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ARS ST R A C T

THAIS F INA.L ENGINEEI'NG 'RiEPORT FOR IPHA:S;E 111111 OF THE CONTRACT 'COVE' S A

TWELVE-ONiTH PERFIOD. SOME BAC'KGROUN IINF'ORMATION FROM PHAS'E ill HAS

BIEEN 'NIC LlU'D AS REFERENlE. THE GENE'RAiL OBJE'CT1IWE OF PROD'UC lIN A LOW

TEMPERATU!RE CO'EFF IC h1ENT OF RES1STAINCE (TCR) D EV I'CE FROMI A S;ElMIlCO'NDU:GTOR

-- MATERIAL WAS ONILY PARTIALLY SUCCESSFUL. TYP1i1CAtL TCR DEV'ICE VAt'UES ABIOVE

ROM. TEMPERATURE WERE NIEVEIR M :UCH! 'LOWER THAN 1 1 50: PIPM/OC FOR THE SI I CON

RESI'ST!IV'E ELEMENT ,INVESTIGATED0. Low TPEMPERATURIE TCR VALUES (AT -5o0 C)i

WERE A,ROU!ND 500 ,PM/OrC. 'LOAD-iLIFE STAB6ILITY AND RESISTAN CE TO ENV'IiRON-

MENT''S (MOISTUR, OXIDATION), PROVED AS GOOD AS OR BETTER T'HANI THIN-FILM

RESI1STORS ON TH'E MAIRKET.

SPECIFIC PROBLEMS ENCOUNTERED (SUCH AS OHMIC CONTACTS, RESISTA,N'C:E ADJU ST-

MENT, JUNCTION EFFECTS, ETC.) AND T1HE,IR SOLUT:IONIS HAVE BEEN; DIISCUSS'ED IN

DETAIL. A MANUFACTURING PROCEDURE FOR PROD:UCING A POLYCRYSTALLINE

S ILICON: DEVICE :HAS BEEN INCLUDED IN THIS REPORT.

A PROBLEM OF TCR SHIFT RELATED TO THE PIEZORESISTIVE EFFECT IN THE SILICON

ELEMENT. THROUGH STRESS INDUCED BY THE MOLDING EPOXY, BECAME CRITICAL BUT

WAS SOLVED DURING THE LAST QUARTER. DATA ON LOAD-LIFE AND ENVIRON-

MENTAL TESTS WERE ACCUMULATED ON 150 FINISHED DEVICES WHICH ACCOMIPANIED

THIS REPORT, POTENTIAL APPLICATIONS FOR POLYCRYSTALLINE SILICON RESISTORS

WERE SUGGESTED. BUT ADDITIONAL R&D WOR K ON THIS APPROACH TO A LOw TC,

STABLE RESISTIVE ELEMENT WAS NOT RECOMMENDED.

THE DEVELOPMENT WORK PERFORMED UNDER THIS R&D CONTRACT IS BELIEVED TO
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HAVE I'MPROVED THE "STATE-OF-THIE-ART": OF SEIOTCO RESTVELMNS

uNf GE.NERAL,: AIND IS BEL IEVED' TO HAVE CONITRiBUITSD TrO A BETTER :UNDER-

STANDIING GF SliILCON AS A RESI1STIVE [MATERIAL.



. pURPOSE

ANI ATT'MP'T HAS. BiEN MADE UNDER THiIS CONTIRACT TO DIEVELOP A SE:MI-

COND'UCT;OR RES1ISTI lyE ELIE:ME1N1T WITH A 'MillNIM[UMl T'EIPEIRATUiRE COEFF FIC t NT

OF RESSTANCE (TCR) WH,,ICH WOU'LD EXH;,IB1, T GREATER RELIABILLi THAN

'METAL-f'I:LMI R;ESISTOR'S PRESENTILY ON THE MARKET. SPEcIFIC ,OBJECTivES

WERE TO' PROD UCE A RES:ISTOR WIlTiH <'5-0 P'Pm/6:C TFCR (FROM, -50"1C TO

+ 175 0C) ' 
AND, WITH LOAD-LIFE STAILITY CHARACTER*ISTICS COMIPARABLE

TO HOSE SPE'C'IFiED BY IL-R-1,0509D FOR PRECISION FIXED-FILM

RE S IS T ORS.

THE FIRST APPROACH WAS TO CON1SIER :BULK SEMICONOlr ELEMENTS IN,

ORDER TO GAIN AlN ADVANTAGE OVER THE ,INHERENLY :UNRELIABLE :NATURE OF

TH'IN-FIL.M ELEMENTS. THE RESISTIVITY OF BULK-TYPE ELEIMEINTS WOULD

NEED TO BE LARGE IN: COMPARISON WITH METALS* USED IN THIN-FILM

DEV ICES. LIMITATIONS ON GEOMETRY OF THE ELEMENT.$ I.E. CROSS-

SECTIONAL AREA AND ,EFFECTIVE LENGTH, AiRE IMPOSED BY PRACTICAL

CONS:IDERATIONrS. UNFORTUNATELY THERE IS A LARGE VARIATION OF CON-

DUCTIV ITY WITH CHANGING TEMPERATURE ASSOCI:AT:ED WITH HIGH RESI:STIVITY

'IN SEMICONDIUCTOR MATERIALS. THUS, IT WAS FUNDAMENTAL TO RESTRICT THE

STUDY TO RELAT:IVElLY LOW RESIST'IVITY MATERIAL, WHICH IN TURN, PRE-

DETERMINED TO A LARGE EXTENT CONFIGURATION: OF THE RES'ISTIVE ELEMENT.

FROM THE RESISTANCE EQUATION, R =(L/A), IT !MAY BE SHOWN: THAT FOR

LOW VALUES OF "o" (RESISTIVITY) THE ALLOWED L/A (EFFECTI;VE LENGTH

,.BULK RESISTI,V ITY VALUES OF ALLOYS USED FOR METAL-FILM RESISTORS ARE

APPROXIMMATELY 100 MICRO OHM"CM.
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i. PURPOSE (CNT IINVU;ED)

OVEIR ClR'OISS-'SECTIONAL AlR'EA)l MUST BE LAIRGE TO OBTAINI REASONABLY LARGE

VAiLUES OF 'RES'I1STAN:CE. CON S1DERIG, R:ESISTIVIiES INI THE RANGE OF

.X fl-Cl) THIE MATIHEmlATms DICTATTIES THAT THE ELIEMENT GEOMETRY MUS,

IBIE OF A LAYER CO'NF'II'GIURATIMN FOR, PRACTICAL RESISTANC E VALUES. THE

TIHfC.KNIESS OF SUCH, A SEM1I"CONIDUCTOR RESI! STVIVE LAYEIR W I:L BE MUCH

GIREATER (B1Y AT, LEAST TWO, M AG'Ni '"UDES)' THAN META -FILM RJESIST;IIV'E ELEm

ME'N]TS. 'IN, FACT , IT OULD BE TEC1Ui lICALLY SOUND TO ASSIUME THAT THE

BULK PROPERTIES OF TH:E S'EMIICONDU:CTOR MATERtIAL WOUiLD PREDOMAINATE OVER

ANY POSS'IBI E TJHAIIN1-,!IL M, CHARA CTER4 ST :I CS

BASED ON THE CONCLUSIONIS REGARDING TCR CHA,RACTElRISTIlCS OF SEVERAL

MIATER'IAILS (TITANIAiA SII ,CONl CARBI' E. SILICON BORID E) INVESTI1GATED

IN PHASE 1, IT WAS THOUGHIT THAT A GREATER AMOUNT OF RESEARCH AND

DEVELOPMENT WOULD BE NECIESSARY TO, ACHIEVE THE OBJECTIVES OF THE

CONTRACT THROUGH
' 
SEMI(CONDUCTOR BULK-TYPE ELEMENTS THAN BY IMIPROVIN[G

SEIMICONDUCTOR-LAYER ELEIMENTS. SILICON WAS CHOSEN FOR INVIESTIGATION,

AS THE S'EMICONDUCTOR :RES!ISTI!VE MATERIAL PRINCIPALLY BECAMSE A GREAT

IDEAL OF BACKGROUND INFORMATION, ON iDOPING PROCEDURES, VAPOR DEPOSITION.,

DIFFUSION1 TECHNIQUES, ETC. WAS AVAI,:LA[BLE AT TEXAS 'INSTRUMElNTS

IINCORPORATED. S-IiLICON WAS CHOSEN FOR INVESTIGATION IN PREFERENCE TO,

GERMANIUM1 BE-CAUSE OF ITS HIGH TEMIPERATURE LI'MITAT:ION, AiROUND 8019C,

AT WHiI:C'H' TEMPERATURE THE RESlISTIVIlY DECREASES RAPIDlLY WITH FURTHrER

INCREASE IN; TEMPERATURE. THIS IS THE "INTRINSIC" CONDUCTION; REG'ION;

FOR THIS MATERIAL. SIL1CON'S INT:RIN'SIC REGION FOR THE HIGHILY DOPED

(>10 !8 ATOMS/CC OF IMIPURITY) CONCENTRATION, DOES NOT BECOME PREDOMINANT

UINT IL ABOUT 5000C



kI PURPOSE I(CONT INUED)

A.. 'DiiscwaI.IN, OF lIMPUR i TY CONDUCTI ON MECHAN'i[Ss

AT THAIS P101I"NT IT WOUILD BE APPROPR IATIE TO Di SCV8USS T'HE ELE CTR ICAL

'EHIAVIORk Of SIILICONI UN, REILATIPON! TO, TEMIPERATURE. FIGUIRE 11 [IS A

FAMILY OF RES'ISTIVIlTY TEMPERATURE CURVES iFOR *.-TYPE"' SILICON, Of

VARY ING 'I UR ITI Y CIONC:E NTRAT4I On. UTE ECURVE S WE'RE PLOT TED F ROM

CAiLGULA T1ED V ALUES Of .R)E Sl'ST IV IT Y IF OR V AR IOWS TEMPERA TURE S AT AIN'

ASSUMED ACTIVATION ENERGY FOR A'N, "'N'-TY;PE" lIMpuiRIry. Tpvt TEMPERA-

TIWR~E RANUGIE OF 1IN[TEIREST HAS BEEN OUTLINED ON THE GRAPH'S. WITHI1N,

T!HI:s RANGE I1T CANI BE SIE' THAT ONLY TH rE HIGHILY ROPED(i 8IO

AT./CC)l MATCERIAL EXH413ITS A MINIMUM CHRAN:OE OF RESISTIVITY WITH

TEIMPERATUIRE. THIPS MINAIMUM, RESIST.VfITY CIHA4NGE WII1TR TEMPERATURE OF

HIfGH' IMPURIT'Y CONCENITRATION IS8 RELATED TO CARRIER MOBAILITY AS

SHROWN, IN FIGURE 2.
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A. DIS'CiUSSION OF IMPURITY CONDUCTION MECHANJSMS (CONT'D)

FIGRE 3 IS A H'YPOTRHEI"CAL CWRVE0 OR N YPE t OR ,yPe

MATERIAL, WHICH' IS ANi ENILARGEMNT OF THAT SEGMENT, OF THE OVER

ALL CURVE WITH'IeN THE TEMPEATURE RANGE AND IMPUIRITY LEVEL

OF INTERESTi THE DISC'U'SSIJON! WHICH' FOLLOWS WI:LL EXPLAIN iIN,

G REATER D!ETAI,L THE CONDUCTrlOn' MECHANISMS WHiCH TAKE PLACE

I N THIS "iCXTARIN6;10" OR IMPURITY-DEtPENDENTREIN

Resistivity

'1IV

T T3

Temlperature

FI1G. 3

THERE ARE FOUR GENERAL REGIONS INTO WHICH THE RE SISTIVITYTEMPERATURE

CURVE MAY BE DIVIDED FOR PURPOSES OF DISCUSSION. IN :EACH REGION

THE TEMPERATURE COEFFICIENT IS DETERMINED BY CONDUCTION MECHANISMS

WHICH MAY BE DESC RIBED :IN FAIRLY SIMPLE TERMS.

