/cnS
WITHIN ONE HOUR,

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

ONE WORKINIG DAY AND WAS RECOVERED THE NEXT DAY,

THE GOAL WAS ACHIEVED BY PARTIAL SUBSTITUTION OF
TRICHLOROETHYLENE BY TERPINEOL WHICH HAS A LOWER

VAPOR DPRESSURE AND HIGHER BOILING POINT.

THE INKX WAS PREPARED BY THE FOLLOWING PROCEDURE:
SN-M005 POWDERS WERE PREMTXED DRY AND PASSED
THROUGH 140 MESH SIEVES TO REMOVE ANY POSSIBLE
LUMPS.

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

To T™HIS SOLUTION WAS ADDED TERPINEOL AND CAR~

BITOL ACETATE,
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THE PERCENTAGE BY WEIGHT OF THE INDIVIDUAL
INGREDIENTS WAS AS FOLLOWS:
6% ETHYL CELLULOSE DISSoLVvED IN 20% TRICHLOARO-

ETHYLENE, 4ppED WAS 70% TERPINEOL AND 4} CARBI=

TOL ACETATE.

20% oF THIS VEHICLE 4AnD 80% MOOS-SN MIXTURE
WERE BLENDED TO FORM THE INK. THIS WAS DONE BY
ADDING THE DRY MIXTURE UNDER CONSTANT STIRRING

TO THE VEHICLE.

FIrve 02. OF THIS INK WAS SHIPPED TO0 JET

PROPULSION LABORATORY.
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III,

11.

ScREENING, Frrinc anp TESTING OoF 2cM X 2CM CELLS.

Tur ceELLsS WERE P ov N STRUCTURE AND WERE SCREEN=-
ED WITH A GRID PATTERN SPECIFICALLY DESIGNED FOR

THIS PURPOSE.

THE FIRING CYCLE was 560°C : 10 MIN =

700°C : 1 MIw -

250°¢C : 15 urw.
THE CHARACTZRISTICS OF THE CELLS WERE TESTED ON
4 V-I PLOTTER AND IS SHOWN 0¥ THE ATTACHED
crare., ( Fre. 7).
COMPARATIVE TZSTS WERE DONEZ WITH LOW TEMPERATURE
cYcLes 4ar 550°C ror 15 mrw.
IN BOTH CASES THE RESULTS WERE WITHIN A4 CLOSE
RANGE, ONLY THE CELLS FIRZD AT LOW TEMPRRATURE
CYCLES HAD MECHANICALLY WEAKER BONDS.

THE CELLS PRIOR TO SCREENING WERE CLEANED

BY 10% N4OH sorurron rer 1 MINUTE.

IN OPHER EXPERIMENTS 1 MINUTE DIP IN CONCENTRATED

HF was USED.

No DIFFERENCE WAS OBSERVED IN OBTAINED RESULTS.
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III.

12.

EnNvIiRoONMZNTAL TEST OF METALLIZED CELLS.

THE EVALUATION OF THE M0-SN SYSTSEM AND CONTACT IN-
TEGRITY UNDER ENVIRONMENTAL STRESSES INCLUDED THE
HUMIDITY EXPOSURE AND SUBJECTION TQO TEMPERATURE
EXTREMES.

THE ATTEMPT HAS BEEN MADE TO ESTABLISH SOME STAND~-

ARD CRITERIA FOR THIS TEST.

Inqurnres wrrH JPL anp NASA-LEwrs REsEarncH CENTER

IN CLEVELAND HOWEVER REVEALED THAT THERE ARE NO

ESTABLISHED STANDARD TEST PROCEDURES WHICH WOULD

APPLY T0 TERRESTRIAL PHOTOVOLPAIC CELLS AND THE

EXISTING TESTS ARE USED FOR SPACE CELLS WITH

MODIFICATIONS SPECIFZED BY CUSTOMERS.

