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ABSTRACT

THE OBUECTIVE OF THIS PROGRAM IS TO DEVELOP A LOW=-COST
OHMIC CONTACT ON SILICON SOLAR CELLS BASED ON MOLYBDENUNM

TIN METAL SYSTEN,

THE APPROACH IS BASED ON THE FORMULATION OF A SCREENABLE

INK COMPOSED FROM MOLYBDENUM OXIDE AND TIN MIXTURE,

THE FIRST QUARTER OF THIS PROGRAM INVOLVED THE STUDY OF
THE REDUCTION OF M003 INT? MO AND THFE ESTABLISHING OF

HOOS:SN RATIO,

BoTH TASKS HAVE BEEN DONE IN AN EXPERIMENTAL STATION
CONSTRUCTED FOR THIS PURPOSE. THE RESULTS SHOWED THAT
MOLYBDENUM WAS FORNED FRON ITS 0XIDE 47 800°C awp
IMPROVED IN BONDING T0 SILICON a7 900°C.

4 20% NoOS-BO% S¥ MIXTURE WAS CONVERTED INTO A METALLIC

COATING WITHIN THIS TEMPFERATURE RANGE,

THE NEXT QUARTTR WILL BE CONCERNED WITH THE FORMULATION
OF SCREENABLE INK, CALIBRATION OF A TUBE FURNACE FOR
THE FIRING CYCLE AND EVALUATION OF THE METAL CONTACT ON

SOLAR CELIL STRUCTURES,
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I, INTRODUCTION

NEPALS FOR OHMIC CONTACT T0 SILICON SOLAR CELLS ARK
SELECTED ON BASIS OF THEIR FLECTRICAL CONDUCTIVITY,
THERMAL EXPANSION COEFFICIENT, ENVIRONMFNTAL STABILITY

AND cCOST,

TaBLE I SHOWS THE PERTINENT PROPERTIES OF METALS. THIS
TABLE 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 MOLYRDENUM IS USXD IN SILICON DEVICE
PTECHNOLOGY 4S A STRUCTURAL ELEMFNT IN THE DEVICE AND
CIRCUIT ASSEMBLY. IT IS USED AS A MECHANICAL SUPPORT A4S
WELL AS A HEAT SINK. AS 4 CONTACTING ELFMENT HOWEVER
MOLYBDENUM IS USED VERY RARELY AND THE REASON FOR THIS
IS THAT ITS HIGH MELTING AND BOILING POINT NAKE THE
DEPOSITION OF THE FILM BY EVAPORATION OR SPUTTERING
RATHER DIFFICULT AND FILM FORMATION BY PYROLYTIC
DECOMPOSITION OF CARBONYLS OR HALIDE COMPOUNDS REQUIRES

COMPLEX EQUIPMENT AND PROCESSING STEPS.

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

INTO METALLIC MOLYBDENUM IN A REDUCING ATMOSPHERE AT
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TABLE [

oP 8 N
Evrcrricar |Coer.or THERMaL|MELT,P.|BoIL,P.| DENSIgY]
RESISTIVITY|EXPANSIQN el oc (°c) | (e/en®)
onns-cn)| (en/en/"C) .10
Trranrun 1725210
NicxeL 65.3 9.2 1455 3075 6.9
Lxap 20,6 16.3 327 1740 11.3
Prarrnun 14.9 4.9 1774 4530 21.5
TanTarLun 12.4 4.0 2996 4100 16.6
Trw 11.5 13 232 2260 7.3
Pavraprunm 10.8 6.5 1555 3980 12,0
ALunInNun 6.3 13,7 660 1800 2.82
2INnc 6.1 19.3 419 504 7.17
Tunesrzn l¥ 5.468 2e8 3410 5800 19.4
MovryspEnun 5.17 3.1 2622 4570 10,2
BERYLLIUN 5 6.4 129228 | 2980 1.84
Ruoprum 4,51 4.6 1966 12.4
GoLp 2435 7.9 1065 2700 19.3
CopPPER 2,03 9.8 1083 2595 8.95
SILVER 960
SILICON




