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ABSTRACT

THIS FINAL ENGINEERING REPORT FOR PHASE I} OF THE CONTRACT COVERS A
TWELVE=MONTH PERILOD: SOME BACKGROUND INFORMATION FROM PHASE | HAS

BEEN INCLUDED AS REFERENCE. THE GENERAL OBJECTIVE OF PRODUCHNG A LOW
TEMPERATURE COEFF LCIENT OF RESISTANCE {TCR) OEVICE FROM A SEMICONDUCTOR
MATERTAL WAS ONLY PARTIALLY SUCCESSFUL. TYPiCAL TCR DEVICE VALUES ABOVE
ROOM TEMPERATURE WERE NEVER MUCH LOWER THAN 150 PPM/°C FOR THE SiLICON
RESISTIVE ELEMENT INVESTIGATED. Low TEMPERATURE TCR vawues (AT <50°C)
‘wamtrmmowmm‘500‘ﬁﬁm/‘c. LOAD~L#FE STABILITY AND RESISTANCE TO ENVIRON=
MENTS (MOISTURE, OXIDATION) PROVED AS GOOD AS OR BETTER THAN TH IN~F LM

RESISTORS ON THE MARKET.

SPEC IF IC PROBLEMS EN@OUWTERED‘(SUCH AS OHMIC CONTACTS, RESISTANCE ADJUST=
MENT, JUNCTION EFFECTS, ETC.) AND THE{R SOLUTIONS HAVE BEEN DISCUSSED IN
DETAIL. A MANUFACTURING PROCEDURE FOR PRODUCING A POLYCRYSTALL INE

SILICON 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 ACCOMPANIED
THIS REPORT, POTENTIAL APPLICATIONS FOR POLYCRYSTALLINE SILICON RESISTORS
WERE SUGGESTED, BUT ADDITIONAL R&D WORK 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



HAVE IMPROVED THE “STATE ~OF =THE=ART'" OF SEMICONDUCTOR RESISTIVE ELEMENTS

TED TO A BETTER UNDERS

1N GENERAL y AND 1S BELIEVED TO HAVE CONTR 4B

STANDING OF St IICON AS A RESISTIVE MATERIAL.

¥
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AN ATTEMPT HAS BEEN MADE UNDER THIS CONTRACT 7O DEVELOP A SEMI-
CONDUCTOR RESISTIVE ELEMENT WHTH A MINEMUM TEMPERATURE COEFF IEIENT
OF RESISTANCE {TCR) WHICH WOULD EXHIBIT GREATER RELIABUELITY THAN

METAL=F tLM RESISTORS PRESENTLY ON THE MARKET. SPECIFIC OBJEETIVES

E A RESISTOR WiTH <50 epm/°C TCR (From =50°C 70

WERE TO PRO
+175°C) AND WITH LOADSLIFE STABILITY CHARACTERISTICS COMPARABLE
TO THOSE SPECIFIED BY MIL-R-10509D FOR PRECISION FiXED=FiLM

RES ISTORS.

THE FIRST APPROACH WAS TO CONSIDER BULK SEMICONDUCTOR ELEMENTS IN
ORDER TO GAIN AN ADVANTAGE OVER THE {INHERENTLY UNREL |ABLE NATURE OF
TH IN=F 1LM ELEMENTS, THE RESISTIVITY OF BULK=TYPE ELEMENTS WOULD
NEED TO BE LARGE IN COMPARISON WITH METALS* WSED N THIN=F {LM
DEVICES. LIMITATIONS ON GEOMETRY OF THE ELEMENT, I|.E, CRC3S~
SECTIONAL AREA AND EFFECTIVE LENGTH, ARE IMPOSED BY PRACTICAL
CONSIDERATIONS. UNFORTUNATELY THERE 1S A LARGE VARIATION OF CON=
DYUCTIVITY WITH CHANGING TEMPERATURE ASSOCIATED WIiTH HIGH RESISTIVITY
1IN SEMICONDUCTOR MATERIALS. THUS, IT WAS FUNDAMENTAL TO RESTRICT THE
STUDY TO RELATIVELY LOW RESISTIVITY MATERIAL, WHICH, IN TURN, PRE=

DETERMINED TO A LARGE EXTENT CONF IGURATION OF THE RESISTIVE ELEMENT.

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

LOW VALUES OF "@" (RESISTIVITY) THE ALLOWED L/A (EFFECTIVE LENGTH

* BuLK RESISTIVHITY VALUES OF ALLOYS USED FOR METAL=F ILM RESISTORS ARE

-3,



PYRPOSE (CONT INUED )

OVER CROSS#SECT IONAL AREA) MYST BE LARGE T0O OBTANN REASONABLY LARGE
VALUES OF RESISTANCE., <CONSIDERING RESUHSTIVHTHES N THE RANGE OF
JOOX Q=cM, THE MATHEMATICS BICTATES THAT THE ELEMENT GEOMETRY MUST
BE OF A LAYER CONFIGURATION FOR PRACTHICAL RESISTANCE VALWES, THE
THICKNESS OF SUCH A SEMICONDUCTOR RESISTIVE LAYER WiLL BE MWCH
GREATER (@Y AT LEAST ?WOvMWGNmmu@Es) THAN METAL=F LM RESISTIVE ELES
MENTS, N FACT, 1T WOULD BE TECHNICALLY SOUND TO ASSUME THAT THE
BYULK PROPERTIES OF THE SEMICONDUCTOR MATERIAL WOULD PREDOMINATE OVER

ANY POSSIBLE THINSF ILM CHARACTERIST1ES,

BASED ON THE CONCLUSIONS REGARD ING TCR CHARACTERISTICS OF SEVERAL
MATERIALS (TiTANIA, SILIEON CARBIDE, SILICON BORIDE) INVESTIGATED

N PHASE 1, 1T WAS THOUGHT THAT A GREATER AMOUNT OF RESEARCH AND
DEVELOPMENT WOULD BE NECESSARY TO ACHIEVE THE OBJECTIVES OF THE
CONTRACT THROUGH SEMICONDUCTOR BULKX=TYPE ELEMENTS THAN BY [MPROVING
SEMICONDYCTOR-LAYER ELEMENTS. SILICON WAS CHOSEN FOR INVESTIGATION

AS THE SEMICONDWYCTOR RESISTIVE MATERIAL PRINCIPALLY BECAUSE A GREAT
DEAL OF BACKGROUND INFORMATION ON DOPING PROCEDURES, VAPOR DEPOSITION,
DAFFUSION TECHNIQUES, ETC. WAS AVAILABLE AT TEXAS [NSTRUMENTS
INCORPORATED. SILICON WAS CHOSEN FOR IENVESTIGATION IN PREFERENCE TO
GERMAN IUM BECAUSE OF ITS HiGH TEMPERATURE LIMITATION ARounp 80°C,

AT WHICH TEMPERATWRE THE RESISTIVITY DECREASES RARIDLY WITH FURTHER
INCREASE N TEMPERATURE. THiIS 15 THE "INTRINSIC" CONDUCTION REGION
FOR THIS MATER!IAL. SILICON'S INTRINSIC REGHON FOR THE HIGHLY DOPED
(?1018 ATOMS/CC OF IMPURITY) CONCENTRAT iON DOES NOT BECOME PREDOMLNANT

UNT IL ABOUT 500°C.