BASED 0N SUGGESTIONS OBTAINED FROM THE NASA-LEwrs

REsxarcH CENTER THE FOLLOWING TESTS WERE USED P0

EVALUATE THE CONTACT:

A: SUBJECTION OF THE CELLS WITH ATTACHED LEADS T0
4 CONSTANT TEMPERATURE WATERBATH oF 45°C Fon
ONE WEEK  AND

B: SUBJECTION OF THE CELLS TO TEN THERMOSHOCK
crcLes BerwErN 100°C (BOILING WATER) AND
-457C (DRY ICE-ACETONE).

Tye DWELL TIME AT EACH EXTREME WAS 5 MINUTES.
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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 Our-cM N-TYPE CRYSTAL, USING

BCL ;3 SOURCE,

THE ELECTRODE PATTERN WAS SCREENED USING Mo0Oz-Sw
INK FROM THE BATCH PAEPARED FoR JPL.

THE wAFERS WERE CLEANED By 10% N+OH soturrow on gown.HF

FOR 1 MINUTE PRIOR TO SCREENING.

Tw7 SCREENFED CFLLS, AFTER DRYING 4T S50°C, WERE
SUBJECTED T0 400°C HEAT IN AIR IN 4 MUFFLE FUR=
NACE TO BURN 2UT THE ORGANIC BINDER FROM THE INK.

AFTER THAT THE CELLS WERE DIVIDED INTO 2 GROUPS

o 12 UNITS EACH AND SUBJECTED TO THE FIRING-

METALLIZATION CYCLE IN FORMING GAS ATMOSPHERE

( 60% N + 40% H ).

THE FIAST GROUP WAS FIRED aT 550°C ror 15 MINUTES
THE SECOND GROUP WaS FIRED AT 560°C rorR 10 MINUTES,

FOLLOWED BY 1 MINUTE AT 700°C aNDp 15 MINUTES arT
50°C,

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

WAS DETERMINED BY A PULL TEST AND VARIED FroM S50 GR.
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FOR CELLS FIRED AT LOW TEMPRERATURE. T0 200-PLUS

GR. FOR CELLS FIRED AT HIGHER TZMPFRATURE.

THE CELLS WERE SURJECTED TO CONSTANT TEMPERATURE
WATER BATH AT 45°0 FOR ONE WEEK AND THE ELECTRICAL
CHARACTERISTICS WERE MEASURED AGAIN,

THE RESULTS SHOWED THAT THE CELLS FIRED AT LOW TEM-
pER47URE(550°C )DEGRADED BY LOWERED SHUNT RZISISTANCE
I¥ THE V-l CHARACTERISTICS AS SHOWN IN THE ATTACHED
crapus. ( Fre. 8 & Fre. 9)

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

FURTHZA EXPERIMENTS CONDUCTED FOR THE PURPOSE OF
EXPLAINING THE DEGRADATION REVEALED THAT THF CELLS
FIRED AT LOWER. TEMPERATURE AND DEGRADED BY EXPOSURE
ro 45°C HUMIDITY CYCLR, RECOVERFED TO THE ORIGINAL
V-I CHARACTERISTICS AFTER 4 15 MINUTE HEAT TREAT-
MENT TN FORMING (4S,

FOoLLOWING TYE RUMIDITY TEST THE CELLS WERE SUBJECTED TO
10 ryEaMo-SHOCK CYCLES CONSIS TING 9F EXPOSURES TO
100°C anp -45°C.

TH28 TEST WAS DONE BY USING B0ILING WATER FOR THE
HIGH TEMPERATURE AND DRY ICE-ACETONE MIXTURE FOR THE
LOW TEMPERATURE ENVIRONMENT.,

THE CELLS WERE MAINTAINED IN EACH ENVIRONMENT FOR

5 MInurzs.
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THE TRANSFER OF THE CELLS FROM ONE TEMPERATURE
EXTREME TO THE OTHER WAS DONE WITHOUT ANY TIME
DELAY.