AT SOME ARBITRARILY LOW TEMPERATURE, THE RESISTIVITY IS

DECREASING AS TEMPERATURE 'IS INCREASED AS A RESUiLT OF IMPURITIES

BEING CONTINUOUSLY IONIZED. MORE CARRIERS ARE THUS MADE AVAIL-

ABLE FOR CONDUCTION. AS TEMPERATURE T, IS REACHED, THE NEGATIVE

SLOPE OF THE CURVE BECOMES LESS AND THEN GOES POSITIVE BECAUSE

ALL THE IMPURITIES HAVE BEEN IONIZED AND THE MOBILITY IS BEING



Ai )SC:USTON OF IMPURITY CONbUtt;liN MCCHANItSMI (CONT' D)

DECIREASED DbUEt TO, LATT I CE vfiA ION Or THE- CRYSTAL.

THE T~mEEATuRt T1, AT WHICH THIS OCCUP IS DETERMINEt FOR A

GIVEN SEM!ICONDUCTOR Y TWO THIN.GS' (1) THE DO0PINGd LEVEL.

H() THE ACTIVATIO6N ENERGY OF THE I'MIPURITY. IN. GENERArL AS THE

6'IN LEVEL [INCREASIES. THE TEMPERATURE T1 AT WHICH ALL I:'MIPUIRITY

ATOMS ARE IONIZED WILL INICREASE. FOR A GIVIEN IMPURITY CONCN-

TRATI:ON, TI, WILL ALSO INCREASE AS THE ACTIVAION ENERGY OF THE

IMPURI:TY INCREASES. THE REASON FOR THE ,DEPENDENCE OF T1 ON

ACTIVATION ENERGY IS THAT BiEFORE AN IMPURITY ATOM CAN BE IONI:ZED

AND AID IN CONDUCTION, IT MUST ACQUI RE SUFICIENT ENERGY FROM

SOME SOURCE. THI:S ENERGY I'S KNOWN AS THE ACTIVATI:ON, ENERGY Or

THE IMPURITY. GALLIUM, FOR :INSTANCE, HAS A HIGHER ACT:I;VATION

ENERGY THAN BORON) BOTH OF WHICH ARE USED TO DOPE S:ILICON: TO MAKE

IT P-TYPE. IF TWO SILICON SAMPLES ARE TAKEN, ONE DOPED WITH GA

TO 5 9 !i8 AND ANOTHER DOPED WITH B To 5 x 1,O18, T1 WILL BE

'HIG'HER FOR THE GA-DOEO SAMPLE. THE THERMAL ENERGY GIVEN UP TO

THE SEMrICONDUCTOR IONI1ZES THE IMPU'RITIES HENCE A HIGHER AMOUNT

OF THERMAL ENERGY ;IS REQUIRED TO .IQNIZE A GA IMPURITY ATOM THAN

IS REQUIRED FOR A :B IMPURITY ATOM. SINCE THERMAL ENERGY IS PRO-

PORTIONAL TO TEMPERATURE, T1 INCREASE-.$ AS ACTIVATION ENERGY

INC RA SE-S*

AT T] ALL IM PUIRITY ATOMS ARE CONSIDERED lIONIZED, SINCE A CONSTANT

NiUMBER OF CARRIERS ARE PRESENT ; THE RES:ISTIVITY WILL INCREASE AS
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A. DISCUSSION OF IMPURITY CONDUCTION MECHAN:ISM:S (CONT')

THE M~OB I LITY IS D ECREASED DUE TO LATTI CC V IaRATI ONS OF THE

CRYSTAL. Ti-it MOMBILITY CAN BE THIOUGHT OF AS THE AVERAGEt DRI FT

VELOCITY WHI;CH A CARRIER (OR THE WAVE ASSOCIATED WITH IT)

ACOUIRES IN THE DIRECTION OF A.N APPLIED ELECTRIC FIELD OF ONE

VOLT PER CENTIMETER. THE LATTICE VIBRATIONS bECREASE THE MEAN

FREE PATH OF THE WAVES ASSOCIATED WITH THESE CARRIERS AND

HENCE DECREASE THE MOBILITY.

AS THE TEMPERATURE IS INCREASED FROM T1,j CARRIERS FROM THE

SEMICONDUCTOR ATOMS ARE ACTIVATED DUEtoT THt INCREASED THERMAL

ENERGY AVAILABLE. THE IMPURITY CONDUCTION DOMINATES UNTIL THE

NUMBER OF CARRIERS FR.OM THE SEMI-CONDUCTOR ATOMIS APPROACHES THE

NUMBER OF CARRIERS FROM THE IONIZED IMPURITIES. THIS OCCURS IN

THE REGION OF T2 . As MORE AND MORE CARRIERS ARE ACTIVATED FROM

THE SEMICONDUCTOR ATOMS, THE RESISTIVITY STARTS TO DROP SINCE

THE NUMBER OF CARRIERS IS INCREASING AT A FASTER RATE THAN THE

MOBILITY IS DECREASING DUE TO LATTICE VIBRATINS. AT SOME

TEMPERATUIREI T3, THE POINT IS :REACHED WHERE THE SEMICONDUCTOR

GOES INTRINSIC. THIS MEANS THAT ABOVE THIS TEMPERATURE THE

TEMPERATUIRE COEFFICIENT OF RESISTANCE IS HIGHLY NEGATIVE AND

DEPENDENT ONLY ON THE SEMICONDUCTOR BAND GAP. THE TEMPERATURE

T3 AT WHICH THE MATERIAL BECOMES INTRINSIC IS DEPENDENT ON THE

DOPING LEVEL AND DOPING TYPE AS SEEN FROM THE PRECEDING DISCUSSION.



P PRPOSE (CONTI-1NU ED)-

B. APPROACHES To DEVELOPMENT OF Low TCR ELEMENT

IN GENERAL3 tHREE APPROACHES WERE CONSIDERED IN PHASt ii FOR

DEVELOPING THE SILICON LAYER ELEMENT. THE FIRST Or THE TECHNIQUE-S

INVESTIGATED WAS DITFUSION, WHERE THE RESISTIVE LAYER IS FORMED) BY

DIFFUSING IMIPURITIES I'NTO HIGH RESISTIVITY SINGtL4-CRYSTAL SUB-

STRATES. THE OTHER TWO APPROACHES WERE VAPOR DEPOSITION TECHJNIQUES

FORMING SINGLE-CRYSTAL (EPITAXIA;L), ELEMENTS OR POLYCRYSTALL-INE

LAYERS DEPOSITED ON CERAMIC SUBSTRATES.

SOME OF THE ADVANTAGES AND DISADVANTAGES OF THE THREE APPROACHES

MAY BE REITERATED.

ADVANTAGES DISADVANTAGES

7. DIF FU S ED

A.) THE LAYER IS AN INTEGRAL PART A.) DOPING TO AN EXACT CONCE,-
OF THE SUBSTRATE, I.E., IT IS A TRATION (E.G., 4-5 X 10 19
MONOLITHIC STRUCTURE. AT./CC) BY DIFFUSION MIGHT

NOT BE EASILY PRODUCED.

B.) SHEET RESISTANCE MAY BE RAISED B.) JUNCTION CONFIGURATIONS ARE
TO A REASONABLE MAGNITUDE (500 SENSITIVE TO SURFACE CONTAMI-

OHMS PER SQUARE) WITHOUT EN,- NATION WHICH OFTEN CAUSES
COUNTERING PROBLEMS ASSOCIATED WITH CURRENT LEAKAGE ACROSS THE
THIN-F ILM ELEMENTS, THIS GOES BACK JUNCTION.

TO THE FACT THAT THE RESISTIVE

LAYER IS PHYSICALLY THE SAME AS C.) SINGLE-CRYSTAL SILICON SUB-

THE SUBSTRATE. STRATE WOULD BE MORE EXPEN-

SIVE THAN CERAMIC.

2. EPITAXIAL (VAPOR DEPOSITED ON SINGLE CRYSTAL SUBSTRATE)

A.) THE LAYER IS AN INTEGRAL PART OF A.) JUNCTION CONFIGURATIONS ARE

THE SUBSTRATE$ I.Ef. IT IS A SENSITIVE TO SURFACE CONTAMINATION
MONOLITHIC STRUCTURE, WHICH SOMETIMES CAUSES CURRENT

LEAKAGE ACROSS THE JUNCTION.



2. ETAALAPRDPSEDON SIN-GLE CRYSTAL SUBSTRATE) (CONT'

di) SHEET RESISTANCE MAY BE RAISED B) AObJUSTMENT OF RE5 S'rANtC
TO A REASONABLE MAGNITUDIE (500 VALUE WIL;L BE DIFFICULT

OHMS PER SQUARE) WI1THOGUT EN'COUtNTEARv (ETCHING TO A PRESCRIBED GEOME-
IiNG PROBLEMS ASSOCIATE D WITH THIN TRY OR ELECTRON BreAM CUTING

FILM ELEMENTSi THIS GOES BACK TO ARE TWO POSSIBLE METHODS).
THE FACT THAT THE- RES-I1STIVE LAYER
IS PHYSICALLY THE SAWE AS THE SUBSTRATE.

C.) DISTRIBlUtION: OF IIMPURITY ATOMS C.) SINGLE CRYSTAL S'ILrICON SUS"
CLOSELY ArPPROx IMATES THAT OF STRATE WOULD BiE MORE EXPEN -
CIRYSTALS GROWN FROM MELT, HENCE A SIVIE THAN ctl§A'mid
UNIFORMITY WI1THIN THE LAYER IS
OBTAINED. THIS MEANS THAT THE

ELEMENT COULD BE ETCHED 'to REDUCE

LAYER THICrKNESS (RAISING SHE T
'RESISTANCE) YET 'RETAIN, THE SAME TCR
CHARACTER IST ICS.