SE {CONT INUED)

Duscyssion oF IMPURITY CONDUCTION Meck

AT THIS POINT 1T WOULD BE APPROPRIATE TO DISCUSS THE ELECTRICAL
BEHAV IOR OF SILILCON TN RELATION TO TEMPERATURE. FIGURE 1 18 A

FAMILY OF RESISTIVITY TEMPERATURE CURVES FOR "N=TYPE' SILICON OF
VARYING IMPURITY CONCENTRATION. THESE CURVES WERE PLOTTED FROM
CALCYLATED VALUES OF RESISTIVETY FOR VARILOUS TEMPERATURES AT AN

ASSUMED ACTHIVATION ENERGY FOR AN "N=TYPE" WMPURITY,

iE TEMPERA<
TYRE RANGE OF INTEREST HAS BEEN OUTLINED ON THE GRAPHS, WiTHIN
THIS RANGE 1T CAN BE SEEN THAT ONLY THE HIGHLY BOPED‘(WOmS';;mOEO
AT./cc) MATERIAL EXHIBITS A MINIMUM CHANGE OF RESISTIVITY WiITH
TEMPERATYRE . THKS MINFMUM RESISTIVETY CHANGE WITH TEMPERATURE OF

SHOWN N FIGYRE 2.
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THERE ARE FOUR GENERAL REGIONS INTO WHICH THE RESISTIVITYSTEMPERATURE
CURVE MAY BE DIVIDED FOR PURPOSES OF DISCUSSION. IN EACH REGION

THE TEMPERATURE COEFFICIENT 1S DETERMINED BY CONDUCTION MECHAN ISMS
WHICH MAY BE DESCRIBED #N FAIRLY SIMPLE TERMS,

AT SOME ARBITRARILY LOW TEMPERATURE, THE RESISTIVITY 18§

DECREASING AS TEMPERATURE 1S INCREASED AS A RESULT OF IMPURITIES

BEING CONTINUQUSLY 10NIZED. MORE CARRIERS ARE THUS MADE AVAIL=

»

FOR CONDUCTION. AS TEMPERATURE T1 1S REACHED, THE NEGATIVE

BLE
SLOPE OF THE CURVE BECOMES LESS AND THEN GOES POSITIVE BECAUSE

ALL THE IMPURITIES HAVE BEEN IONIZED AND THE MOBILITY IS BEING

-



Discussion oF IMPURITY CONDUCT 0N MECHANSMS (ConT'p)

m

DECREASED DWE TO LATTICE VIBRATION OF THE CRYSTAL.

TEMPERATURE Tj, AT WHICH TH1S OCCURS 1S DETERMINED FOR A

=1
o
=

GIVEN SEMICONDUETOR BY TwO THINGS: (1) THE DOPING LEVEL;

T VAT 1ON ENERGY OF THE IMPURITY. IN GENERAL, AS THE

m
=2

el
)

DOPING LEVEL 'CREASES; THE ERATURE Tj AT WHICH ALL IMPYURITY
ATOMS ARE IONIZED WikL INGREASE. FOR A GIVEN IMPURITY CONCEN=-
TRATLON, T1 Witl ALSO INCREASE AS THE ACTIVATION ENERGY OF THE

IMPUR ITY INCREASES. THE REASON FOR THE DEPENDENCE OF Tq on
ACTIVATION ENERGY 1§ THAT BEFORE AN IMPURITY ATOM CAN BE 10ONIZED
AND AID 4N CONDUCTION, IT MUST ACQUIRE SUFFICIENT ENERGY FROM
SOME SOURCE: THIS ENERGY 185 KNOWN AS THE ACTIVATION ENERGY OF
THE IMPURITY., GALLIUM, FOR INSTANCE, HAS A HIGHER ACTIVATION
ENERGY THAN BORON, BOTH OF WHICH ARE USED TO DOPE SILICON TO MAKE
1T P=TYPE. IF TWO SILICON SAMPLES ARE TAKEN,; ONE DOPED WITH GA

TO 5 x 1@1& AND ANOTHER DOPED WITH B To 5 x 1018, Tq wiLt BE

HIGHER FOR THE GA=-DOPED SAMPL TH

\l"l‘
il

THERMAL ENERGY GIVEN UP TOQ

THE SEMICONDUCTOR 1ON{IZES THE IMPURITIES, HENCE A HIGHER AMOUNT

OF THERMAL ENERGY IS REQUIRED TO TONIZE A GA IMPURITY ATOM THAN

1S REQUIRED FOR A B IMPURITY ATOM, SiINCE THERMAL ENERGY IS PRO=

PORTIONAL TO TEMPERATURE, T1 INCREASES AS ACTIVATION ENERGY

INCREASES.,

AT T1 ALL IMPURITY ATOMS ARE CONSIDERED FONIZED., SINCE A CONSTANT

NYMBER OF CARRIERS ARE PRESENT, THE RESISTIVITY WiLL INCREASE AS

[ ]
=
i ]
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MEcHAN1SHMS (ConT'p)

THE MOBILITY 1S DECREASED DUE TO LATTICE VIBRATIONS OF THE
ERYSTAL. THE MOBILITY CAN BE THOUGHT OF AS THE AVERAGE ORIFT

VELOCITY WHICH A CARRIER (OR THE WAVE ASSOCIATED WITH 1)

3
\

ACQUIRES IN THE DIRECTION OF AN APPLIED ELECTRIC FIELD OF ONE
VOLT PER CENTIMETER. THE LATTICE v IBRATIONS DECREASE THE MEAN

FREE PATH OF THE WAVES ASSOCIATED WITH THESE CARRIERS AND

AS THE TEMPERATURE 1S INCREASED FROM T3; CARRIERS FROM THE

(=]
im

SEMICONDUCTOR ATOMS ARE ACTIVATED DUE TO THE INCREASED THERMAL
ENERGY AVAILABLE. THE IMPURITY EONDUCT ION DOMINATES UNTIL THE
NUMBER OF CARRIERS FROM THE SEMICONDUCTOR ATOMS APPROACHES THE
NUMBER OF CARRIERS FROM THE 10N1ZED IMPURITIES, THIS OCCURS IN
THE REGION OF To, 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 VIBRATONS. AT SOME
TEMPERATURE, T3, THE POINT IS REACHED WHERE THE SEMICONDUCTOR
GOES INTRINSIC. THIS MEANS THAT ABOVE THIS TEMPERATURE THE
TEMPERATURE COEFFICIENT OF RESISTANCE 1S HIGHLY NEGATIVE AND
DEPENDENT ONLY ON THE SEMICONDUCTOR BAND GAP, THE TEMPERATURE

T}p AT WHICH THE MATERIAL BECOMES INTRINSIC 1S DEPENDENT ON THE

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



PESUNEY

2.