ONLY CzZLLS FIRED AT 700°C PEAK TEMPERATURE, FOLLOWED
BY 15 MINUTES ANNEAL AT 450°C, WERE SUBJECTED 70
THIS ABOVE DESCRIBED TEST.

No MECHANICAL BREAKAGE NOR ELECTRICAL CHANGE WAS

OBSERVED AFTER THE TESTS.
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III, 13,

MEraLLIZATION OF N/P SsorLar crELLS BY Mo-SN INK.

FIrrY DIFFUSED WAFERS, 2 X 2 CM - DRODUCED BY
ANOTHER COMPANY WERE USED FOR THIS TEST.

Tyr WAFERS HAD AL BACKSURFACE FIFLD. y

THE CELLS WERE TESTED FOR JPEN CIRCUIT VOLTARE PRIOR
TO SCREENING BY MECHANICAL CONTACT.

THE vALUES OF THZ 0pPZl éracurr 7OLTAGE BANGED BETWEEN
872 anp ,E85,

TEN CELLS FROM THIS LOT WEZRE SCREENED WITHOUT ANY
PRELIMINARY TREATMENT OR CLEANING, USING THE STANDARD
GRID FOR THZ ACTIVE SIDE,

THE SCREENED CEFLLS, AFTER DRYING, WIARZ SURNEZED=OCT

IN A MUFFLE FURNACE IN AIR AT 400°C PEAK TEMPERATURE
For 10 MINUTES.

THE METALLIZED CYCLE WAS CONDUCTED IN THC TUBEZ FURIJACE

2

USING FORMING GAS 4TM0oSPyrRE (805 N & 40% H).

~
[})

THE cYCLE CONSISTED OF § MINUTES PUAGYT 3Y §, FOLLOWED
BY FIRING IN FORMING GAS 4T 52590 roa 10 MINUTES,
700°C ror &2 MINUTES aND 4707C ror 15 MINUTES.

THE CELLS TESTED AFTER THE FIRING CYCLE WERE SHORTED
AND ALL OF THEM SHOWED SPECKS, DARK IN APPEARANCE,

ON BOTH SIJFS OF THE WAFERS.

I? Ww4s SPECULATED THAT THESE SPECKS WERE AL PARTICLES
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ADHERING TO THE SURFACE AFTER THE REMOVAL OF AL FROM THE
BACK SURFACE ANDP CAUSED THE SHORTING OF THE JUNCTION WHEN
HEATED TO 700°C.

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

THIS SECOND LOT WAS FIRED FOR 15 MINUTEs a7 525°C, FoLLOoWED
By 15 mrnures ar 470°C.

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

No pDamRR SPECKS WERE PRESENT ON THE SURFACE.

IIl.14,
Companrson oF Mo/Sy wrra Ti/AG EVYAPORATED CONTACT.

To conMPARE THE V-] CHARACTERISTICS OF CELLS WITH Mo/Sw

anp Tr/4c METALLIZATION, CELLS WERE USED wWITHOUT AR

COATING A3 WELL AS CELLS WITM AR coATING,

THE RESULTS ARE SHOWN ON THE ATTACHED GRAPHS. ( Graps 10 & 11)
IN ORDER TO APPROACH THE CHARACTERISTICS OF THE AR Cco04TED
CELLS, CELLS METALLIZED wITH Mo~SN INK WERE COATED WITH

Tt rEsInaTE, DILUTED IN 10 70 1 RATIO WITH ALCOHOL AND

DRIED aT 110°C.

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

Yoc AND Tsc vALUES of N/Jp ez (2x20m)
(Mo-Sn inNi< 557 C FEAK.

Voc (V) 1 L. (”"A)J

BEFOR & . ArTE
AR CRATIMG AL CoATING

/ 575 58|

-0,5—80 -585—

58/ e 5852

2
3
4 .59 | 575 55 Ne
-

592 | 575} 85 (20

é 576 | 574 85 /S

7 - 575 578§ 87 20 4

e |57 | -mo| o | 1w
g +s20 | -sw/) 87 | /20

o 1 575 | . 576 8¢ /16

| TZA}} | 592 | .sB2| 8% /18]
Efz‘%g/ | .82 . 582 86 /2
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THE CONCLUSION OF THIS TEST WAS THAT THE Mo-SN METAL-
LIZATION WAS ELECTRICALLY EQUIVALENT T0 AG-TI METAL-
LIZATION.