ELEVATED TENPERATURES., NoLYBDENUM TRIOXIDE (Hb03) IS THE
MOST STABLE OXIDATION STATE OF MOLYBDENUM AND HAS AN
ADVANTAGEOUS CHARACTERISTIC IN THAT IT HAS A RELATIVELY
Low MELTING POINT oF 795°2C AND IS ALSO EASILY T0O REDUCE
INTO MOLYBDENUN METAL. WHEN HEATEN IN AIR IT STARTS TO
SUBLIME ABOVE 55000, MELTS INTO AN OILY LIQUID AT 795°C,
AT WHICH POINT THE SUBLIMATION IS EXCENRDINGLY HEAVY, IN
REDUCING ATMOSPHERE, ON THFE OTHER HAND, THIS OXIDE REDUCES
AT APPROXINATELY 600°(C INTO LOWER OXIDES, MOSTLY Hoog,
WHTCH IS CHARACTERIZED BY A PURPLE COLOR. H002 DOES NOT
SUBLIME AND CAN BE ULTIMATELY REDUCED TO MOLYBDENUM
NETAL 4Bove 600°C, IF KEPT FOR 4 LONG ENOUGH TINE,

WHEN THE TEMPERATURE IS INCREASED To 796°C OR 4BOVE, THE

RESIDUAL H003 STILL PREGSENT IN THE OXIDE MIXTURE MELTS

AND IS CONVERTED INTO A4 DENSE MOLYBDENUM FILM,.

SINCE THFE H003 IS COMMONLY AVAILABLF IN A FINE POWDER

FORM, IT IS VERY SUITABLE TO USE IN A SUSPENSION ADJUSTED

FOR SILX SCREFNING PROCESSFS,

THE SECOND ELEMENT IN THE PROPOSFD METALLIZATION METHOD
IS TIN, I? IS SFLECTED BECAUSF OF ITS GOOD SOLDERABILITY
AT LOW TEMPERATUFRES AND ALSO RECAUSE 17 HAS THE HIGHES?T

ELFCTRICAL CONLUCYLIVITY AMONG THF LOW HFLTING METALS.

No CONCLUSIVE INFORMA™ION IS AVAILARLE ON THE CONSTITUTION

OF MOLYBDENI/M~-TIN SYSTEM,



THERE ARE REFERENCES STATING THAT UPTO 0.13% tIn IN
MOLYBDENUM FORMS A SINGLE PHASE. THIS REFERENCE CAN BX
FOUND IN THE CONSTITUTION OF BINARY ALLOYS BY F.A.SHunk,

1969 ( sxcownp EDIVTION ).

THERE IS EXPERIMENTAL EVIDENCE THAT MOLYBDENUM IS READILY
WET BY TIN IN THE ABSFNCE OF OXIDE AND THIS REACTINN IS
MORF PRONOUNCED WHEN IT TAKES PLACE AT THE TIME WHEN
MOLYBDENUM IS REDVUCED FROM ITS CXIDE, THFREFORE THE AIM
IS TO FORMULATE A NOLYBDENUM OXIDE-TIN COMPOSITION,
DISPERSE IT IN A SUITABLE VEHICLE FOR SILK SCREENING

ANB FORM THE CONTACT ON THE SOLAR CELL SURFACE BY FIRING
THIS MIXTURE IN RENDUCING ATMOSPHERE.

FORMING GAS IS USED FOR SAFETY REASONS.

THE PROJECT IS PLANNED IN THREE PHASES.

1. THE DETERMINATION OF THE CYCLE FOR CONVERSION OF
MoO3 INTO MO AND THE RATIO OF fo0g: SN,
THIS PHASE IS DONE IN AN EXPFRIMENTAL STATION, ES~
PECIALLY CONSTRUCTED FOR THIS PURPOSEK,

2. THE FORMULATION 5F SCREENABLE INK AND THE EVALUATION
OF THE CONTACT ON SOLAR CFELLS. THIS WORK IS CONDUCTED
IN A TUBF FURNACE CALIHRATED TO PARAMFTERS ESTABLISHED
EXPFRIMENTALLY IN THE FIRST PHASE,

3. THE SPECIFICATION OF THF PROCESS FOR METALLIZATION

IN CONVEY@AR BELT FURNACES,



II,  ACCOMPLISHMENTS

THE FIRST?T QUARTFR OF THE PROGRAM WAS CONCRRNED WITH
ESTABLISHING OF THE TEMPFRATURE~TIME-ATMOSPHERE CYCLE
RFQUIRED FOR THE RFEDUCTION OF MOLYBDENUM TRIOXIDE INTO
MOLYBDENUM AND ALSO DFHTERMINATION OF MOLYBDENUM TRIOXIDR=-

TIN RATIO TO OBTAIN SOLDERABLE AND ADHFERFENT COATINGS,

[I, 1., CONSTRUCTION OF EXPERIMENTAL STATION.