PURPOSE (ConT inuED)

DEVELOPING THE SILICON LAYER ELEMENT., THE

IN GENERAL; THREE APPROACHES WERE CONSIDERED IN PHASE |1 FoOR

"

IIRST OF THE TECHNIQUES

INVESTIGATED WAS DIFFUSION; WHERE THE RESISTIVE LAYER 1S FORMED BY

DIFFUSING IMPURITIES INTO HIGH RESISTIVITY SINGLECRYSTAL SuB=

STRATES: THE OTHER TwO APPROACHES WERE VAPOR DEPOSITION TECHNIQUES

FORMING SINGLE=CRYSTAL (EPITAXlNE) ELEMENTS OR POLYCRYSTALL INE

AYERS DEPOSITED ON CERAMIC SUBSTRATES,

SOME OF THE ADVANTAGES AND DISADVANTAGES OF THE THREE APPROACHES

w

MAY BE REITERATED.

D1 SADVANTAGES

A.) THE LAYER 1S AN INTEGRAL PART A.) DorinG TO AN EXACT CONCE
OF THE SUBSTRATE, I.,E., IT IS A TRATION (€. G., ,.5 b 101
MONOL ITHIC STRUCTURE. AT./cC) BY DIFFUSION MIGHT

NOT BE EASILY PRODUCED.,

B.) SHEET RESISTANCE MAY BE RAISED B.) JUNCTION CONFIGURATIONS ARE
TO A REASONABLE MAGN I TUDE (500 SENSITIVE TO SURFACE CONTAMI=
OHMS PER SQUARE) WITHOUT EN< NATION WHICH OFTEN CAUSES
COUNTERING PROBLEMS ASSOCIATED WITH CURRENT LEAKAGE ACROSS THE
THIN=FILM ELEMENTS. THIS GOES BACK JUNCT ION,

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.
EPITAXIAL (VAPOR DEPOSITED ON SINGLE CRYSTAL TRATAl
A.) THE LAYER 1S AN INTEGRAL PART OF A,) JUNCTION CONFIGURATIONS ARE

THE SUBSTRATE, I.E,, IT 15 A SENSITIVE TO SURFACE CONTAMINATION
MONOLITHIC STRUCTURE . WHICH SOMETIMES CAUSES CURRENT
LEAKAGE ACROSS THE JUNCTION.

59,
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Epi7axiAL (Vap

si)

YCRYSTALL INE (VAPOR DEPOSITED ON_

SHEET ﬂESIS?AMCElMAY BE RA|SED B:) ADJUSTMENT OF
£ MAGNITUDE (500 VALUE WiLk BE ¢
OHMS PER SQUARE) WITHOUT ENCOUNTERS (ETcHiNGg TO A PRESCRIBE
ING PROBLEMS ASSOCIATED WITH THIN TRY OR ELECTRON BEAM CUTTING
FiLM ELEMENTS: THIS GOES BACK TO ARE TwO POSSIBLE METHODS).

THE FACT THAT THE RESISTIVE LAYER
IS PHYSICALLY THE SAME AS THE SUBSTRATE.

DISTRIBUT ION OF IMPURITY ATOMS €.) SINGLE CRYSTAL SiLICON SuBs
CLOSELY APPROX IMATES THAT OF STRATE wouLD BE MORE EXPENs
CRYSTALS GROWN FROM MELT; HENCE A SIVE THAN CERAMIC.

UNIFORMITY WITHIN THE LAYER 1§
OBTAINED., TH1S MEANS THAT THE
ELEMENT COULD BE ETCHED TO REDUCE
LAYER THICKNESS (RAISING SHEET
RESISTANCE) YET RETAIN THE SAME TCF
CHARACTERISTICS.,

poo i

A.)

A THICKSLAYER HAS LESS CHANGE A,) NoT MONOL I THIC WITH SuB=
FOR DEVELOPING HOT SPOTS WHICH STRATE. SILICON AND ALUMINA
CouLdD CAUSE CATASTROPHIC FAILURE. CERAMIC HAVE DIFFERING THERMAL

EXPANSION COEFFICIENTS (~v1:2),

THERMAL CONDUCTIVITY OF THE B.) POLYCRYSTALLINE LAYER WOULD NOT
CERAMIC SUBSTRATE 1S GREATER THAN 'BE AS EASILY CONTROLLED FROM A
SILI1CON, HENCE WOYLD SHOW GREATER RESISTIVITY STANDPOINT AS WOULD
DISSIPATION OF POWER. EPITAX AL,

THE CERAMIC MATERIAL (S A LESS €.) THE MINIMUM LAYER THICKNESS

EXPENSIVE SUBSTRATE AND ALLOWS
MORE FLEXIBILITY IN DESIGN

1S LIMITED FOR PRACTICAL
REASONS TO GREATER THICKNESSES
THAN EITHER DIFFUSED OR EPI~
RESISTANCE ADJUSTMENT IS MORE TAXLAL; THIS MEANS A LOWER
PRACT ICAL: POSSIBLE SHEET RESISTIVITY,

THE MAJOR EFFORT OF THE DEVELOPMENT WORK HAS BEEN WITH THE VAPOR=
DEPOSITION APPROACH., EARLY IN THE SECOND PHASE OF THE WORK IT
BECAME APPARENT THAT THE O IFFUSED=LAYER APPROACH HAD MANY INHERENT
PROBLEMS AND L IMITATIONS, THE FOREMOST OF THESE WAS THE JUNCTION
EFFECT AND 1TS ASSOCIATED TEMPERATURE DEPENDENCY, |.E., THE PROBLEM

OF CURRENT LEAKAGE ACROSS THE P=N JUNCTION., THE ELECTRICAL 1SOLATION

- 10-
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NT_OF Low TCR ELEMENT (Cont'o)

OF THE MORE CONDUCTIVE LAYER FROM ITS SUBSTRATE IS DEPENDENT WPON

THE EFFECTIVENESS OF THE JUNCTION TO PREVENT CURRENT PASSAGE
THROUGH OR AGROSS THE SURFAGE OF THE JUNCTION. CONDUGTION AGROSS
THE SURFAGCE WHICH EXPOSES THE LAYER~SUBSTRATE JUNCTION i$

GREATLY INFLUENGED BY CGLEANLINESS. CONTAMINATION REMA iNING ON
THE SURFACE OF P=N JUNCTIONS 1§ ONE OF THE MOST CRITICAL PROBLEMS
IN THE FABRICATION OF SEMICONDUCTOR DEVICES. THE EFFECT OF
JUNETION LEAKAGE OF THE HIGH TEMPERATURES (ABOVE 100°C) SEveReLy
AFFECTED THE TCR AT THE DIFFUSED ELEMENTS AND WOULD HAVE LIMITED
THE IR USEFULNESS AT THESE ELEVATED TEMPERATURES. THE INABILITY
1O REPRODUCE THE EXACT DOPING LEVEL OF THE DIFFUSED LAYER (HENGE
1TS TCR CHARACTERISTICS) WAS ANOTHER MAJOR PROBLEM WITH THIS

APPROACH.