HECHANICALLY,HOWEVEE/THE Mo-SN cowracrs FIRED 47 525°C
PEARK TEMPERATURE WERE WEAKER THAN THE Tr-AG coNTaCTS.
A CLEANING PROCESS STILL REMAINS TO BE WORKED OUT TO
REMOVE LOOSE AL PARTICLES FROM WAFERS WITH AL BACK-
SURFACE FIELD,80 THAT A HIGHER TEMPERATURE FIRING
CYCLE CAN BE EMPLOYED IN ORDER TO IMPROVE THE MECHA-

NICAL BOND.,
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IV, CosT 4NaLYSIS OF Mo~-SN METALLIZATION PROCESS.

THE COST ANALYSIS OF THE NEW METALLIZATION METHOD IS
BASED ON 4 CONTINUOUS MANUFACTURING PROCESS, USING
AUTOMATIC SCREEN PRINTERS AND A CONVEYOR BELT FURNACE.
THE PHROUGHPU?P FOR THIS CALCULATION Is 500 DIFFUSED
WwAFERS/HR, 5.08 cx (8") pram. ow a rurLy vEar (8280 HoUms)
MANUFACTURING SET=UP.

THE COST FOR MATERIAL AND EQUIPMENT ARE ACTUAL CURRENT
VALUES, OBTAINED FROM SOURCES OF INDUSTRIAL SUPPLIERS
AND MANUFACTURERS.

Tue ourpur oF 500 crris/AR oF 5.08 cru (2") DraM corREs-
p0NDS To 1 MP/HOUR OF SOLAR CZLL ACTIVE AREA AND BASED
ov 10 To 12% EFFICIENCY GENERATES APPROX 1 MuGaWarr

PER YEAR,
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Ig

HETALLIZATION PROCESS FLOW

SCREEN

SCREEN
PRINTER I

500 waFERS/HR BacksIDE

FrownrsIDE
5.08cn(2")pran THROUGHPUT THROUGHPUT
DIFFUSED 500 waFeRS/HR 500 waFERS/HR
CLEANED

+ - ,
100¢ 1wNk/HR hd

OperarIne Time 0O.17HRS/HR

PRINTER 11 q BELT

CONVEYOR

Ivk FIRING
THROUGHPUT
500 waFERS/HR
EQUAL TO 1M
ACTIVE AREA/HR
OPER'G TIME
14R/HR




Iv. 1.

INPUT SPECIFICATIONS

MaTERIAL:
P/N or ﬁ/P DIFFUSED WAFERS
SI-8SINGLE CRYSTAL, 1-1-1, om 1-0-0 ORIENTATION
DrmENSIONS:
5.08 cn (2") pranm.
0.0254-0.0304 cx (0,010-0,012") THICKNESS
QUANTITY REQUIRED:
500 waFERS/HOUR
Unrr CosrT:
$ 2.10, BASED oN THE PRESENT PRICE FoR 2" pras,
S3INGLE CRYSTAL SILICON WAFERS
Inpur Cosr:
$ 1050,00/v0UR
WAFERS ARE CLEANED BY THE Z~-WAFER CLEANING PROCESS
OQuTpPpUT RATE:

500 warkrs8/RoUR

TypEk: |
Mo/Sw scregnaBLE 1Nk ( ForR 500 wWAFERS)
QUANTITY REQUIRED:
1006 /roun
Unzr Cosr: Cosr:

3 0,03/¢ $ 3.00/m0uUR
52



INK COMPOSITION

Dirnecr MaTERIAL CoSTS FOR MARKING INK.