3. POLYC:RYSTALL INC (VAPOR DEPOSITED ON CERAMIC SUBSTRATE)

A.) A TrHICK-LAYER HAS LESS CHANCE A.) NOT MONOLITHIC WITH SUB-
FOR DEVE'LOPING H OT SPOTS WHICH STRATE. SILICON AND ALUMINA
COULD CAUSE CATASTROPHIC FAILURE. CERAMIC HAVE DIFFERING THERMAL

EXPANSION COEFFICIENTS (Ni"2).

p.) THERMAL CONDUCTIVITY OF THE B.) POLYCRYSTALLINE LAYER WOULD NOT

CERAMIC SUBSTRATE IS GREATER THAN !BE AS EASILY CONTROLLED FROM A
SILICON, HE:NCE WOULD SHOW GREATER RESISTIVITY STANDPOINT AS WOULD
DISSIPATION' OF POWER. EP'ITAXIAiL.

C.) THE CERAMIC MATERIAL IS A LESS C.) THE MINIMUM LAYER THICKNESS
EXPENSIVE SUBSTRATE AND ALLOWS IS LIMITED FOR PRACTICAL
MORE FLEXIBILITY IN DESIGN. REASONS TO GREATER THICKNESSES

THAN EITHER DIFFUSED OR EPI-

:D.) RESISTANCE ADJUSTMENT IS MORE TAXIAL; THIS MEANS A LOWER
PRACTICAL. POSSIBLE SHEET RESISTIVITY.

THE MAJOR EFFORT OF THE DEVELOPMENT WORK HAS BEEN WITH THE VA;PoR--

DEPOSITION APPROACH. EARLY IN THE SECOND PHASE OF THE WORK IT

BECAME APPARENT THAT THE DIFFUSED-LAYER APPROACH HAD MANY INHERENT

PROBLEMS AND LIMITATIONS. THE FOREMOST OF THESE WAS THE JUNCTION

EFFECT AND ITS ASSOCIATED TEMPERATURE DEPENDENCY, I.E., THE PROBLEM

OF CURRENT LEAKAGE ACROSS THE P-N JUNCTION. THE ELECTRICAL ISOLATION
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i)

B. APPROACHES To DEVELOPMENT or 'Low TCR ELEMENT (CONTD)

OF THE ;MORE CONDUCTIVE LAYER FROM ITS SUBSTRATE IS DEPENDENT UPON

THE EFFECTIVENESS OF THE JUNCTION TO PREVENT CUrRRENT PASSAGE

THIROUGH OR ACROSS THE SURFACE OF THE JUNCTION. CONDUCT ION ACROSS

THE SURFACE WHICH EXPOSES THE LAYER-SUBSTRATE JUNCTION IS

GREATLY INF;LUENCED BY CLEANILINESS. CONTAINATION REMAINIrNG ON

THE SURFACc OF P"N JUNCTIONS IS ONE OF THE MOST CfRITICAL PROBLEMS

IN THE FABRI.CrATION OF SEMICONDUCTOR 'DEVICEs. THE EFFECT OF

JUNCTION LEAKAGE OF THE HIGH TEMPERATURES (ABOVE 1006C) SEVERELY

AFFECTED THE TCR At THE DIfFUSED ELEMENTS AND WOULD HAVE LIMITED

THEIR USEFULNESS AT THESE ELEVATED TEMPERATURES. THE INABILITY

TO REPRODUCE THE EXACT DOPING LEVEL OF THE DIFFUSED LAYER (HENCE

ITS TCR CHARACTERISTICS) WAS ANOTHER MAJOR PROBLEM WITH THIS

APPROACH.

VAPOR DEPOSITION BY PYROLYTIC REDUCTION OF A SILICON HALIDE WAS A

MUCH MORE PRACTICAL A-PPR:OAkCH. THICKNESS OF THE SILICON LAYER AND

CONCENTRATION OF THE IMPURITY (BORON FOR P-TYPE, PHOSPHORUS FOR

N TYPE) WAS MORE EASILY CONTROLLED THAN BY DIFFUSION. POLYCRYSTAL-

LINE LAYERS GAVE INDICATION AT THE EARLY STAGES OF DEVELOPMENT OF

HAVING MORE PROMISING TCR CHARACTERISTICS THAN THE SINGLE CRYSTAL

(EPITAXIAL) ,MATERIAL. THERE WAS NOT THE PROBLEM OF JUNCTION

EFFECTS WI!TH SILICON DEPOSITED ON INSULATING SUBSTRATES AND OHMIC

CONTACTS TO THE ELEMENT COU D BE MADE MORE STABLE (MECHANICALLY).

PRESENTED UNDER THE DETAILED FACTUAL DATA SECTION OF THIS REPORT

WILL BE A DISCUSSION OF MORE SPECIFIC PROBLEMS ENCOUNTERED IN THE

DEVELOPMENT OF THE SILICON LAYER ELEMENT.
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Ie PURPOSE (CONTINUED)

...... .....

C, CHtEMISTRY OF VAPOR DEPOSITION

As IS WELL KNOWNp SILICON CAN BE PRODUCED BY THE HIGH TEMPERATURE

R;DUC'T"ION OF SILrICON HALIDES BY HYDROGEN. THE SIMPLIFIED

EQUATION :IS SHIOWN BELOW'

;(I) SICL4'(G) + 2H2(G) - S,(s) + 4HCL(d)

IN A KINETIC SYSTEM SUC H AS THE SYSTEM USED IN THLIS STUDY) THE

REACTION iS COMPLICATED BY SEVERAL SIDE REACTIONS. THE TWO MOST

PREVALENT SIDE REACTIONS; ARE THE FORMATION OF CfHLOROSILANfs

(siHxcL(4.x)) AND GHLOROS-ILANE POLYMERS [H(SiHxCL2a.X)YH_.

THE FORMATION OF CHILOROSILANES CAUSES NO DIFFICUILTY IN THE FORMA-

TION OF SILICON DEPOSITS SINCE THE CHLOROSILANES ARC GASEOUS IN

THE REACTION SYSTEM AND ARE READILY SWEPT FROM THE REACTION ZONE.

THE FORMATION, OF CH!LOROSILANE POLYMERS, HOWEVER, IS DETRIMENTAL TO

THE FORMATION OF SILICON DEPOSITS SINCE THE POLYMERS MAY CODEPOSIT

WITH THE SILICON AND CONTAMINATE THE DEPOSITED SILICON LAYER.

BOTH SIDE REACTIONS CAN BE CONTROLLED BY A JUDICIOUS CHOICE OF

REACTION CONDITIONS. AT TEMPERATURES BELOW APPROXIMATELY 1050C,

POLYMERIC CHLOROSILANES ARE READILY FORMED. ABOVE 1050C POLYMER

FORMATION IS REDUCED TO A NON-DETECTABIE LEVEL IN THE SILICON

DEPOSIT. THEREFORE, IF THE SILICON DEPOSITION IS CARRIED OUT AT

TEMPERATURES IN EXCESS OF 11000 C., HIGH QUALITY SILICON DEPOSITS
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C. CHEMISTRY OF VAPOR DEPOSrITION (CONTfD)

FREE OF POLYMERIC CONTAMINATION ARE FORMED.

ACCORDINiG TO EQUATION (1) ABOVEj A MOLA.R RATIO OF 9:1 OF HYDROGEN

TO SI'LICON TETRACHILORIDE IS REQUIRED FOR THIS REACTION. A MOLAR

RATIO LESS THAN 2:1 WOULD, OF COURSE HINDER THE FORMATION OF

" -SILICON AND TEND TO PRODUCE UNDESIRABLE BY&PR OUcTS, A M'OLAR

RATIO OF H2:SrCL4 GREATER THAN 2-' WOULD BE EXPECTED TO "FORCE"'

THE REACTION TO THE RIGHT FAVORING THE FORMATION OF Si(s).

ALTHOUGH THE HiGHER MOLAR RATIOS OF Hg:oSICL MIGHT BE EXPECTEb

TO PROMOTE THE FORMATION OF SILANE (SIHI1), THIS POSSIBILITY

CAUSES NO PROBLEMS. IF SILANE WERE FORMED It IS A GASEOUS MATERJAL

AND WOULD BE SWEPT OUT OF THE REACTOR IN THE FLOWING GAS SYSTEM.

1 ALSO, SILANE AND ITS HIGHER HOMOLOGS (E.G., S12H6, 15 3H8, ETC.)

ARE THERMALLY UNSTABLE AND WOULD DECOMPOSE AT THE TEMPERATURES

ENCOUNTERED IN THE REACTION ZONE TO FORM SILICON AND HYDROGEN.

1IN PRACTICE A MOLAR RATIO OF HYDROGEN TO SILICON TETRACHLORIDE

GREATER THAN TWENTY (20) IS EMPLOYED. NORMALLY, A SILICON

TETRACHLORIDE CONCENTRATION BETWEEN ONE (i) AND FOUR ( ) MOLE

PER CENT IN HYDROGEN IS USED.

SAMPLE CALCULATION OF IMiPURITY DOPING LEVEL FOR SICL4:

IF THE DESIRED IMPURITY LEVEL IS 5.0 x 1019 AT./CC

P IN SI, (SEE FIGURE 4), THIS WOULD BE EQUIVALENT TO

APPROXIMATELY .002 OHMS-CM MATERIAL.
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C. HEMIlSTRY oF VAPOR DEPOSITION (CONTOO)

d4C --i !5 x 6.02 x 1 2 ATi/GmATOM 5.0 X 1i022 At./cc
2 .09G- ATOM

5. x T/ - x 10 J1Q MOIt % P IN Si

5.0 X 1:022 AT./CC ($11)

SICL)4: --!4 c X 6.02 X 103 MOLECULES/MO6LE
06ob GMOLE

,5i294 x !021 MOLECULES/CC OR 5.24 x !,02 MOLE CULE S/L ITE R.

PCL3 NEEDED TO DOPE SCL TO-HE PREDETERMINED LIEVEL .10 X To~ 'X

5.24 x 1O9 MOLECULES/: R Or~ LE U E O PCL

PCL,- X 6.02 X 10 MOLECULES/MOLE-

6.88 x to~ MOLECU:L:ES/lCC.

5.24 x 1121 MOLECULES Or PCL /L'ITEA Or SICL)4

6.88 x Te0 MOLECULES OF PCIL,/CC OF PCL3

0.76 CC OF PCL3/LITER OF SICL4.

THIS CALCULATIONASSUMES THAT THE MOLAR RATIO OF PCI# IN SICL4 IN

THE FEED MIXTURE WILL BE DUPLICATED AS A P IN SI RATIO IN THE

PYROLYTIC DEPOSIT.