VAPOR DEPOSITION BY PYROLYTIC REDUCTION OF A SiLICON HALIDE WAS A
MUCH MORE PRACTICAL APPROACH. 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
HAV ING MORE PROMISING TCR CHARACTERISTICS THAN THE SINGLE CRYSTAL
(ePITAXIAL) MATERIAL, THERE WAS NOT THE PROBLEM OF JUNCTION
EFFECTS WITH SILICON DEPOSITED ON INSULATING SUBSTRATES AND OHMIC

CONTACTS TO THE ELEMENT COULD 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,

«11e



PURPOSE (ConTinues)

CHEM1STRY OF VAPOR DEPOSITION

As 1§ WELL KNOWN; SiLICON CAN BE PRODUCED BY THE HIGH TEMPERATURE

REDUETION OF SILI1CON HALIDES BY HYDROGEN, THE SIMPLIFIED

w:

EQUATION 15 SHOWN BELOW:

(1) siCuyle) + 2Hp(6) —p Si(s) + 4HCL(c)

IN A KINET1C SYSTEM SUGH AS THE SYSTEM USED IN THIS STuDY; THE
REACTION IS COMPLICATED BY SEVERAL SIDE REACTIONS. THE Two MOST

PREVALENT SIDE REACTIONS ARE THE FORMATION OF CHLOROSILANES

(SleCg(u;x)) AND CHLOROSILANE POLYMERS EH(S:HXCugéx)yﬂ].

THE FORMATION OF CHLOROSILANES CAUSES NO DIFFICULTY IN THE FORMA<
TION OF SILICON DEPOSITS SINCE THE CHLOROSILANES ARE GASEOUS IN

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

THE FORMATION OF CHLOROSILANE POLYMERS, HOWEVER, IS DETRIMENTAL TOQ

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 JUDICIQUS CHOICE OF
REACTION CONDITIONS. AT TEMPERATURES BELOW APPROXIMATELY 1050°C,
POLYMERIC CHLOROSILANES ARE READILY FORMED, AgBovE 1050°C POLYMER
FORMATION 1S REDUCED TO A NON=DETECTABLE LEVEL IN THE SILICON

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

TEMPERATURES IN EXCESS OF 1100°C, HIGH QUALITY SILICON DEPOSITS

=12=
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CHEMISTRY OF VAPOR DEPOSI

[ gt

F POLYMERIC CONTAMINAT ION ARE FORMED.

ACCORD ING TO EGUATION (1) ABOVE; A MOLAR RATIO OF 2:1 OF HYDROGEN

4
]

O SILICON TETRACHLORIDE iS5 REQUIRED FOR THIS REACTION. A MOLAR

-4

FORMATI1ON OF

m

RAT10 LESS THAN 2:1 wouLD, OF COURSE; HINDER THE

SIL1CON AND TEND TO PRODYCE UNDESIRABLE BY=PRODUCTS: A MOLAR

RAT10 OF H2:51CLY GREATER THAN 2:1 wouLd BE EXPECTED To "FORCE™
THE REACTION TO THE RIGHT FAVORING THE FORMATION oF Si(s).

ALTHOUGH THE HIGHER MOLAR RAT10S OF H2:S1CLY MIGHT BE €XPECTED

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

CAUSES NO PROBLEMS. |IF SILANE WERE FORMED IT 1S A GASEOUS MATERJIAL
AND WOULD BE SWEPT OUT OF THE REACTOR IN THE FLOWING GAS SYSTEM,
ALSO, SILANE AND ITS HIGHER HOMOLOGS (E.G., SigHg, S13H8, evc.)

ARE THERMALLY UNSTABLE AND WOULD DECOMPOSE AT THE TEMPERATURES

ENCOUNTERED 1IN THE REACTION ZONE TO FORM SILICON AND HYDROGEN.

IN PRACTICE A MOLAR RATIO OF HYDROGEN TOQ SILICON TETRACHLORIDE
GREATER THAN TWENTY (20) 1S EMPLOYED, NORMALLY, A SILICON
TETRACHLORIDE CONCENTRATION BETWEEN ONeE (1) AnD Four (4) moLe

PER CENT IN HYDROGEN 1S USED.

SAMPLE CALCULATION OF IMPURITY DOPING LEVEL FOR SiCL:
IF THE DESIRED IMPURITY LEVEL 15 5.0 x 1019 aT./cc
P IN SI, (SEE FIGURE Y4), THIS WOULD BE EQUIVALENT TO

APPROXIMATELY .002 OHMS=CM MATERIAL.

13-



€. CHEMISTRY OF VAPOR DEPOS1T10N (CONT'D)

x 6.02 x 1025 AT./GeAToM = 5,00 x 1022 AT, /e

19
5 0 X 10 AT /cc (P) — x 100 = .10 moLE & P In S
5. 0 x 1022 41, /cc (Sm)

SiCuy: . h8 G/CE . x 6.02 x 1023 moLEcuLES/MOLE =

5,24 x 102 moecures/cc or 5.2 x 1024 woLecuLes/LiTeR.

PCLz NEEDED TO DOPE S1CLLY TO THE PREDETERMINED LEVEL .10 X 102 x
3

5.24 x 102k MOLECULES/LITER = 5.2 x 1

021 MOLECULES OF PCL5
CITER OF SICLY

x 6.02 x 1023 MOLECULES/MOLE =

Me
6.88 x 102! moLecuLEs/cc.

5 24 * 1021 MOLECULES oF PCL;/L!T:R oF SlCLu

6.88 x 102 MOLECULES OF PCL;/cc oF PCL5
0.76 €c oF PCL3/LITER oF SiCL).

TH1S CALCULATIONASSUMES THAT THE MOLAR RAT10 OF PCL3 IN SiCLYy y
THE FEED MIXTURE WILL BE DUPLICATED AS A P IN Si RATIO IN THE

PYROLYTIC DEPOSIT,

-14-
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IV, GENERAL FACTUAL DATA

C.

MEASUREMENT PR

Mit=R=10509D; CHARACTERISTIC C, HAS BEEN USED AS A GUIDE IN TESTING

FINISHED DEVICES,

FOR EVALUATION OF THE

ES1STIVE ELEMENT THE

FOLLOWING SPECIAL EQUIPMENT WAS USED!

1. SHEET RESISTANCE
2. THICKNESS OF LAYER
NOTE: AN EXAMPLE OF A SILICON
LAYER PHOTOGRAPHED UNDER SO0DIUM
LIGHT FOR THICKNESS MEASURE=
MENT MAY BE SEEN IN THE
SUPPLEMENTARY DATA SECTION.

3. TCR

-16=

FOUR=POINT PROBE TEST SET,
LAPPING APPARATUS, MICROSCOPE

WITH CAMERA ATTAGHMENT; $O0DIuM

LIGHT SOURCE .