THr, PURPOSE OF THIS STATION IS TO ALLOW FOR
VISUAL OBSFRVATION OF REACTIONS TAKING PLACE UNDER
VARIOUS TENPERATURE=TIME~ATMOSPHERE HEATING CYCLES AND
"0 PERFORM INDIVIDUAL EXPERIMFENTS IN A SHORT TIME, THE
8TATION SHOWN IN THE ATTACHED EXETCH CONSISTS OF A4
GRAPHITE STRIP HEATER, LOCATED UNDER A PYREX BFLLJAR WITH
AN INLFT FOR GASFLOW, THE GRAPHITE STRIP IS HEATED BY NMEANS
oF AC CURRENT AND DESIGNED TO GENERATE 1000°C, THE TEMPER4-
TURE OF THE STRIP IS MONITORED BY A CHRONEL-ALUMEL THERMO-
COUPLE AND DISPLAYED BY A PYROMETER. THE ATMOSPHERE IN THE
BELLJAR IS CONTROLLED BY FLOWMETERS AND VALVES T0 PROVIDE
A DESIRABLE INERT OR REACTIVE GASEOUS ENVIRONMENT,
THE HEATER IS CONSTRUCTED FROM A HIGH PURITY PCCO GRAPHITFE
DISTRIBUTFD RY: GRaPHITE MacHINED Propucts

9806 FveEREST STREE?T

Downky, CarLir, 90242
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3
THE DENSITY OF THIS MATERIAL I8 1.84¢/cm” aND RESISTIVITY

1.27x10" - cn.

THE SUPPLIED MATERIAL Is 4"(10,16cr). wibpk, 6"(15.24cn) Lowe
AND ,080"(0.127¢cH) tHICK,

THE HEATING ELEMENT IS SHAPED ¥ROM THIS PLATE AND HAS
pINENSIONS oF 1"(2,54cn) x 4.72"(12¢cH) WITH SLOTS ON EACH
NARROW END FOR MOUNTING T0 THE ELECTRODES TERNINALS (SEE

DRAWING), At CALE
OF POOR QUALIT®

.F,-— 12.00 X _..

i
=;— ‘:- ‘ . '27‘.

THE ELECTRICAL ENERGY FOR THE HEATER IS SUPPLIED BY
120VoLrs~-20ANPS IN-HOUSE LINE VIA THREE TRANSFORMERS
EACH ONE HavING 208 VoLrs-10.84MPs RATING ON THE PRI-
MaRY aND 3CVoLTS8-60ANPS ON THE SFCONDARY WINDING.

THF PRINARIFS OF THESE TRANSFORMERS ARE CONNECTED IN
SFRIES, THE SECONDARIES IN PARALLEL, THE VOLTAGE T0 THE
PRINARY IS REGULATED BY A VARIAC.

AS A SINGLE TRANSFORMER OF PROPFR RATING WAS NOT READILY
AVAILADLE, WE USED THE THREK TRANSFORMERS IN THE ABC.J

DESCRIBED ARRANGFMENT,



THE TAMPERATURE OF THE STRIP IS NONITORED BY 4 CNROMEL~
ALUNRL PHERMOCOUPLE, 0AUGE 28, PURCHASED FRON CALIFORNIA
Avtoy Co,., ErL MoNTE, CALIF. AND RECORDED ON 4 PYRONETER
WITH 4 scaLk FRon O - 1100°C, PURCHASED FROM THE SAME
COMPANY. THE EXTERNAL RESISTANCKE OF THE THERMOCOUPLE

IS A8JUSTED T0 10 OHMS IN ORDER TO NATCH THE RESISTANCE

OF THE PYRONMKETER,

THE BELLJAR IS TROM PYREX OGLASS, HAS THE DIAMZTER OF
8"(20.32 cn) aND Ha5 4 voLuNE oF 12 LITERS,

Ir ts SUSPENDED BY A WIRFE CORD AND BALANCED BY A COUNTER
WEITVT,

Tn FLOWMETERS TO CONTROL THE 5AS FLOW ARE MADE BY BRooks
Instrumev T Drvision EMErsonN ELectrIc Co., Harrizup, PEwnw,
ONF, USED FOR FORMING GAS, HAB8 A MAXIMUM FLOW-RATE OF