FIGULRE4

UPImpurity range of interest

10

n~SI$TIVnT1 vs CONCENRATION
OF 32MPUITY in SILICON

- -- m4---~--- I 1 -1- 141

104 3.1 1 0 021

CoNC~ui~RTION (atom/cc)

FIGURE 4
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t . GENERAL FACTUAL DATA

C. MCA SUREME-NT -P~CE.D!URES

MtL-R-105090, CHARAACTERISTIC -C, HAS BEEN USED AS A GUIDE IN TESTING

ANISHED DEVIC-ESs FOR EVALUATION Or THE RESISTIVE ELEMENT THE

FOLLOWING SPECIAL EOUvIPMENT WAS USED:

Te sT EQU I PMENT

1. SHEET RESISTANCE FOU'R-OINT PROSE TEST SET3

2. THICKNESS OF LAYER LAPPING APPARATUS 3 MICROSCOPE

NOTE:4 AN EXAMPLE Or A SILICON WITH CAMERA ATTACHMENT1 SODLIUM

LAYER PHOTOGRAPHED UNDER SODrIUM L IGHT SOURCE

LIGHT FOR THICKNESS MEASURE-

MENT MAY BE SEEN IN THE

SUPPLEMENTARY DATA SECTION.

3. TCR SILI-CONE OIL BATHS, TEMPERA-

TURE CONTROLS, CHAMBER FOR

LOW TEMPERATURES.



III ODTA ILED FACTUAL DATA

A. g IcF 1c PR'iOtM ARE AS

I. OHMIC CONTACTS:-

PERHAPS THE MOST CRITICAL PROBLEM TO BE SOLVEO IN THE DEVELOPMENT

OF THE SILICON RESISTIVE ELEMENT, OTHIER THAN THE FUNDAMENTAL

PROBLEM OF MINIMIZING TCR, WAS THAT OF PROV'I'brNG ELECTRICALLY

AND MECHANICALLY STABLE CONTACTS. MOST OF THE VARIATION IrN

RESISTAiNCE UNDER LOAD CONDITIONS RELATED TO INSTABILITY OF

THE OHMIC CONTACT TO THE SILICON ELEMENT.

THREE METHODS FOR MAKING OHMIC CONTACT WERE EVALUATED; N.IC KrEL

PLATING, GOLD AND PALLADIUM EVAPORATION, AND PLASMA SPRAYING

OF ALUMINUM AND COPPER. OF THESE, THE PLASMA4SPRAYED ALCU

AND SOLDERED LEAD ATTACHMENT PROVED TO BE THE MOST RELIABLE.

THE OTHER TWO METHODS, PLATING AND EVAPORATION, RESULTED IN

OHMIC CONTACTS BUT DID NOT HAVE THE NECESSARY MECHANICAL STRENGTH

FOR GOOD STABILITY. LEAD WIRES ARE NORMALLY BALL-BONDED, A

THERMOCOMPRESSION-TYPE BOND, TO THE EVAPORATED METAL AREAS, THIS

TECHNIQUE IS USED FOR MAKING OHMIC CONTACT TO SILICON NETWORK

DEVICES BUT WAS NOT SUFFICIENTLY SUBSTANTIAL FOR THE HIGHER POWER

REQUIREMENTS OF A DISCRETE RESISTOR. LOAD LIFE DATA AND NOISE

MEASUREMENTS WERE USED TO EVALUATE THE CONTACT METHODS (SEE

SUPPLEMENTARY DATA SECTION). A MICROPHOTOGRAPH OF A CROSSm-

SECTION THROUGH THE PLASMA-SPRAYED SOLDER CONTACT MAY BE SEEN

IN FIGURE 5.



Copper Lead Soldered,
to Plasma Sprayed Contact

ll~.Contact and Silicon Layer
Aluminao Ceramic

Cross-Section of Contact Area
Polycrystaillinle Silicon on Ceramnic

(50 X)

FIGURE 5
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A. SIPECITIC PROBLEM AREAS

2,. RESISTANCE ADJUStMENT:

THE DEVELOPMENT OF THE SEMICONDUCTOR ELEMENT WAS TO BE DIRECTED

TOWARD A MORE RELIABLE METHOD OF ADJUSTING THE VALUE OF

RESISTANCE THAN BY PURELY MECHANICAL MEANS (SUCH AS SPIRALLING

WITH AN ABRASIVE WHtE WHICH IS STANDARD PRACTICE FOR CARBON

AND METAL FILM RESISTORS. Two TECHNIQUES FOR ADJUSTING THE

RESISTANCE OF T:HE SILICON ELEMENT WERE 'INVESTIGATED. THE

FIRST WAS A STANDARD TECHNIQUE EMPLOYED IN MOST SEMICONDIUCyOR

DEVICE FABRICATION WORK; I.E.3 MASKING AND ETCHING, THE SECOND

WAS THE MORE NOVEL APPROACH OF ELECTRON BEAM SCRIBING.

THE PHOTO-MASKING AND ETCHING TECHNIQUE WAS DESCRIBED IN DETAIL

IN PREVIOUS REPORTS. TO PRODUCE A PREDETERMINED RESISTANCE

VALUE REQUIRED A PRESCRIBED PATTERN ON THE PHOTOGRAPHIC MASK.

CHEMICAL ETCHING SIMPLY REMOVES THE SILICON WHICH HAS NOT BEEN

PROTECTED BY THE EXPOSED AND DEVELOPED RESIN (KMER, KODAK

METAL ETCH RESIST). KMER IS A PHOTO-SENSITIVE RESIN WHICHJ

AFTER POLYMERIZATION, HAS EXCELLENT ACID RESISTANCE. USING

THIS TECHNIQUE IT WAS POSSIBLE TO OBTAIN PATTERNS WITH LINES

AND SPACINGS AS NARROW AS 2 MILS (.002") WITH GOOD DEFINITION.

BASE VALUES OF A-PPROXIMATELY'50 OHMS COULD BE ETCHED TO VALUES

OF 1,OOK AND ABOVE. (SEE MICROPHOTOGRAPHS OF ETCHED PATTERNS ON

SINGLE"CRYSTAL AND POLYCRYSTALLINE SILICON IN FIGURES 6 AND 7

RESPECTIVELY.)



-i-

Etched Patterni of Single (Epitdxidl) Crystal Silicon Layer
FIGURE 6

Etched Pattern of Polycrystal-line Silicon Layer
FIGURE 7
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A. SPECIFI cPROBLEm AREAS (CONT'O)

'ELECTRON BEAM1 SCRIBING WAS DONE WITH A MACHINE BUILT BY THE

ZEISS COMPANY IN GERMANY. THE TECHNIQUE COMBI-NIES MELTINtG AND

EVAPORATION BY A HIGH-INTENSITY ELECTRON BEAM WHICH CAN BE

FOCUSED IN A CONTROLLABLE MAN,NE. THE EQUIPMENT ALLOWS THE

SUBSTRATE TO BE MANEUVERED FOR SCRIBING (GA WELDING) PRE-

DETERMINED PATTERNS. BOTIH SIN1GLE AND POLYCRYSTALLINt ELEMENTS

WERE SCRIBED BY THIS TECHNIQUE TO LrE:NGTHEN AND NARROW THE

RESISTANCE PATH, THUS INCREASING THE RESISTANCE VALUE OF THE

ELEMENT. FIGURE 8 SHOWS AN EXAMPLE OF SCRIBING POLYCRYSTALLINE

SILICON (DEPOSIfTE ON AN ALUMINA CERAMIC SUB'StRATE).

Or THE TWO METHODS,~ PHOTO MASKING AND ETCHING WAS EMPLOYED AS

THE PRINCIPAL MEANS OF INCREASING THE RESISTANCE ABOVE BASE

VALUES S SINCE THE TECHNIQUE WAS ALREADY KNOWN AND PRACTICED IN

THE IMMEDIATE LABORATORY AREA., THE POTENTIAL ADVANTAGE OF

ELECTRON BEAM SCRIBING AS A METHOD OF ADJUSTING THE RESISTANCE

WHILE MONITORING THE VALUE WAS NOT OVERLOOKED. THE ZEISS ELECTRON

BEAM EQUIPMENT WAS A RESEARCH MODEL WHICH WAS NOT READILY AVAIL-

ABLE. THE SCRIBING OF ANY LARGE NUMBER OF ELEMENTS WOULD NOT

HAVE- BEEN AS PRACTICAL AS THE ETCHING TECHNIQUE.

3. INCREASED SHEET RESISTANCE:

ONE SERIOUS LIMITATION OF THE SILICON RESISTIVE E-LEMENT WAS THE

LOW RESISTIVITY NECESSARY FOR LOW TCRI WHICH IN TURN YIELDED LOW

SHEET RESISTANCE OF THE DEPOSITED LAYER. BllLK RESISTIVITY OF

-19-



Electron-Beam Scribedf Polycrystolline Silicon Layer
FIGURE 8
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3. INCREASED SHEET RESISTANCE (CONT'D)

MATERIAL FOUND TO BE OfPTIMUM FOR GOOD TCR ;HARACTERISTICS WAS

APPROXIMATELY .002 OHM-CM. SHEET RES,ISTANCE VALUES FOR

THICKNESSES OF ABOUT THREE MICRONS (A~PPOX A12 MILS) WAS

AB OU T E IGHT (8) n/- ON: SINGLE CRYSTAL (EPITAXIAL) LAYERS.

THE POLYCRYSTAL;LINE MATERIAL OF COMPARABLE THICKNESS GAVE

HIGHER SHEET RESISTANCE VALUES (APPROX 20 l/SQ) FOR THE

SAME DOPING LEVEL.

ATTEMPTS WERE MrAb TO INCREASE THE SHEET RESISTANICE Or DIFFUSED

LAYER ELEMENTS BY MORE SHALLOW DIFFUSIONS INTO THE SILICON

SUBSTRATE. VALUES AS HIGH AS 300 n/SQ WERE OBTAINED ON

DIFFUSED ELEMENTS3 BUT THE UNCERTAINTY OF REPEATINiG THESE

- - RESULTS COUPLED WITH GENERALLY UNSTABLE RESISTANCE VALUES

MADE THESE ATTEMPTS UNFRUITFUL.

THE PROBLEM OF INCREASING THE SHEET RESISTANCE OF DEPOSITED

SILICON LAYERS WAS NEVER SATISFACTORILY RESOLVED. THE QUESTION

STILL UNANSWEREC IS, WHAT MINIMUM THICKNESS OF SILICON MAY BE

DEPOSITED WITHOUT SACRIFICING RELIABILITY OF THE RESISTIVE

ELEMENT. IMPROVED STABILITY OF THE SEMICONDUCTOR LAYER ELEMENTS

IS BASED ON GREATER THICKNESS OF THE SILICON RELATIVE TO METAL

OR CARBON FILM ELEMENTS. TO DECREASE THICKNESS WOULD PRESUMABLY

REDUCE THE RELIA-BILITY OF THE ELEMENT , SINCE THE MAGNITUDE OF

THICKNESS WOULD APPROACH THAT OF THIN FILM ELEMENTS AND NOT

BE ANY MORE RELIABLE FROM THE STANDPOINT OF OVERLOAD CAPABILITIES.