SILICONE OIL BATHS; TEMPERA=-
TURE CONTROLS, CHAMBER FOR

LOW TEMPERATURES.,



21F 16 PROBLEM AREAS

Oumic CONTACTS:

PERHAPS THE MOST ERITICAL PROBLEM TO BE SOLVED IN THE DEVELOPMENT
OF THE S1LICON RESISTIVE ELEMENT, OTHER THAN THE FUNDAMENTAL
PROBLEM OF MINIMiZING TCR, WAS THAT OF PROVIDING ELECTRICALLY

AND MECHANICALLY STABLE CONTACTS. MOST OF THE VARIATION IN
RESISTANGE UNDER LOAD COND'ITIONS RELATED TO INSTABILITY OF

THE OHM!C CONTACT TO THE SILICON ELEMENT.

THREE METHODS FOR MAKING OHMIC CONTACT WERE EVALUATED; NICKEL
PLATING; GOLD AND PALLADIYUM EVAPORATION, AND PLASMA SPRAYING

OF ALUMINUM AND COPPER. OF THESE, THE PLASMASSPRAYED Ar=Cu

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 NEGESSARY MECHANICAL STRENGTH
FOR GOOD STABILITY, LEAD WIRES ARE NORMALLY BALL=BONDED, A
THERMOCOMPRESS ION=TYPE BOND, TO THE EVAPORATED METAL AREAS, THiS
TECHNIQUE 1S USED FOR MAKING OHMIC CONTACT TOQ SILICON NETWORK
DEVICES BUT WAS NOT SUFFICIENTLY SUBSTANTIAL FOR THE HIGHER POWER
REQUIREMENTS OF A DISCRETE RESISTOR. LOAD LIFE DATA AND NOJSE
MEASUREMENTS WERE USED TO EVALUATE THE CONTACT METHODS (§§§
SUPPLEMENTARY DATA SECTION). A MICROPHOTOGRAPH OF A CROSS=
SECTION THROUGH THE PLASMA=SPRAYED SOLDER CONTACT MAY BE SEEN

IN FIGURE 5.



er Lead Soldered

lasma Sprayed Contact

~ontact and Silicon Layer

Cross=Section of Comact_Area
Polycrystalline Silicon on Ceramic

(50 X)

FIGURE 5
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DEVICE FABRICATION WORK; |,E.y MASKING AND ETCHIN

RESISTANGCE ADJUSTMENT:
THE DEVELOPMENT OF THE SEMICONDUCTOR ELEMENT WAS TO BE DIRECTED
TOWARD A MORE REL IABLE METHOD OF ADJUUSTING THE VALUE oOF

RESISTANCE THAN BY PURELY MECHANICAL MEANS (SUCH AS SPIRALL ING

"WITH AN ABRASIVE WHEEL) WHICH 1S STANDARD PRAGTIGE FOR CARBON

AND METAL FILM RESISTORS, Two TECHNIQUES FOR ADJUSTING THE
RESISTANGE OF THE $1L16ON ELEMENT WERE INVESTIGATED., THE
FIRST WAS A STANDARD TECHNIQUE EMPLOYED 1IN MOST SEMICONDUETOR

+ THE SECOND

£

AS THE MORE NOVEL APPROACH OF ELECTRON BEAM SCRIBING,

THE‘PHOTOEMASKING 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, Kopax

METAL ETCH RESIST). KMER 1S A PHOTO=SENSITIVE RESIN WHICH,
AFTER POLYMERIZATION, HAS EXCELLENT ACID RESISTANCE. USING
THIS TECHNIQUE IT WAS POSSIBLE TO OBTAILN PATTERNS WITH LINES
AND SPACINGS AS NARROW AS 2 MILS (.002") wiTH GOOD DEFINITION,
BASE VALUES OF APPROXIMATELY 50 OHMS COULD BE ETCHED TO VALUES
oF 100K AND ABOVE. (SEE MICROPHOTOGRAPHS OF ETCHED PATTERNS ON

RESPECTIVELY.)

i
—
[eo)
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Etched Pattern of Single (Epitaxial) Crystal Silicon Layer
FIGURE 6

Etched Pattern of Polycrystalline Silicon Layer
FIGURE 7
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§¥£§1f[C;ER9EHEM”AﬁE“§,(CONT'D)

ELECTRON BEAM SCRIBING WAS DONE WITH A MACHINE BUILT BY THE

Ze 155 CoMPANY IN GERMANY. THE TECHNIQUE COMBINES MELTING AND
EVAPORATION BY A HIGHSINTENSITY ELECTRON BEAM WHICH CAN BE
FOCUSED IN A CONTROLLABLE MANNER. THE EQu1PMENT ALLOWS THE
SUBSTRATE TO BE MANEUVERED FOR SCRIBING (OR WELDING) PRE=
DETERMINED PATTERNS. BOTH SINGLE AND POLYCRYSTALLINE ELEMENTS
WERE SCRIBED BY THIS TECHNIQUE TO LENGTHEN AND NARROW THE

RESISTANCE PATH, THUS INCREASING THE RESISTANCE VALUE OF THE

ELEMENT. FIGURE 8 SHOWS AN EXAMPLE OF SCRIBING POLYCRYSTALL INE

OF THE Two METHODS, PHOTO MASKING AND ETCHING WAS EMPLOYED AS

THE PRINCIPAL MEANS OF INCREASING THE RESISTANCE ABOVE BASE
VALUES, 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 ZE!SS ELECTRON
BEAM EQUIPMENT WAS A RESEARCH MODEL WHICH WAS NOT READILY AVAIL=

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

INCREASED SHEET RESISTANCE:
ONE SERIOUS LIMITATION OF THE SILICON RESISTIVE ELEMENT WAS THE
LOW RESISTIVITY NECESSARY FOR LOW TCR, WHICH IN TURN YIELDED LOW

SHEET RESISTANGE OF THE DEPOSITED LAYER. BuLK RESISTIVITY OF

-‘19-,



Electron-Beam Scribed Polycrystalline Silicon La
FIGURE 8
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MATERIAL FOUND TO BE OPTIMUM FOR 600D TCR CHARACTE

INCREASED SHEET RESISTANCE (ConT'D)

il
w

18TICS WAS
APPROXIMATELY 002 OHM=EM. SHEET RESISTANCE VALUES FOR
THICKNESSES OF ABOUT THREE MICRONS (APPROX .12 MILS) WAS
ABGUT E1auT (8) /5@ on SINGLE CRYSTAL (EPITAXIAL) LAYERS.
THE POLYCRYSTALLINE MATERIAL OF COMPARABLE THICKNESS GAVE

HIGHER SHEET RESISTANCE VALUES (APPROX 20 1/sQ) FOR THE

ATTEMPTS WERE MADE TO INCREASE THE SHEET RESISTANCE OF DIFFUSED

TS BY MORE SHALLOW DIFFUSIONS INTO THE SILICON

(o
>
<
™
x
m
~
X
m
z

SUBSTRATE. VALUES AS HIGH AS 300 /50 WERE OBTAINED ON
DIFFUSED ELEMENTS, BUT THE UNCERTAINTY OF REPEATING 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

<N

TILL UNANSWEREC 1Sy WHAT MINIMUM THICKNESS OF SILICON MAY BE

DEPOSITED WITHQUT 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 RELIABILITY 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.