MATERIAL % sy Wr.| Dewszrd 7 CosT SovRcES Cosr ($)
(c/crz) pr Vor. [§/Ls ke tw 100¢ 1wk
S¥ 62.4 7.3 29.6 8.00 |17.60 | ALcaw MeTAL 1.10
(=325 MEswH) Powper, Inc.
fo0g4 17.6 ¢.5 |13.0 le.46 |9.81 | Cormax Morye-|0.173
pENTM Co.
ErHyL- 1.2 1.1 3.2 3.50 117.70) Dow Cuemrcar |0.009
CELLULOSE
TRICHLORO= 4,0 1.47 8.0 0.34 (0,748 | L.A.Caenrcar |0.003
ETHYLENE Co.
TERPINEOL 14.0 0,935 | 44¢.0 1.60 |3.5¢4 Orawnce Couwry| 0.05
Cyemrcarn Co.
CaRBITOL- 0.8 1.0129 2.4 5.68 1.50 Orance Couwryl 0.0012
ACETATE CHEMIcaL Co.
- Trr4NIUM- 1 pr/ ——— rrRACES} 31.80170.00) EweELHARD IN~ TRACES
RESINATE 50000 DUSTRIES
HOOS'*SN
TOTAL DIRECT MATERIAL COSTS IN 100 GRAMS OF INK 3 1. 3¢

MANUFACTURING CHARGE FOR INK FORMULATION OBTAINED BY [{ETZ /ETAL-

Lvrercar Corr.: 3 0.40/0z or $§ 1.42/100c

COST OF 100¢ OF INK:

3 2.

76
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Dirgcr MaTERIAL CoSTS PER CrLL

Basep onw 2" Dram. WarEer

CoveraGE: 100% Back SrpE
10% Acrrve SipE

Toril, AREA covERED BY INK:i£E CHZ

SCREENED !'Hrckwness : 0.00254 cm (0.,001")

. lcd
Torar VoLUME OF SCREENED INK/ceELL-0.0558 cm”

Arnount oF MarERIALS IN 0.0558 cxd Iwk.

S~ . 0.12¢

MoO 0.03

o) 3 e
ETHYLCELLULOSE 0.0007¢

TRICHLOROETRYLENE|O.U147¢
TERPINEOL 0.019%¢
CamrBIToL AcEraTE |0.0012¢

Trranrun RESINATE(%HACES)

Werecur or rnk PER |0.1856¢ ToraL
CELL

54
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IVe 3. InDIRECT H{ATERIAL

TyrE:
ForMine Gas, 60% N ro 40% H, MIXED FROM INDIVIDUAL GASES.
SPECIFICATIONS:
NEEDED CONTINUOUSLY FOR CONVEYOR BELT FURNACE
T0 FIRE MATALLIZATION INK,
QUALITY REQUIRED:
900 vrrers/HourR oF N & 600 vireErs/mour oF H
( STANDARD FORMING GAS FLow: 25 L/MIN
I.E. 15 L/MIn N & 10 n/MIvn H )
Uvzr Cosrt:
H - $1.35/100 rr® (2832 1) + $500/m0 raNx RENTAL
N - 30.66/100 rro (2832 1) + $270/M0 TANK RENTAL
Cosr:
H - $ 0.98/n0UrR
N - § 0.59/50ur

Torar cosr: $ 1.57/#00R

CosST INFORMATION PROVIDED BY AMWELD INC.

tole)



IVe ¢. EqureMznr

IV, 4.1 Type: 1 THICK FILM SCRESN PRINTER FOR BACK=SCREENING

IV. ¢.2

HdopenL: ArrotIix TecuanrcarL Corp. OR AFFILIATED
MANUFACTURERS.
Capacrry: 3000 warFers/HOUR
CasT: § 15,000
TrovGuPUT: 500 wWAFERS/HOUR