4,7 STD.L/MIN AND THE MININUN FLOW-RATE oF 0.1 sto v/nrw.
THE OTHER, USED FOR NITROGEN, HAS THE MAXINUN FLOW-RATE

aF 272 STD L/MIN AND 4 MININUM RATE or ,C14 stp L/mMIN,

II. 2. REpucrIiOoN nr HoO3 Inro No,

MATERIALS USED:

Srereon warErs P-rrpx, 1 Oum=-cm anD
N-rype, C.1 OuM-cnm

MOLYADENUN OXIDE REAGENT ( MaLLINCKRODT )
TRICKLORO ETHYLENE

Errrircerrvrose ( Dow Curmrcat Co. )

THL SILICON WAFERS WERE SCRIBED ro 1x1 cm aPPROX.,

ETCHED CLEANED IN 9:1= HNO3Z:HF
9



THX MOLYBDENUM OXIDE SUSPENSION WAS PREPARED BY DISPERS-
IN: HbOS IN TRICHLORO ETHYLENE AND A SNALL AMOUNT OF
ETHYLCELLULOSE WAS ADDED TO ABJUST 0 4 CONSISTENCY OF

A PAINT,

No EXACT RATIO OF INDIVIDUAL INGREDIENTS WAS ESTABLISHED
AS THE PURPOSE OF THESF TESTS WAS TO DETERMINE QUALITATIVELY
THE REDUCTION OF H003.

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

THE SAMPLES WERE SUBJECTED TO A HEAT CYCLFE T0 FORM Mo.
TueE Mo COATINGS WERE EVALUATED FOR LATERAL CONDUCTANCE
AND BOND STRENGTH. THF CONDUCTANCE WAS MEASURED BY AN
OHM MBTER AND THE BOND STRENGTH BY A SCRATCH TEST USING
AN X-ACTO KNIFE,

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

AT DIFFERFNT TEMPERATURES,

THE GRAPH SHOWS THIS CYCLE,

THE INITPIAL 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
oF £.5 L/MIN.

Ar 400°C YELLOW COLOR OF THE ORIGINAL MoOz REAPPEARED.
Ar 540°7 THE COLOR BECAME GREZNISH AND AT 550°C sonr

SUBLIMATION WAS OBRSERVED,

10
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Ar 570°C THE COLOR TURNED DARK PURPLF AND THIS PERSISTED
TILL THE PEAXK or 800°C, AT WHICH POINT THE COLOR CHANGED
T0 S8TEEL-GRAY, THE TEMPERATURE WAS QUENCHED SUDDENLY TO
ROOM TEMPERATURE,

THE FILMS HAD 4 RESISTANCE BETWEEN 5-10 OHMS AND 4 REA-
SONABLE GOOD BOND TO0 SILICON, P-TYPE 45 WELL 48 N-rrpr,
YET IT WAS POSSIBLE T0 BE SCRAPED OFF BY A X-ACTO KNIFE,
THE FORMING GAS USED FOR THE REDUCTION WAS COMPOSED OF
85% NITROGEN AND 15% HYDROGEN,

EXPERINENTS WERE DONE ALSO WITH 60% NITROGEN AND 40%
HYDROGEN,

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

THE CONCLUSION DRAWN FRONM THRSE EXPERIMENTS WAS THAT THE
TRANSITION TEMPERATURET FROM 550°C vro 650°C was CRITICAL
WITH RESPECT TO THF SUBLIMATION AND LOSS OF HoOg.
THEREFORF THE CYCLE WAS MODIFIFD T0 SLOW-DOWN THE HEATING
RATE WITHIN THIS RANGE AND ALSO THE PEAK TEMPERATURE W4AS
INCREASED TO 90000, TO DETERMINKE THE EFFECT OF HIGHER
TEMPERATURE ON THE BOND STRENGTH,

THE INITIAL HEATING IN NITROGEN ATMOSPHERE WAS INCREASED
r0 400°C P0 ASSURE COMPLETE REMOVAL OF ORGANIC MATERIALS,
A FIVE MINUTE PURGE IN FORMING GAS FOLLOWED,

THE GRAPH SHOWS THE MODIFIED CYCLE,

12
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THE MOLYBDENUN FILM RESULTING FROM THESE CYCLES HAD

LATERAL RESISTANCE BELOW 1 OHM AND COULD NOT BE SCRAPED

QFF BY THE X-ACTO KNIFE,

II., 3., DErERMINATION OF ﬂOQg:SN RATIO.