4,

JUNGT 16N PROBLEMS ;

MENTIONED EARLIER WERE THE DIFFICULTIES ENCOUNTERED WITH

DIFFUSED AND EPITAXIAL ELEMENTS DUE TO THE PN JUNETION

VERSE CURRENT LEAKAGE; UNRELATED TO

SURFACE

-={
m

EFFECTS. H

ZENER OR AVALANGHE BREAKDOWN; IN A PsN JuNGTION CAN BE APPRE=
CIABLE IFf THE SURFACE OF THE SEMICONDUCTOR MATERIAL 1S CONTAMINATED
WITH RESIDUAL CHEMICALS (METALLIE SALTS, ETC.) WHICH ARE CON=

OUCTIVE: [N THE MANUFACTURE OF DIODES, RECTIFIERS,; ETC.,

MUST BE EXERCISED TO KEEP THE JUNCTION SURFACE

™

EXTREME CARE

CLEAN AND TO PASSIVATE THE SURFAGE (BY THERMAL OX IDATION;

o

FOR EXAMPLE) OF THE MATERIAL. THE PROBLEM OF INSTABILITY OF

FUSED ELEMENTS, WAS

o
e}

RESISTANCE; IN THE EVALUATION OF DI
BELIEVED TO BE RELATED TO THE SENSITIVITY OF THE JUNGTION WHICH
ISOLATES THE MORE HIGHLY DOPED LAYER FROM ITS SUBSTRATE.
SURFACE PROTECTION WITH SILICONE VARNISH HELPED MINIMIZE THE

CURRENT LEAKAGE AT HIGHER TEMPERATURES, BuT ROOM TEMPERATURE

INSTABILITY REMAINED A PROBLEM.

OHMIC CONTACTS TO THE DIFFUSED AND EPITAXIAL ELEMENTS WERE
ALSO COMPL ICATED BY THE PRESENGE Of THE P=N JUNCTION, [N
SOME CASES THE ALLOYED CONTACT 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 TS,

THIS CONTACT PROBLEM DID NOT EXIST WITH ELEMENTS DEPOSITED

=271 =



Y, Junction ProBLEMS (ConT'D)

ON INSULATING SUBSTRATES.

5. SHIFTING TCR ON PACKAGING:

A PROBLEM OF NONSREPRODUCIBILITY OF TCR CHARACTER1STICS

BECAME CRITICAL 1IN THE LAST QUARTER. THE TCR UNENCAPSULATED

ELEMENTS WERE FOUND TO INCREASE AS MucH AS 125 ppmu/°C (AT 65°C

AND 175°C) AFTER MOLDING IN THE FINAL PACKAGE: THE INCREASE
IN RESISTANCE AND TCR wAS DUE TO A PIEZORESISTIVE EFFECT CAUSED
BY AN INDUCED STRESS IN THE SILICON ELEMENT. THE STRESS REs

ULTED FROM CONTRAGTION OF THE EPOXY RPOTTING COMPOUND AS THE

\up,
wr

DEV ICE WAS COOLED FRoM 200°C (FINAL CURE TEMPERATURE) TO ROOM

TEMPERATURE .

EVIDENCE OF THE PIEZORESISTIVE EEFECT 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 CHARACTERIST!CS

1. DIFFUSED ELEMENTS:

TyricaL ReT CURVES FOR GALLIUM DIFFUSED ELEMENTS OF VARYING
SURFACE CONCENTRATION MAY BE SEEN IN FIGURE 10, THE SHEET

RESISTANCE OF THESE ELEMENTS RANGED FROM 50 To 100 Q/sa.

922-.
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DiFFused EceMENTS (CoONT'D)

JUNCTION DEPTH WAS APPROX IMATELY 0.3 M1ts (.0003"). Minimum

TCR VALUES WERE OBSERVED AT GA CONCENTRATIONS OF APPROXIMATELY

5 x 1018 ATOMS/CC. A HIGHLY NEGATIVE TCR BELOW ROOM TEMPERATURE

WAS CHARACTERISTIC FOR ALl CONCENTRATIONS OF GA INVESTIGATED.

w

THIS LOW TEMPERATURE BEHAVIOR 1S A FUNCTION OF THE ACTIVATION
ENERGY OF THE MAJORITY CARRIERS IN THE SEMJICONDUCTOR MATERIAL.
As THE IMPURITY ATOMS ARE IONIZED WiTH INCREASING TEMPERATURE,

THE RESISTIV

S
o)

Y EASES RAPIDLY FROM =50°C 16 25°C,

THE RATE OF DEGREASE IN RESISTIVITY WITH TEMPERATURE IN THIS
LOW TEMPERATURE REGION 1S PROPORTIONAL TO THE AMOUNT OF THERMAL

NERGY NEEDED TO COMPLETELY IONIZE THE CARRIERS = WHICH,; 1IN

m

TURN, 1S A FUNCTION OF THE THERMAL ACTIVATION ENERGY OF PRE=
DOMINANT IMPURITY ATOMS, GALLIUM HAS AN ACTIVATION ENERGY IN

stLicon oF ,065 ev.

EPITAXIAL ELEMENTS:

FiGurRe 11 SHOWS RESISTANCE=TEMPERATURE CURVES FOR EPITAXIAL

SILICON OF APPROXIMATELY THE SAME PHOSPHORYS DOPING LEVEL

DEPOSITED AT TWO THICKNESSES. BY GROWING A VERY THIN (APPROXI=
MATELY 0.1 MiL, .0001") LAYER EPITAXIAL ELEMENT, THE SHEET RE=
SISTANCE WAS INCREASED To ABOuT 100 Q/SQ. THE IMPROVEMENT 1IN
TCR CHARACTERISTIC IS BELIEVED TO BE DUE TO THE HIGH DISLOCATION

DENSITY AT THE INTERFACE OF THE THINNER LAYER. [N THE THINNER

LAYER, MOST OF THE CONDUCTION OCCURS IN THIS HIGH DISLOCATION

-2_3 -
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Ep1Tax1AL ELEMENTS (CONT'D)

REGION AND THE CONDUCTION.MECHANISM IS DETERMINED MAINLY BY

THE DISLOCATIONS:, IN THE THIECK LAYER MOST OF THE CONDUCTION
OCCURS AWAY FROM THE INTERFACE AND THE CONDUCTION MECHANISM,

WITH REFERENGE TO TEMPERATURE CHANGES; IS MORE TYPICAL OF
BULK ELEMENTS. AS STATED PREVIOUSLY,; THE TEMPERATURE DEPENDENCE
OF THE JUNCTION LEAKAGE ALSO HAS AN EFFE

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
REPRODUC IBLE; NOR WERE TCR VALUES AS LOW A5 CouLD BE OBTAINED

WiTH POLYCRYSTALL INE ELEMENTS.