-20a-



A. SPbECIcu PROLE AREAS (CONT'D

4. ,JUNC t ION PROBEMtS:

'MENTIONED EARLIER WERE THE DIFfICUILTIES ENCOU NTERED WITHI

DIFFUSED AND EPITAXIAL ELEMENTS DUE TO THE P-N JUNCTION

SURFACE EFFECTS. THE REVERSE CURREtNT LEAKAGE, UNRELATED TO

ZENER ORAVAtANt:HE BREAKDOWN, IN A P-N JUINCTION CAN BEP APPRE-

CiAB'LE IF THE SURFACE OF THE SEMICONbUCYOR MATERIAL IS CONTAMINATED

WITH RESIDUAL CHIEMICrALS (METALLIC SALTS, ETC.) WHICH ARE CON-w

DUCTIVE. IN THE MANUFACTURE OF DIODES, RECTIFIERS1 ETC.,

EXTELME CARE MUST BE EXERCISED TO KEEP THE JUNCTION SURFA-tE

CLEAN AND TO PASSIVATE THE SURFACE (BY THERMAL OXIDATIONj

FOR EXAMPLE) OF THE MATRIAL. THE PROBILEM OF INSTABILITY OF

RESISTANCE, IN THE EVALUATION OF DIFFUSED ELEMENTS, WAS

BELIEVED 'to BE RELATED TO THE SENSITIVITY OF THE JUNCTION WHICH

ISOLATES THE MORE HIGHLY DOPED LAYER FROM ITS SUBSTRATE.

SURFACE PROTECTION WITH SILICONE VARNISH HELPED MINIMIZE THE

CURRENT LEAKAGrE AT HIGHER TEMPERATURES, BUT ROOM TEMPERATURE

INSTABILITY REMAINED A PROBLEM'.

OHMIC CONTACTS TO THE DIFFUSED AND EPITAXIAL ELEMENTS WERE

ALSO COMPLICATED BY THE PRESENCE OF THE P-N JUNCTION. 1ir4

SOME CASES THE ALLOYED CQNTACT WOULD PENETRATE THE LAYER TO

THE SUBSTRATE AND THUS INTRODUCE A PARALLEL RESISTANCE WITH

THE RESISTIVE LAYER ITSELF, ELEMENTS WHICH WERE FORMED BY

VERY SHALLOW DIFFUSIONS WERE ESPECIALLY PRONE TO DO TH IS.

THIS CONTACT PROBLEM DID NOT EXIST WITH ELEMENTS DEPOSITED

-21 -



4. JUINiCTION PROBLEMS (COIIT'D)

ON INSUILATING SUBSTRATES.

5. SHIFTING TCR ON PACKAGING:

A PROBLEM OF NbON REPRODUCIBILITY OF TCR CHARACTERISTICS

BECAME CRITICAL IN: THE LAST QUARTER- TiE TCA U'NENCAPSUILATED

- -ELEMENTS WERE FOUND TO INCREASE AS MUCH AS 195 PPM/OC (At 656C
AND I750C) AFTER MOLDING IN THE FINAL PACKAGE. THE INCREASE

IN RESISTANCE AND TCR WAS DUE TO A PIEZORESISTIVE EFFECT CAUSE'D

BY AN INDUCED STRESS IN THE SILICON ELEMENT. THE STRECSS RE-

SUILTED FROM CONTRACTION OF THE EPOXY POTTING COMPOUND AS THE

DEVICE WAS COOLED FROM 200 C (FINAL CURE TEMPERATURE) TO ROOM

TEMPERATURE.

EV'IDENCE OF THE PIEZORESISTIVE EEF:ECT IN THE SILICON ELEMENTS

MAY BE SEEN FROM PLOTS OF RESISTANCE VERSUS TEMPERATURE BEFORE

AND AFTER ENCAPSULATION. (SEE FIGURE 9) THE SOLUTION TO THE

PROBLEM WAS TO USE A RESILIENT, LOWER SHRINKAGE, EPOXY AS THE

FINAL ENCAPSULTION.

B. RESISTANCE-TEMPERATURE CHARACTERISTICS

1. DIFFUSED ELEMENTS:

TYPICAL R-T CURVES FOR GALLIUM DIFFUSED ELEMENTS OF VARYING

SURFACE CONCENTRATION MAY BE SEEN IN FIGURE 10. THE SHEET

RESISTANCE OF THESE ELEMENTS RANGED FROM 5 TO 100 fl1/SQ.
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1z DIFFUSED ELEZMENTS (CONT'o)

JUCTJION bE:PTH WAS APPROXIMATELY 0.3 MI'LS (003"). MiN I MUM

TCR VALUES WERE OBSERVED AT 'GA CONCENTRATIONS OF APPROXIMATELY

5 x ioi 8 ATrOMS/CC. A HIGHLY NEGATIVE TC BELOW ROOM TEMPERATURE

WAS CHArACERISTIC FOR ALL CONCENTRATIONS OF GA INVESTIGATEb.

THIS LOW TEM PERATUIRE BEHAVIOR IS A FUNCTION OF THE ACTlIVATION

ENERGY OF THE MAJORITY CARRIERS IN THE SEMlCONDUCTOR MATERIAL.

AS THE IMPURITY ATOMS ARE IONIZED WITH INCREASING TEMPERATURE.,

THE RESISTIVITY DECREASES RAPIDLY FROM -506C TO 250C.

THE RATE OF DECREASE IN RIESISTI'VITY WITH TEMPERATURE IN THIS

LOW TEMPERATURE REGION IS PROPORTIONAL TO THE AMOUNT OF THERMAL

ENERGY NEEDED TO COMPLETELY IONIZE THE CARRIERS m WHICH, IN

TURN3 IS A FUNCTION OF THE THERMAL ACTIVATION ENERGY OF PRE-

DOMINA;NT IMPURITY ATOMS. GALLIUM HAS AN ACTIVATION ENERGY IN

SILICON OF .065 ev,

2. EPITAXIAL ELEMENTS'

FIGURE 11 SHOWS RESISTAiNiCE-TEMIPERATUIRE CURVES FOR EPITAXIAL

SILICON OF APPROXIMATELY THE SAME PHOSrPHORU-S DOPING LEVEL

DEPOSITED AT TWO THICKNESSES. BY GROWING A VERY THIN .(APPROXI"

MATELY 0.1 MIL, .0001") LAYER EPITAXIAL ELEMENTPTHE SHEET RE-

SISTANCE WAS INCREASED TO ABOUT 100 Q/SQ. THE IMPROVEMENT IN

TCR CHARACTERISTIC IS BELIEVED TO BE DUE TO THE HIGH DISLOCATION

DENSITY AT THE INTERFACE OF THE THINNER LAYER. IN THE THINNER

LAYER1 MOST OF THE CONDUCTION OCCURS IN THIS HIGH DISLOCATION

-23-
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2. tPi-TAXIAL ELEMENTS (CONT'D)

REGION AND THE CON15UCTIONMECHANISM IS DETERMINED MAINLY BY

THE DI'SLOCATIONS. IN THE THICK LAYER MOST OF THE CONDUCTION

OCCURS AWAY FROM THE 'INTERFACE AND THE CONDiUrCTrION MECHANISM.,

WITH REFERENCE TO TEMPERATURE CHAfNGiES, IS MORE TYPICAL OF

BUILK ELEMENTS. AS STATED PREVIOUSLY, THE TEMPERATURE DEPENDENE

OF THE JUNCTION LEAKAGE ALSO HAS AN EFFECT ON THE BEHAVIOR OF

THE RESISTANCE AT THE HIGHER TEMPERATURES.

IN THE COURSE OF THE WORK IT BECAME APPARENT THAT THE TCR

CHARACTERISTICS OF SINGLE CRYSTAL LAYERS WERE NOT SUFFICIENTLY

REPRODUCIBLE NOR WERE TCR VALUES AS LOW AS COULD BE OBTAINED

WITH POLYCRYSTALLINE ELEMENTS.

3. POLYCRYSTALLINE ELEMENTS:

FIGURE 12 IS A TYPICAL CURVE FOR AN N-TYPE POLYCRYSTALLINE

SILICON ELEMENT. :MINIMUM TCR VALUES FOR POLYCRYSTALLINE

ELEMENTS WERE OBTAINED AT DOPING LEVELS OF APPROXIMATELY

5 X 10 19 ATOMS/CC OF PHOSPHORUS. FURTHER INCREASE IN DOPANT

DID NOT IMPROVE THE OVER ALL CHARACTERISTICS OF THE TCR CURVE.

THE SHAPE OF THE CURVE (NORMALIZED RESISTANCE VS TEMPERATURE)

APPEARED TO BE AN INHERENT CHARACTERISTIC OF ALL THE POLY-

CRYSTALLINE ELEMENTS EVALUATED, VARYING THE AMOUNT OF DOPANT

IN THIS HIGHLY DOPED REGION (1019 TO i020 AT./CC) TENDED TO

SHIFT THE MINIMUM POINT ON THE CURVE BUT DID NOT IMPROVE THE

OVER ALL TCR CHARACTERISTICS. FIGURE13 IS A CONTINUOUS PLOT
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3.POLYCRYSTALLINE EL.EMENTS (COrir')

Or D1IFFERENTIAL VOLTAGE VS TEMPERATURE FOR 014E OF THE PblY-

CRYSTALL INE ELEMENTS.

A STUDY WAS MADE OF TCR AS A rivtriONt Or tSiEEt- RESISTANCE.

SHEET RESISTANCE IS DEPtNDENT UPON4 BOTH~ O'PINjG jtLEL (BULK

RESISTIVITY) AND T1,HICKNES8S.

THE TABLE BLO LISTTE SHlEET RES ISTArtNCE VALS 1. ASUE

ON A SERIES OF DEPOSITION RUNS AND SH1OWS THE TCR 0DTAIrJ~b FR611

THRE E LEM E iT S. DEPOSIT ION C OlID I T 1011 tO S0 T E MPE RATJRE, C 0 1ct ti.

TRAT ION, AND T IME WERE HIELD CONSTAN4T IN HI1ESE RUNS.

SHEET RESISTANICE Tc",

1IK9 + 5b6 +220.

15.5 + 65 +195

14421 +161

17?.5 -55+5

14. 4 47+138

17.6 + 653 +206

15.2 +105 Q-37

18.6 -100 + 82

15.8 + 112 +230

THERE APPEARS TO RE NO CORRELATION IN SHEET RESISTANCE WITHIN

THE LI'MITED fl/SQ VALUES OBTAINED AND THE TICR ABOVE ROOM

-25-



5.POLYCRYSTA;LLINE ELEMENTS (CONVto)

TEMpERATURrE.