THE PRFELIMINARY TESTS FOR THIS TASK WERE DONE BY
COATING SILICON WAFERS WITH MOLYBDENUN 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 WETABILITY
OF THE MOLYBDENUN BY TIN,
THE SAMPLFS WERE HEATED FOLLOWING THE MODIFIED CYCLE,
THE REACTION PROCEEDED BY FASHION PREVIOUSLY DESCRIBEM FOR
H003. Ar 900°C wowevzr, WHEN THE Mo waS FORMFD, TIN SPREAD
OVER THE ENTIRE SURFACE,
RESULTED COATINGS PASSED THE ADHESION TEST AND HAD A GOOD

SOLDERABILITY BY LEAD-TIN SOLDER.

Nexr TEST?s WERE DONE WITH MIXTURES OF HoOs:Sw(325 MESH

PARTICLE SIZE) USING THE FOLLOWING RATIOS,

NoOz' g | ? I g ' é ' g5 l
e
SN .

THE MIXTURE WAS SUSPENDED IN TRICHLORO ETHYLENE WITH
ETHYLCELLULOSE BINDER SUCH AS PREVIOUSLY wiTH o0z,

THE OBTAINED RESULTS SHOWED THAT WITH THE MNo0x:SN RarIO
GREATER THAN 3:7, THE FORMED FILMS HAD A TEXTURE WITH 4

LACY PATTERN WITH TIN FORMING THE RIDGES,

14



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

Fiuns rornED FROM M003:SN RATIOS LE8S THAN 3:7 HAD A DENSE
SOLDFRABLFE FINISH, BUT THE COATINGS wrfs ﬂoO3:SN IN RATIOS

o 1:9 anD .5:9.5 HAD 4 WEAXKER BOND.
S0 FAR THE DPTIMUM SEEMS TO BE AT A RATIO OF HoO3:Sn=2:8.

THE FIRING CYCLE TO ACHIEVFE GOOD BONDING WITH THIS COMPOSI-

rIoN IS BrTwEEN 800 anp 900°C.

15



II1,

CONCLUSION

THE RESULTS FBOM THE EXPERIMENTAL WORK COMPLFTFD
IN PTHE FIRSYT QUARTER LEAD TQ THE FOLLOWING CON-

CLUSIONS:

1. MoOz cAN BF CONVERTED INTO A DENSE AND AD-
HERENT MOLYBDENUN FILM ON SILICON WAFERS
BETWEEN 800 anp 900°C,

2e THE CRITICAL PART OF THE REDUCTION PROCESS
IS IN THE RANGE OF 550—65000, WHEN H003 IS

REDUCED TO HoO’9

*
'~

THE CONTROL IN THIS RANGE
IS IMPORTANT TO PREVENT LOSSES OF HoO3 BY
SUBLIMATION,

3. HoOs:Sw MIXTURE GIVFES THE BEST RESULTS IN
TARMS OF ADHESION AND SOLDERABILITY IN 4

RATIO OF H903:Sw=2:8.

16
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IV, PROJECTZD WORK FOR NKXT QUARTER

THE WORK TO BE ACCOMPLISHED IN THF NEXT QUARTER

INCLUDES THE TASKS SCHEDULED IN THE ATTACHED PROGRAM PLAN.,

1. PREPARATION OF INK SAMPLES

2. SET=-UP AND CALIBRATION OF TUBK FURNACEKE FOR FIRING THE
INK ON SOLAR CELLS

3. DIFFUSION OF SILICON WAFERS FOR SCREENING OF THE INK
AND FOR ELCTROLESS NICKEL PLATING TO EVALUATE THE INK

ON A COMPARATIVE BASIS,

17
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V. NEW TECHNOLOGY

NEw PROCFESSES HAVE NOT BEEN SUFFICIENTLY DREVELOPED
TO BE REPORTED AS NEW TECHNOLOGY. ALL NEW DEVELOPMENTS

WILL BE SPECIFIED AT COMPLFTION OF THE CONTRACT,
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