Prant OpERrarTING TIME: 8280 HOURS/YEAR

MACHINE OPERATING TIME: 1375 HOURS/YEAR OR
16.6% OF PLANT OPERATING TINE

USeFUL LIFE: 7 YEARS

CHARGE RATE: 21.35% oF Cost/YE4R

Caprrar cosr: § 3202.5C/vE4R

P4aTs orR Qursipe Scrvrer: $§ 200C/rEar

SAL74GE vaLuE: $ 3,000 (80% oF cost)
Torar Cosr: $ 0.63/Hour

Type: 1 THICK FILM SCREEN PRINTER FOR FRONT-SCREENING
MoperL: Aerorrx TeEcunNIcalL CoRP. OR AFFILIATED
[{ANUFACTURERS.
Capacrry: 3000 warers/HOUR
Cosr: § 15,000
THROUGHPUT: 500 WAFERS/HOUR

PLANT OPERATING TIME: 8280 HOURS/YEAR

NACHINE OPERATING TINME: 1375 moURs/YEAR OR

16.6% 0OF PLANT OPERATING TIME
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UserFuL LIFE: 7 YEARS

CHARGE RATE: 21.35% oF CosT/YE4R
CaprraL cosr: § 3202.50

Parrs or Ovrsripz Servrice: § 2000/YE4R

SALvacE vaLUE: $ 3,000 (20% oF cosrt)
Torar Cosr: 3 0.63/Hour

IV. 2,3 Type: ConveEYorR BeLT FURNACE
4 MoperL: THERMO OR WaTkINS JORNSON
Cosr: $ 30,000
INSTALLATION cOSTS: INCLUDED
TuroucEpUT: 480 WAFERS/HOUR

Prinr OPEr’'c rIME: 8280 HOURS/YEAR

MacHINE OPERATING TINE: 7838 HOURS/YEAR OR
95% OF PLANT OPZRATING TIME

Uszrur LIFE: 7 YEARS

CHARGE RATE: 21.35% oF CosT/YE4R

CaprraL GCost: $ 6400/YEAR

Panrts or Oursripe SERvICcE: $ 2000/YE4r

SALVAGE vaLUE: $ 6,000 (207 oF coST)
Torar Cosr:_§ 1.01/mour
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IVe 5. EwnERGY

Trpz:

ELecTrRICITY

4) ScrREEN PRINTERS: 800 Warrs (400 Warrs ga)
17 % bpury cycLE
QUANTITY REQUTRED: 0,126 Kwarrs
Unzpr Cost: & 0.06/Kkwr
Cosr: $ 0.0081/ur

B) ConveEYor Bzrr Furwnace: 20 KwaTTS, CONTINUOUS,
QUANTITY REQUIRED: 20 Kwarrs
Uvrr Cose: § 0.06/Kww
Cosr: § 1.20/Hour

Torar Enercy Cosr: $ 1.97/HOUR
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Iv. 6.

IV'

Iv.

IV,

Iv.

JtrRECcT LABOR

5. 1.

(@)
[ )
AV ]
[ ]

6.3,

6. 4.