OF INTEREST WAS THE TCR OF A SINGLE CRYSTAL ELEMENT AND A

POLYCRYSTALL'INE ELEMENT DEPOSITED AT THE SAME TIME IN THE

REACTOR. THE SINGLE CRYSTAL SLICE (ETCH-POLISHEb SURFACE)

WAS PLAC;ED ADJACENT TO AIN ALUMINA CERAMIC SUBSTRATE IN THE

REACTOR AND SILICON WAS DEPOSITED. THE SHEET RESISTANCE OF

THE SINGLE CRYSTAL ELEMENT WAS APPROXIMATELY ONE HALF THE

VALUE OF THE POLYCRYSTALLINE ELEMENT. MEASURED RESISTANCE

CIANGES WITH INCREASING TEMPERATURE SHOWED THAT THE SINGLE

CR'YSTAL ELEMENT HAD A HIGH POSITIVE TCR (APPROX 1200 PPM/6C

AT 17'56C) WHILE THE POLYCRYSTALLINE ELEMENT 'SHOWED A TyPrICAL

TCR VALUE FOR THIS DOPING LEVEL , I.E. APPROX r50 PPM/eC.

'GRAIN BOUNDARIES IN POLYCRYSTALLINE MATERIAL WERE BELIEVED TO

HAVE A SIGNIFICANT EFFECT ON THE ELECTRICAL BEHAVIOR OF THE

RESISTIVE ELEMENTS. AT THEt: BOUNDARY OF EACH CRYSTALLITE, THERE

WOULD BE A CONCENTRATION OF PHYSICAL DEFECTS (DISLOCATIONS)

AS WELL AS A GREATER CONCENTRATION OF IMPURITY ATOMS. THE

INTERFACE BETWEEN THIS MORE HIGHLY DOPED BOUNDARY AREA AND

THE CRYSTALLITE ITSELF WOULD CONSTITUTE A POTENTIAL BARRIER.

THIS COU.LD EXPLAIN THE RELATIVELY GREATER SHEET RESISTANCE

OF POLYCRYSTALLINE OVER SINGLE CRYSTAL LAYERS OF COMPARABLE

DOPING LEVEL. THE TEMPERATURE DEPENDENCE OF THE CONDUCTIVITY

WOULD BE A FUNCTION OF THE CRYSTALLITE, ITS GRAIN BOUNDARY,

-26-



5~POLYCRAYSTALL INE ELELM ENTS ( CLr.Tl'' D

AND THE itJTEIRFACE BETWEEN. THE POTENT-IAL BARkIcR ACROSS THEt

INTERFACES WOULDl HAVE A TEIMIPERATURE"DEPED!ENT CONDVCT14VITY

SIMILAR TO A LOW BREAKDOWN DIODE. A MULTITUDE 6P THESE

CRYSTALLITES AND~ I"NTERFACES RANDOMLY ORIENTED WOULD BEHAVE

ELECT:RICALLY LIKE 'BACKmTO BACK DIODES WIjTH:j LOW BREAKDOWN, POTENTIALS

IN EITIIPER DIRECTION Or POLARITY. IT HAS B3EEN THEORIZED THAT THE

EFFECTS OF THE GRAIN BOUNDARIES IN; THE POLYCRYSTALLINE LAYERS

HAVE BEEN TO "tSMOOTH OUTV THE RESISTANC-TEMVPER.ATURE CURVE BY

COMPENSATING ToR OF THE CRYSTALLITE WITH TOR OF THE BOUNDARY.

TWO ELECTRON MICROSCOPE PHOTOGRAPHS OF THE POLYCRYSTALLINPE

LAYER STRUCTURES(ETCHED AND AS-DEPOSITED) WHICH, SHOW GRAIN

STRUCTUfRE HAVE BEEN INCLUDED IN THE SUPPLEMENTARY DATA SECTION.

ALSO SHQWN IS A LAPPED CROSS-SECTION THROUGH lilt SILICON

LAYER AND ALUMINA SUBSTRATE. THE PENETRATION Or THE ALLUMINA

CERAMIC B4Y THE PYROLYTICALLY DEPOSITED SILICON, AS OBSERVED

IN THE MICRO PHOTOGRAPH, PROVIDES AN EXCELLENT BOND BETWEEN

THE RES'ISTIVE LAYER AND ITS SUBSTRATE.

"27w-



1:11[ PETA[L-ED FACUA DATA (CONT INIUtD)

C. RELIABILITY INFORMATION:

THE FOLLOWING TALBLE LISTS SOME OF TH M[Lm-015O9D RCQU1 IEM CN T 6

AtND THEl ACTUAL RESULTS OBSERVED IN TIESTtIG THE MOLDED POLYa

CRYSTALLI Nt SILICON DEVICES.

M ILtmR-l0509D
REQU IREHIENST

TEST PEkFORMzb CH AR . C RE SUL T

RtsISTANtt~EMPERATU RE ±50 PPM TY'PI CA-L

CHARACTERISTIC ("-5"0C TO 1756C) ±500 PP AT 550c
±i50 PPIM AT 1750C

TEMPILRATURE CYCLVIG 0.25% .30 MA X
.12 AVG

LOWaTtmPtRATUIRE OPERATION 0.854 .07 14AX

.02 AVG

SHORT-TIME OVERLOAD 0.2 5% .07- MAX
.0 AVG

OVERLOAD (5x) F 1 H'OURS -1.0 MAX

MOISTURE RcSISTANCE (10 DAY) 0 .5; .21 iAx

.10 AVG

LOAD LIFE (I-000 HOUR) 0.5% ., MAX
.7AVG
DEVICES

TESTED AT 1/zv.)

DATA IN THIS SECTION INCLUDES:

1. LOAD LIFEC DATA FOR 40MOLDED DEVICES TESTED AT 125 0C AND

1/2 WATT POWER FOR 1000 HOURS.

28-
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T1

i

C. RELIABILITY INFORMATION (CONTD)

2. RESULTS OF POWER CONDITIONrIN'G DEVICES AT 2i.5 WAtrTS FOR

18 HOU RS.

3i TeMPeRATURE CYCLI'N'G, LOW-TEMPERATURE OPERATiONS SHbORT-

TIME OVERLOAD DATA ON TEN DEVIC'ES.

4. MOISTURE RESISTANCE DATA ON TEN MOLDED DEVICES.

SEVERAL ELEMENTS TO WHICH SPECIAL LEADS WERE ATTACHED WERE OPERATED

AT 2 WATTS FOR FIVE MINUTES DURATION WITH AN OBSERVED RESISTANCE

SHIFT OF LESS THAN 0.5%. THE SILICON WAS UNPROTECTED FROM THE

ATMOSPHERE. THIS TEST INDICATED THE INHERENT STABILITY OF THE

SILICON ELEMENT WITH REGARD TO ELEVATED TEMPERATURE AND OXIDIZING

AMBIENTS.

D. MANUFACTURING PROCEDURE:

A PROCESS AND MATERIAL FLOW CHART AND A PHOTOGRAPH OF A DISPLAY

SHOWING,%EPS IN FABRICATING THE POLYCRYSTALLINE SI:LICON DEVICE

MAY BE SEEN ON THE FOLLOWING PAGES.

DETAILED MANUFACTURING SPECIFICATIONS FOR AN EPOXY MOLDED DEVICE

HAVE BEEN OUTLINED IN THIS SECTION OF THE REPORT.

S-29..



FL OW F LOW
OPERATItON! I AGRAM C MAIER IAL OPtRAT ION D IAGR AM EA MAT EkIAL

1ALlUMINA SUISSTRATE Epoxy vX EPOXY PAINT

x TRiCHLOROETHY'LENE UNDERCOAT ING (MICA FILLED)l

PRE PARAT ION OF x ActIONE x EPOXY PAI'NT

SSTAEX DECION1IZED WATER TH INNER

x NIRIC ACID XSL-1
XSL0DERPB/SNl(7O/-O)

X SILICON, T IN ;DIPI NGl X XSOLDER FLUX
TETRACHLOR WE x ALCOHO0L

X IPHO.SPHO11ROUS

TR I CHILORt I D X LEPOXY COMtPOUND

VAoRX YOO~N ~ oY CASTING X EPOXY HARDNER

DEIPOSITION x HEL I-UM:
X N ITRAtOGE N X CODING INK-

SYMBOLIZ2AT ION. X KINIK THINNER

X TRi CHLOROIETHY'LtNE

PREPARATION OF x HYDOLUORIC ACID)

SILICON - K DEIONIZED WATER

ELEMENT X AcE-TONt

X METAL ETCH RES)IST
x PHiOTO DEVELOPtR

VALUE :X SILICON ETCHANT

ADJUSTMENT x- *X TICHILOOE THYLENE

(PHOTO ECHl) x HYDROPLuoRIC ACID
x DEIONIZED WATER

,x AcETONE

x ALUMINrUM POWDER

APPLICATION OF X COPPER POWDER

OHMIC CONTAC' X ARGON

-X AR4GN/HYDlROGENl(95/5,

X SOLDER FLUX

'LE AD X SOLDER, SN/AG (95/5:
ATTACHMENT x DEIONIZED WATER

x ACETONE
2 COPPER LEADS (OFHC)

- I7.TEXAS INSTRUMENTS
CKP DATS I N cO No 0 RA TEFD

D- DALLA TEX AS

APPO AT

RELCASE DATE9 SILICON RES ISTOR,
2 E POXY ENCAPSULATION

- - ------ (PROCESS & MATERIAL
FLOW CHART)

NEXT AGSY

29A



..

ALUMINA SUBSTRATE

VAPOR DEPOSITED SILICON

K.M.E.R. APPLIED & DEVELOPED

VALUE AOJUSTED (PHOTO ETCHED)

LOW VALUE HIGH VALUE

OHMIC ALUM INUM CONTACT

COPPER OVERCOAT

LEAD ATTACH (SOLDER)

EPOXY UNDERCOAT

EPOXY ENCAPSULATED
SILICON RESISTOR

29B
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D. MANUFACTURING PROCEDURE (CONT'o)

PRIEPARAT IOF SUSRT

EQUIPWE-:NT

7 1. PYREX BEAKERS

* - 2. GLASS STIRRING RODS

3. ULTRASONIC CLEANER

4. HlOT PLATE

5.PLASTIC BEAKERS

MATERIALS

1i TRI CHLOROETHYrLE NiE

2. ACETONE

3. DEIONIZED WATER

4. NITRIC ACID

5. METHYL ALCOHOL

,6. ALUMINA SUBSTRATES

PROCEDURE

1. PLACE SUBSTRATES IN BEAKER OF METHYL ALCOHOL AND PUT IN

ULTRASONIC CLEANER FOR A MINIMUM OF THIRTY (-0) MINUTES.