POLYCRYSTALL INE ELEMENTS:

FIGUWRE 12 1S A TYPICAL CURVE FOR AN N=TYPE POLYCRYSTALLINE

SILICON ELEMENT, MiNIMyMm TCR VALUES FOR POLYCRYSTALL INE
ELEMENTS WERE OBTAINED AT DOFING LEVELS OF APPROX IMATELY

5 x 1019 ATQMS/CG OF PHOSPHORUS. FURTHER INCREASE IN DOPANT
DID NOT IMPROVE THE OVER ALL CHARACTERISTICS OF THE TCR CURVE.
THE SHAPE OF THE CURVE (NORMAL1ZED 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 10 1020 at,/cc) Tenoen To
SHIFT THE MINIMUM POINT ON THE GCURVE BUT DID NOT IMPROVE THE

OVER ALL TCR GHARACTERISTICS. FIGURE13 1S A CONTINUQUS PLOT

=24
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PoLYGRYSTALLINE ELEMENTS (ConT'D)

CRYSTALL INE ELEMENTS.

A 8TUDY WAS MADE OF TCR AS A Fun€ri0t OF S0EET RESIETANCE.
SUEET RESISTANCE S DEPENDENT uPON BOTH DOPING LEvEL (BULK

RESISTIVITY) AND TH1EKNESS.

THE TABLE BELOW L1878 THE SUEET RZLSI1STANCE VALUES MEASURED
ON A SERIES OF DEPOS!ITION RUNS AnD $Hows THE TCR OBTAINED FRON

THE ELEMENTS:. DEPOSITION CONDITIONS OF TEMPERATURE ; CONCEN=

-~

RATION; AND TIME WERE HELD CONSTANT IN THESE RUNS.

SHEET RESISTANGE

THERE APPEARS TO BE NO CORRELATION IN SHEET RESISTANCE WITHIN

THE LIMITED §}/SQ VALUES OBTAINED AND THE TCR ABOVE ROOM

=25~
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POLYCRYSTALLINE ELEMENTS (CONT'D)

TEMPERATURE

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

REACTOR., THE SINGLE CRYSTAL SLICE (ETCH~POLISHED SURFACE)

WAS PLACED ADJACENT TO AN ALUMINA CE

-

AMI1C SUBSTRATE iN THE
REACTOR AND SILICON WAS DEPOSITED. THE SHEET RESISTANCE OF
THE SINGLE CRYSTAL ELEMENT WAS APPROXIMATELY OWE HALF THE
VALUE OF THE POLYCRYSTALLINE ELEMENT. MEASURED RESISTANCE
CHANGES WITH INCREASING TEMPERATURE SHOWED THAT THE SINGLE
AT 175°C) WHILE THE POLYCRYSTALLINE ELEMENT SHOWED A TYPICAL

TCR VALUE FOR THIS DOPING LEVEL, 1.E. APPROX 150 ppM/°C.

‘GRAIN BOUNDARIES IN POLYCRYSTALLINE MATERIAL WERE BELIEVED TO
HAVE A SIGNIFICANT EFFECT ON THE ELECTRICAL BEHAVIOR OF THE
RESISTIVE ELEMENTS: AT THE BOUNDARY OF EACH CRYSTALLITE, THERE
WOULD BE A GONCENTRATION 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,
TH1S COULD EXPLAIN THE RELATIVELY GREATER SHEET RESISTANCE
DOPING LEVEL, THE TEMPERATURE DEPENDENCE OF THE GONDUCTIVITY

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

'_.,2649



POLYCRYSTALLINE ELEMENTS {ConT'p)

AND THE INTERFAGE BETWEEN. THE POTENTIAL BARRIER ACROSS THE

INTERFACES WOULD HAVE A TEMPERATURE sDEPEDENT CONDUET tVITY

SIMILAR TO A LOW BREAKDOWN D10GDE. A MuLTITuDE OF THESE

CRYSTALLITES AMD INTERFACES RANDOMLY ORIENTED WOULD BEHAVE
ELECTRICALLY LIKE BACKSTO=BACK DIODES WiITH LOW BREAKDOWN POTENTIALS

IN EATHER DIRECTION OF POLARITY, IT HAS BEEN THEORIZED THAT THE

EFFECTS OF THE GRAIN BOUNDARIES IN THE POLYERYSTALLINE LAYERS

HAVE BEEN T6 "8MOOTH OuT" THE RESISTANCE=TEMPERATURE CURVE BY

COMPENSATING TCR OF THE GRYSTALLITE WITH TCR OF THE BOUNDARY.

o

Two ELECTRON M1CROSCOPE PHOTOGRAPHS OF THE POLYCRYSTALLINE
LAYER STRUCTURES (ETCHED AND AS=DEPOSITED) WHICH SHOW GRAIN
STRUCTURE HAVE BEEN INCLUDED IN THE SUPPLEMENTARY DATA SECTION.
ALSO SHOWN 18 A LAPPED CROSS=SECTION THROUGH THE SILICON

LAYER AND ALUMINA SUBSTRATE, THE PENETRATION OF THE ALUMINA
CERAMIC BY THE PYROLYTICALLY DEPOSITED SILICON, AS OBSERVED

IN THE MICRO PHOTOGRAPH, PROVIDES AN EXCELLENT BOND BETWEEN

THE RESISTIVE LAYER AND ITS SUBSTRATE,

-279



TA (CONT INVED )

RELIABILITY INFORMAT ION:

THE FOLLOWING TABLE LISTS SOME OF THE MIL=R=105090 REQUIREMENTS
AND THE ACTUAL RESULTS OBSERVED IN TESTING THE MOLDED POLY=
CRYSTALLINE SILICON DEVICES,

MlLaRa105090
REQU IREMENT

Ig ST . C“AR i _C s RE SuULTS
RESISTANCE=TEMPERATURE £ 50 pem TypicaL N
CHARACTERISTIC (=53°C 7o 175°C) 500 ppu AT =55°C
150 peM AT 175°C
TempeRATURE CYCL ING 0.25% <30 max
.12 avag
Low=TEMPERATURE OPERATION 0.25% .07 uax
.02 ave
SHORT=T iME OVERLOAD 0.25% iQZ MAX
.04 ave
OVERLOAD (Sx) For 18 Hours - 1.0 MAX
MoisTure Resistance (10 pay)  9.5% .21 Max
10 ave
Loap LiFg (1009 Hour) 0.5% il omax

A7 ave
(4 pevices
TESTED AT 1/24)

DATA IN THIS SECTION INCLUDES:

1. LoaD LiFg DaTA FOR YO MOLDED DEVICES TESTED AT 125°C AND

1/2 WATT RPOWER FOR 1000 HOURS,
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2. RESULTS OF POWER CONDITIONING DEVICES AT 2:5 WATTS FOR

8 Hours.

-y

3. TEMPERATURE CYCLING, LOW=TEMPERATURE OPERATION, SHORT=

TIME OVERLOAD DATA ON TEN DEVICES.