CaTEGORY: SEMICONDUCTOR ASSEMBLER

Acrrvriry: OPERATION & MAINTENANCE OF SCREEN PRINTERS

Rare: § 5.00/mr AMounT aequrrep: 0,17HovRs/HoUR

Loap: 36%

Cosr: $ 1.15/8R

CATEGORY: SEMICONRBUCTOR ASSEMBLER

AcrrviTry: OPERATION & MAINTENANCE OF SCREEN PRINTERS

Rare: § 5.00/mR AmMounr REQUIRED: 0.17H0oURsS/HOUR

Loapn: 367%

Cosr: $ 1.15/8r

CATEGORY: SEMICONDUCTOR ASSEMBLER

AcrrviTy: OPERATION AND MAI NTEZNANCE OF CONVEYOR BELT
FURNACE

Rare: $ 5.00/ar AMOUNT REQUIRED: 1HOUR/HOUR

Loap: 36%

Cosr: § 6.80/un

CaPEGQBY: MAINTENANCE MECHANIC

Acrrvrry: SERVICE & REPAIR

AMounT OF TIME REQUIRED: 0.l HOUR/HOUR

Rare: § 8.00/un

Loap: 36%

Cosr: § 1.10/uRr

TorarL DIrecT LaBor cosr: § 10,20/mR
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INDIRECT LAaBOR
Taxen as 25% orF DIRECT LABOR
Cosr: § 2.55/HR
SuB=70TAL cosT oF DIRECT * INDIRECT LaBOR: $ 12.75/HR
OvErRAEAD 'oN LaBor: 5.26%
Cosr: §$.0.67/mR

Sup-rorar Lazorn Cosrs: § 13.42/HR

IVe 7. FaciLrI?IES

IV. 7.1 Type: FuanacE ARE4
Frooma Arza: 30-H2
CHARGE RATE: $ 179.13/(M2.yr)
(THrs INCLUDES ENERGY COSTS FOR HEATING, AIR-
CONDITIONING & LIGUTING)
fosr: & 5373,90/YR === § 0,65/HR
IVe 7,2 Type: Screew PRINTERS AREA
FLoor AREa: 4 H2
Cuarce mate: $ 179.13/(K°.vr)
Cosr: § 716.52/tr =--- § 0.26/uR

SUB=-TOPAL FACILITIES cosT: $ ©.91/8R
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Iv. 8.

V. 9,

Proczss Cosr CoMPUTATION.

Marerrars (Drrecr + InNDIRZCT)
EvERGY

LaBor (Drrecr + Iwprrecr)
EFourpMENT + FACILITIES

Torar

THEORETICAL LOSS IN PROCESS

(Bresxsce) ( 1% or § rnpur/HR)

" TOTAL COST

OuTPUT SPECIFICATIONS

ITENM: PHoTovoLTAIC SOLAR CELL

3
3
3
$

4.57/HR
1.21/ar
13.42/"r
3.18/ur

$ _22.38/nn

3

3

10.50/8Rr

32.88/HR

Drnewsrons: 5.08 cr (2") pram, 0.025-0.03 cx

(0.01-0,012") rHICKNESS

MareERraL: Hrew Puriry Srricow
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SUMMARY

I? HAS BEZN PROVEN EXPERIMENTALLY DURING THIS PROGRAN
THAT THE OHMIC CONTACT T0 SILICON SOLAR CELLS CAN BE
OBTAINED FROM Mo/SN METAL SYSTEM BY REDUCTION OF
HoOS—Sw MIXTURE,

IN oRDER TO LOWER THE CONTACT RESISTANCE WHILE MAIN-
TAINING THE PEAK TEMPERATURE AROUND B000C, PHE RASIC
MoUz-5KF FORMULATION WAS MODIFIED BY AN ADDITION OF
TITANIUM 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
CONFYEYOR FINING PROCESS WILL REQUIRE THEN THE DETER-
MINATION OF THE FIRING CYCLE WITH A SPECIAL ATTENTION
TO THE COOLING RATE,

THE CHARACTERISTICS QOF CRLLS MRTALLTZRD WITH THTS
METAL SYSTEM WERE COMPARABLE WITH THE CHARACTERISTICS
OF CELLS METALLIZED WITH THE STANDARD METHODS ( PLAT-
EpD N1, SCREENED AG AND EvAPORATED Tr/Ac).

SINCE THE PROCESS USES STANDARD MANUFACTURING EQUIP-
MENT SUCH AS USED IN THE ESTABLISHED SILK SCREENING
PROCESSES, THE ADVANTAGE OF THIS NEW METHOD RESULTS
FROM THE COST SAVING ON MATERIALS USED IN THE FORMUL-

ATION OF THE INK IN ADDITION TO THE TECHNICAL ASPECT
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OF USING STRICTLY A METALLIC SYSTEM FOR THE FORM-

ATION OF THE CONTACT,

* U.S, GOVERNMENT PRINTING OFFICE: 1980--840-256/2355
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