REPLACE METHYL ALCOHOL EVERY TEN (10) MINUTES UNTIL IT

REMAINS CLEAN.

2. RINSE IN ACETONE.

3. WASH IN DEIONIZED WATER.

4. HEAT IN 50% SOLUTION OF NITRIC ACID UNTIL BOILING IS REACHED.

REHQVE AND LET SET FOR FIVE (5) MINUTES. PUR OFF ACID.

5. RINSE IN DEIONIZED WATER.

6. ST0RE IN ACETONE UNTIL REQUIRED FOR DEPOSITION.

-N0-



D.MANUFACTURING PROCEDURE (CONT'o)

VAPOR f DEPOSITIO-0N PROCODURE

PREL IMINARY ADJUSTMENTS

(SEE FIGURE 14j VAPOR 'DEPOSITION SYSTEM)

1. CHECK VALVE "E.VALVE MUST BE IN POSI1TION NUMBER 1

9i TURN rOURAaWAY VALVE "V" TO POSITION NUMBER 3.

3. TURN ON SWITCH "Moo TO ACTIVATE EX'HAUST FAN.

4. OPEN VALVE "C" AND IGNI~fT PILOT LIGHT.

5 i ADJUST POWtRSTAT "0" TO APPROXIMATELY 45%.

OT:TEMPERATURE ON FLASM EVAPORATOR HEATING TAPE SHOULD

BE APPROXIMATELY 506C.

6. TURN ON VALVE "G", COOLIrNG AIR.

7. TURN ON SWITCH F" COOLING WATER.

NOTE: CHECK DRAIN FOR PROPER FLOW.

8. TURN ON VALVES "I","" AND "W". ADJUST "K" TO APP ROXI-

MATERLY 15 PSIG; ADJUST "J" TO 8 PsiG; ADJUST "I" TO 2 S P1 G.

REACTOR OPE-RATfING- PROCEDU-RE

1. ADJUST FLOWRATERS "B", C TO INDICATE 13 SLM FLOW, He.

2. ALLOW HE TO FLOW FIVE ()MINUTES.

NOTE: CHECK EXHAUST TO AS-SURE UNIMPEDED FLOW OF GAS.

3. POSITION SUBSTRATES ON QUART.Z BOAT.

~4. OPEN REACTOR AND PLACE BOAT ON ELECTRODE IN CENTER OF HEAT ZONE.

5. CLE REACTOR A-ND ALLOW HE TQ FLOW ONE (1) MINUTE.

6.ADJUST POWERSTAT "N" TO CONTROL ELECTRODE TO APPROX 2509C.

ALLOW HE TO CONTINUE FLOWING FOR FOUR (4) MINUTES MINIMUM.

"31 -



D. MAINUfACTURINIG PROCEDURE (CONT'D)

7. TURN ON tMER1GENICY SWITCH, 'K"

8. TURN, VALVE "'E" TO POSI'TION, NIUMBER 2

NOTE:- ExMAtUST MUST IGNITE WITHIN Alp~Rox Two ()SECONDSo

IF It DOES NOT IGNITC, TURN VALVE "' TO POSITION

NUMBER I AND CHECK EQUIPMENT FOR OAS SUPPLY OR OBSTRUCTED

EXHAUST LINE. WITH ASSURANCE OF PROPER EQUIPMENT SETUPp

REPEAT step 8i

*9. AujusT FLODWRATIERS "'"AND "C" TO INDICATE 15 StM FLOW, H2 .

10. ADJUST POWERSTAT "N" TO CONTROL ELECTRODE TO APPROX60C

11. ADJUST FLOWRAT'R "A" TO INDICATE 1.5 ML/MIN. FLOW,

5I-CL4 (L).

12. ADJUST POWERSTAT "N" TO CONTROL ELECTRODE to 11506c ±106c

13. TURN FOUR-WAY VALVE "D" TO POSITION NUMBER 4STARTIUNG

DEPOSITION AND ALLOW TO CONTINUE FOR DEFINED TIME.

!4. TURN VALVE "b" TO POSITION NUMBER 3 STOPPING DEPOSITION.

15. CLOSE FLOWRATER "A".

16. ALLOW ONE-HALF (1/,?) MINUTE MINIMUM TO CLEAR SYSTEM.,

17. ADJUST POWERSTAT "N" TO ZER;O.

18. ALLOW ONE-HALF (1/2) MINUTE TO COOL.

19. TURN VALV'E "E" TO POSITION NUMBER I AND ALLOW HE TO FLOW

FOR FIVE ()MINUTES.

PREPARTION OF S I L RON, ELEMENT

EQUIPM'ENT

1. PY REX BEAKERS

2. GLASS STIRRING RODS

3. PLASTIC BEAKER
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M1'ANUFACTURING PROCEDURE (CONT'D)

MATER IALS

1 . TAiiCHILOROE THYLENit

28. HlYDROCFLUiOR ICd ACID

3. DEIONIZED WATER

4i ACETONE

5. VAPOR DEPOSITED SILICON ELEM4ENTS

PROCEDURE

1. RINSE IN, ACETONE.

2. R-1N SEW IN DEIONIZED WATER,

3.WASH IN 10% SOLUTION OF HYDROFLUORIC ACIDFOR FIVE(5

MINUTES. POUR OFF ACID.

)44 R INISE IN DEIONIZED WATER.

5. STORE IN ACETONE UNTIL REQUIRED FOR OHMI!C CONTACT

APPL ICAT ION.

VALUE ~ ~ -i ) ADUTET-PO ETCH)-

EQU I PW'IENT

1. CENTRIFUGAL SPINNER

2. DRYING OVEN CK-PABLE OF MAINTAINING 1209C

31, LIGHT EXPOSURE TOWER

4. PHOTO PATTERN

5. HOT PLATE

6.PLASTIC BEAKERS

7s GLASS, BEAKERS



D. MANUFACTURING PROCEDURE (CONT'D)

MATER IALS

1. KODAK METAL ETCH RESIST (KMER)

2. PHOTO DEVELOPER

3. SILICON ETCHANT NUMBER 39E

4. TRICHILROETHYLENE

5. HYDROFLUORIC ACiD

6. DEIONI ZED WATER

7. ACETONE

8. METHYL ALCOHOL

9. PREPARED SILICON ELEMENTS

PROCEDURE

- - CAUTION: ALL KNER WORK MUST BE KEPT AWAY FROM DIRECT LIGHT

UNTIL ELEMENTS ARE EXPOSED AND DEVELOPED.

1. 'PLACE PREPARED SILICON ELEMENTS ON THE CENTRIFUGAL

SPINNER (SILICON SIDE UP).

2. A.PPLY. KMER IN DROPS ON THE ELEMENT (COVER ELEMENT

COMPLETELY).

3. TURN SPINNER ON AND ALLOW THE EXCESS KME-R TO BE THROWN

OFF. A UNIFORM THIN LAYER IS DESIRED. DO NOT INCREASE

SPINNER ACTION ENOUGH TO MOVE ELEMENTS.

4. CURE AT ROOM TEMPERATURE FOR A MINIMUM OF TEN (10) MINUTES.

5. BAKE AT 1209C FOR TEN (10) MINUTES. ALLOW TO COOL,

6. PHOTO MASK WITH DESIRED PATTERN AND EXPOSE FOR 2-1/2

MINUTES. MAKE SURE MASK IS HELD TIGHT AGAINST THE ELEMENT.

",1Im



D. MANUFACTURING PROCEDURE (CONT'I')

7. -SPRAY DEVELOPER ON, ELEMENTS UNTIL PATTERN IS CLEAR.

V DRY WITH AIR SPRAY TO ASSUIRE COMPLETE DEVELOPMENT.

8. BAK-E AT i2°C FOR TWENTY (M) MINUTES. ALLOW TO COOL.

9. a CH IN SILICON ETCHANT NUMBER 39E UNTIL PATTERN IS

CLEAN AND SHARP. 00 NOT PROLONG ETCrHING. PROLOGED

ETCHING WILL UNDERCUT KMER AND DESTROY PATTERN. POUR

OFF ACID.

10. RINSE IN DEIONIZED WATER.

i1. CLEANING PROCESS:

11.1 SOIL. ELEMENTS IN TRICHLOROETHYLENE FIVE (5)

MINUTES TO REMOVE KMER. MAKE SURE ALL KwIER
I S R E MOVED.

11.2 RINSE IN METHYL ALCOHOL.

11.3 RI-NSE IN 10% SOLUTION HYDROFLUORIC ACID.

(USE PLASTIC BEAKER.) POUR OFF ACID.

11.4 B0L IN DEIONIZED WATER FIVE (5) MINUTES.

12. STORE IN ACETONE UNTIL READY FOR APPLICATION OF OHMIC

CONTACT.

APPLI CAT IlON OF OHM IC CONTACT

EQUIPMENT

1. MASKING JIG

2. PLASMA SPRAY GUN (PLASMADYNE CORPORATION, SANTA ANA,

CALIFORNIA) (SEE FIGURE 15)



Plasma Spray Gun and Masking Jig
FIGURE 15
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0. MANUFACTURING PROCEDURE (CONTiO)

MATER IALS

1 ALUM:INUMP OWDEzR (-325 ME S-H)

2. COPPER POWDER (-525 MESH)

3. ARGON

4. AiRGONmHYDROGEN 95/5

5. PRtPARED SILICON ELEMENTS

PROCEDURE

1. MOUNT SILICON ELEMENTS ON MASKING JIG.

2. PLACE A .500" METAL MASK ON THE ELEMENTS ALLOWING

APPROXIMATELY .075 " Or ENbS EXPOSED ON EACH SloE.

3. SPRAY THE EXPOSED END WITH ALUMINUM POWDER USING THE

MAN:UFACTUIRR'S INSTRUCTION FOR OPERATION OF THE 'PLASMA

SPRAY GUN ($Gm3)i AMPRES SETTING OF 575.

4. SPRAY ALUMINUM CONTACT WITH AN OVERCOAT OF COPPER POWDER

USING MANUFACTURING INSTRUCTIONS MENTIONED IN PARA. 3.

AMPERES SETTING F 250.

5a REMQVE ELEMENTS FROM JIG AND STORE IN PROPER CONTAINERS

UNTIL REQUIRED FOR LEAD ATTACHMENT.

LEAD ATTACHMENT

EQUIPMENT

1. SOLDER IRON (40 WATT)

2. LEAD ATTACHMENT HOLDING JIG (SEE FIGURE 16)

3e CERAMIC PLATES

"36"



Lead Attachment Holding Jig
FIGURE 16
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D~MANlUFACTUlRING PROCEDURE (CONi'O)

MATERIALS

1. SOLDER SN/A 95/5

2. SOLD R FLUX

3. DEIONIZEO5 WATER

4. ACETONE

. CoPPR LEADS (OHC)

6. OHMiC CONTACT APPLIerD ELEMENTS

PROCEDURE

14 DIP END OF ELEMENT INTO SOLDER FLUX.

2i PLACE ON CERAMIC PLATE AND APPLY HOT SOLDERING IRON WITH

EXCESS SOLDER ON TIP TO THE COPPER&COATED AREA. ALLOW

THE SOLDER TO FLOW AND COVER THE OHMIC CONTACT ARtEA.

3. REPEAT STEPS (1) AND (2) FOR OPPOSITE END OF ELEMENT.

4. PLACE TINNED ELEMENT INTO HOLDI.NG JIG

5. DI( END OF LEAD WIRE IN SOLDER FLUX AND PLA:E IN LEAD

GROOVE ALLOWING THE FLUXED END TO EXTEND THE FULL LENGTH

OF THE TINNED AREA.

6. APPLY HOT SOLDER IRON WITH EXCESS SOLDER ON TIP TO 'LEAD

WIRE. ALLOW SOLDER TO FLOW AROUND WIRE AND COVER TINNED

AREA. REMOVE SOLDERING IRON. DO NOT MME UNIT UNTIL

SOLDER HAS SET.

7. REPEAT STEPS (5) AND (6) FOR OTHER END OF ELEMENT.

8. WASH ELEMENTS IN DEIONIZED WATER TO REMOVE FLUX.

9. RINSE IN ACETONE AND ALLOW TO DRY.

10. STORE IN PROPER CONTAINER TO PREVENT CONTAMINATION UNTIL

REQUIRED FOR EPOXY UNDERCOATING.



D.MANUFACWURING. PROCEDURE (CONr'o)

TIN4 DIPP ING

EQUIPMENT

1. SOLD:ER POT CAPABLE Or MAINTAINING 2004t.

* MATER IALS

1 6SOLDER PO/N 70/30

2. SUPERIOR FLUX NUMBER 30

3. TWEEZERS

* 4 . METHYL ALCOHOL

5.EPOXY UNDERCOATED ELEMENTS

PROCEDURE

1. GRASP ELEMENT WITH TWEEZERS

2. DIP APPROXIMATELY 1/2 THE DISTANCE OF LEAD WIRE INTO

SOLDER FLUX.

5. D IP FLUXED LEADS IN MOLTANT SOLDER UP TO THE PAINTED

ELEMENT. DO NOT PROLONG TIME IN SOLDER Pot. REMOVE

FROM THE SOLDER AT A STEADY RATE.

4~. WASH UNITS IN METHYL ALCOHOL To REMOVE FLUX.

5. ALLOW TO DRY AND STORE IN PROPER CONTAINER UNTIL

REQUIRED FOR EPOXY CASTING.



D. MANUFACTURING PROCOURE (CONT'D)

EPOXY UNDERCOAT ING

EQU IPMENT

1. PAINT BRUSH

MATER IALS

1. EPoXY PAINT (MICA FILLED) (2 PARTS PAINT:1 PART -1. MESH

MICA BY WEIGHT)

2. EPOXY PAINT THINNER (1:0 ELLOSOLVE ACETATE AND

ISOPROPYL ALCOHOL a BE WEIGHT)

3. LEAD ATTACHED ELEMENTS

PROCEDURE

1. MIX PAINT THOROUGHLY UNTIL MI'CA IS WALL -IN SUSPENSIONo

2. APPLY A COAT OF PAINT TO THE SILICON ELEMENT SIDE OF

THE SUBSTRATE. MAKE SURE THE CONTACT IS COMPLETELY COVERED.

3, AIR. DRY A MINIMUM OF THIRTY (30) MINUTES At ,8&C

4. BAKE FIFTEEN (15) HOURS AT 2O°C.

5. ALLOW UNITS TO COOL TO ROOM TEMPERATURE.

6. STORE UNITS UNTIL REQUIRED FOR TIN DIPPING.

MOLDP ING

MANUFACTURER'S SPECIFICATIONS FOR CASTING A SEMIFLEXIBLE EPOXY

MOLDING COMPOUND WERE FOLLOWED FOR FINAL ENCAPSULATION OF THE

DEVICE. SILICONE RUBBER MOLDS WERE USED FOR BOTH IN-LINE AND

RADIAL-LEAD CONF IGURAT IONS.



W. RECXMNOAT IONS

THOE PYROLYTI-C SI1,ICON RESISTOR DEVtLOPED UNDER THIS CONTRACT DID NOT

,COME :U;P TO EXPECTATIONS WITH RES ECT TO TOR (OvER THE feMIPERATURE

RANGE OF-500 C To +17560 . AN FACT,. THE TcA IN TrHE LOW TEMPERATURE

REGION WAS GREATER THAN THAT NORMALLY EXHIBI TED BY GARBON-FILM

AES'I STrORS., THE TCR ABOVE ROOM TEMPERATURE, At 65 C AND 1756t,

AVERAGED APPROX'IMATELY 150 PPm/6C. To SUBSTA-NTIALILY IMPROVE THESE

To CHARACTERISTICS, I.E. FLATTEN THE R VS T CURVE, WOULrD REQUIRE

CONSIDERABLY MORE FUNDAMENTAL RESEArRCH EFFORT THAN THAT EXPENDE:D IN

THIS CONTRACT.

A POSSIBLE APPROACH TO BE CONSIDERED IN ANY FUTURE RfESEARCH EFFORT

WOULD BE TO D'OPE THE SILICON WITH MORE THAN ONE :IMfPUrRITY' OF THE SAME

TYPE, E.Gj PHOSPHIORUS AND ARSENIC., IN HOPE OF MINIMIZING THE SLOPE

OF THE RESISTIVITY CURVE IN THE LOW TEMPERATURE REGION. THIS, IN

EFFECT, MIGHT BE EQUIVALENT TO DOP'ING WITH AN IMPURITY OF VARYING

ACTIVATION ENIERGY. SUCH A PROGRAM WOULD BE VERY EXTENSIVIE AND HAD TO

BE CONSIDERED OUTSIDE THE REALM OF THIS CONTRACT. JUSTIFICATION OF

SUCH AN EFFORT WOULD REST MAINLY UPON THE ADDITIONAL ADVANTAGES (OTHER

THAN TCR) WHICH MIGHT ENSUE. ONE OF THE ADVANTAGES ALREADY DEMONSTRATED

WITH THE PRESENT DEVICE IS ITS RESISTANCE TO OXIDATION AND HIGH

TEMPERATURE CAPABILITIES. EVEN SO t CONTINUATION OF THE RD EFFORT -TO

REDUCE THE TCR OF THE SILICON DEVICE IS NOT ADVISED, NEITHER IS A

MANUFACTURING-METHODS TYPE CONTRACT RECOMMENDED FOR EXPLOITING THE

PROCESS THUS FAR EVOLVED.

.4o-
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IV. ACC_ ATIONS (CONTINUE)

IN SPITE OF THE INABILITY TO MEET THE CONTRACT OBJECTIVES W ITH THE

S,ICON LAYER RESISTIVE ELEMENT) SOME THOUGHT WAS GIVEN TO PILOT LINE

OR COMMERCIAL-cSCALE PRODUCTION. PYROLYTIC DEPOSITION OF SILICON BY

HYDROGEN REDUCTION OF THE HALIDE IS A WIDELY USED PROCESS IN THE

SEMICONDUCTOR INDUSTRY, AND CONTINUOUS DEPOSITION SYSTEMS HAVE BEEN

PROPOSED.

THE SrILCON RESISTOR AT THIS STAGE OF ITS DEVELOPMENT HAS CERTAIN

PROPERTIES WHICH SUGGEST POTENTIAL USES. ONE OF THESE IS STABILITY

AT ELEVATED TEMPERATURES. iT WAS RECOMMENDED THAT A PYROLYTIC

(POLYCRYSTALLINE) SILICON DEVICE UNPROTECTED FROM THE ATMOSPHERE WOULD

- - OPERATE AT POWER LEVELS SUFFICIENT TO RAISE ITS TEMPERATURE TO RED

-- HEAT. ONLY A SMALL CHANGE IN RESISTANCE (,-1.0%) RESULTED FROM THIS

TREATMENT. THIS WOULD SUGGEST THE POSSIBILITIES OF THE SILICON

RESISTIVE ELEMENT FOR HIGH-TEMPERATURE DEVICES.

FINALLY, THE HIGH-TEMPERATURE CAPABILITIES OF THE DEVICES WOULD REQUIRE

A PACKAGE WHICH COULD WITHSTAND THE ABUSE OF EXCESSIVE HEAT AND

OXIDATION. THE PACKAGING MATERIAL SHOULD ALSO PROVIDE GQQp H'EAT

DISSIPATION FOR THE ELEMENT. COMBINATIONS OF CERAMICS AND GLASS COULD

BE DESIGNED TO PROVIDE A FINAL ENCAPSULATION FOR THIS DEVICE.

PACKAGES SIMILAR TO THOSE PRESENTLY USED FOR POWER RECTIFIERS MIGHT

ALSO BE APPLICABLE,

"W"l
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A. Micro Photograph of Epitaxial Silicon Layer,

Stained and Viewed under Sodium Light
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Polycrystolline Silicon
I O~Ox

Etched Alumina Substrate
1 O~Ox
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As -Deposited Surface
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Etched Surface
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i I2 Siicon

Alumina Ceramic

Lopped Cross-Section Through
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Silicon Deposited
on Cerarmic Substrate
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ASSEMBLY AND PACKAGING
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1.

(~:I~j OPEATIONDIFFUSED EPITAXIAL OYYSALt

StI1STRA1E 1 1.
SINGE CRSTALSINGLE~ CRYSTAL

3N-LYTYA ALUMINA CERAMIC

FORM LAYE 0-..
GALLIUM birtusto VAPOR DEPOSITED VAPOR'DEPOSITED

PHOSPHORUS DOPED BORON DOPED

ETC0 0A11111
Pm-TYPE MESA iN-TYPE MESA P-TYPE LAYER

Au-GA CONTACT Au-Se CONTACT AAU-GA CONTACT
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CONFIGURATION FOR EPITAXIAL AND DIFFUSED SILICON ELEMENTS

P PType

0.002O 0.0005

Au orAl(Aloed

NN type
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CONFI G URATIfON FOR POLYCRYSTALLI NE ELEMENTS

o1.000

0.010

Ceramic
Au or Al (Alloyed) 020or Gloss
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SIGNATURES

THIS CONCLUDES THE FINAL ENGINEERING REPORT fOR SEMICONDUCTOR RcSISTIvE

ELC#CNTS UNDOR CONTRACT NOsSR-854046.

RODG /B. HIERRINGTON

OPER'T IONS CONTRACT MANAGr4

OLIN B. CECIL
MANAGER) PRODUCT ENGINEERING BRANCH
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