4, MoISTURE RESISTANGE DATA ON TEN MOLDED DEVICGES.

SEVERAL ELEMENTS TO WHICH SPECIAL LEADS WERE ATTACHED WERE OPERATED

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.,

SHOW ING TEPS IN FABRICATING THE POLYCRYSTALLINE SILICON 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,
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| Oeperation MATER 1 AL MATER I AL
1 | ALuM INA SUBSTRATE [EPoxy PAINT
| ; { TR1CHLOROE THYLENE (M1ca FiLLED)
IPreparAT 1ON oF | | AceTone , |EPoxy PaInT
SUBSTRATE | Ix | DE1ONIZED WATER | T 1 tHiNneER
¢ | NiTRIC AC1D 5 (R
| ‘ :":X‘SOLDER,PB/SN(70/50)
| S1u1éon {Tin DirpinG 71 x| SOLBER FLux
| TeETRacHLORIDE | | I x| ALconor
| PHoSPHOROUS !
I | TRicHLORIDE ‘ 7 | X|€POXY €OMPOUND
VAPOR X | HYOROGEN JEPOoxY CASTING 7| x| EPOXY HARDNER ;
DEPOSITION "HEL tuM: ; - [
| N1TROGEN X | CODING INK !
1 [symBoL izaTion 72| x| INK THINNER ‘
- TR1 CHLOROE THYLENE |
PREPARAT 10N OF | x | HYDOROFLUORIC AC1D
SILICON ¢ | DEIONI1ZED WATER
ELEMENT X | ACETONE
x | METAL ETCH RESIST \
Ix | PHOTO DEVELOPER
fVatue 71X | SiLICoN ETCHANT
ADJUSTMENT % | TRICHLOROE THYLENE
(puoto eTen)] | Y/ |x | HYDROFLUORIC AC1D ’
1 | x | DEiON1ZED WATER
1 | x | ACETONE | |
‘ ‘ : ‘ ‘
‘ | | $7|x | Atuminum POWDER { @
12epL 1caTION ornL q»LZ:‘X“COPPER POWDER '
OHMIC CONTACT x | ARGON ‘
] Ix | ArGon/nyorocen(95/5)
X | SOLDER FLUX |
| (%S | SoLoer, sn/ac (95/5)
ATTACHMENT | DEI1ONIZED WATER
x | ACETONE ‘
2 | CorreRr LEADS (oFHe)
1 |
| i
] TEX AS INSTRUMENTS
- INCORPORATED
DALLAS. TEXAS
B SILICON RESISTOR,
o EPOXY ENCAPSULATION
12 (ProcESS & MATERIAL
b T FLow CHART) ,
— == owe
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TP TI SUNI P

LOW VALUL

ALUMINA SUBSTRATE

VAPOR DEPOSITED SILICON

K.M.E.R. APPLIED & DEVELOPED

VALUE ADJUSTED (PwoTo ETeweo)

OHMIC ALUMINUM CONTACT

COPPER OVERCOAT

LEAD ATTACH (SoLocr)

- ..W;wa—,:.u-iJ [‘J,’.m_\:‘;’-» o el i Wi by

EPOXY UNDERCOAT

i |

{ i

9 ;

EPOXY ENCAPSULATED
SILICON RESISTOR

298

HIGH VALUE
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MANUFACTURING PROCEDURE (CONT'D)

EQUIPMENT

1.

N

£ W

JTH
-

PYREX BEAKERS

GLASS STIRRING RODS

YLTRASON1E CLEANER

PLAST I BEAKERS

MATERIALS

TR I CHL OROE THYLENE
ACETONE

DE 1ONI1ZED WATER
NITRIC ACID
METHYL ALCOHOL

ALUMINA SUBSTRATES

PROCEDURE

1.

PLACE SUBSTRATES IN BEAKER OF METHYL ALCOHOL AND PUT IN
ULTRASONIC CLEANER FOR A MINIMUM OF THIRTY (30) MINUTES.
REPLACE METHYL ALCOHOL EVERY TEN (10) MINUTES UNTIL T
REMA INS CLEAN,

RINSE IN ACETONE,

WA§HVLN DEIONIZED WATER.

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

REMOVE AND LET SET FOR FIVE (5) MINUTES. PUR OFF ACID,
RINSE IN DEIONIZED WATER.

STORE IN ACETONE UNTIL REQUIRED FOR DEPOSITION,

«30=-




D.

MANUFACGTURING PROGEDURE (CONT'D)

VAPOR DEPOSIT

12
2
i

PREL IMINARY ADJUSTMENTS

(See FiGure U, VaporR DEPOSITION SYsTEM)

1,

:mz
-

-P-‘ENI

(s
-

CHECK VALVE "E". VALVE MUST BE IN POSITION NUMBER 1.
TuRN FOUR=WAY VALVE "D" 70 POSITION NUMBER 3.
TURN ON SWITCH "M" TO ACTIVATE EXHAUST FAN,
OPEN VALVE "L" AND I1GNITE PILOT LIGHT,

ABJUST POWERSTAT "O" To APPROXIMATELY 454,

NOTE: TEMPERATURE ON FLASH EVAPORATOR HEATING TAPE SHOULD

BE APPROX IMATELY 50°C.

TURN ON VALVE "G", COOLING AIR.

TURN ON SwiTcH "F", COOLING WATER,

NOTE: CHECK DRAIN FOR PROPER FLOW.

TurN ON VALVES "I", "J", aND "K", AbgusT "K" To APPROXI=

MATERLY 15 PS1G; ADJusT "J" To 8 psia; aouusT "I" To 20 psic.

REACTOR OPERAT ING PROCEDURE

AoyusT FLOWRATERS "B", "C" To iNDICATE 13 SuM FLow, HE.
Artow HE To fFLow FIvE (5) MINuTES.
NOTE: CHECK EXHAUST TO ASSURE UNIMPEDED FLOW OF GAS,

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

AoJusT POWERSTAT "N" TO CONTROL ELECTRODE TO APPROX 250°C.

ALLow HE TO CONTINUE FLOWING FOR FOUR (4) MINUTES MINIMUM,

951 -



D.

Manuf ACTUR ING PROCEDURE (CONT'D)

7: TuRN ON EMERGENCY SWiTCH "H",

NOTE: ExHAUST MUST IGNITE WITHIN APPROX Two

IF 1T DOES NOT IGNITE, TURN VALVE "E" To POSI

(2) seconos.

TION

NUMBER 1 AND CHECK EQUIPMENT FOR GAS SUPPLY OR OBSTRUCTED

EXHAUST LINE. WITR ASSURANCE OF PROPER EQUIPMENT SETUP,

REPEAT sTEP 8.
9. AbDJuUST FLOWRATERS "B" ano "C" 76 InDICATE 15
10, AbJusT POWERSTAT "N" TO CONTROL ELECTRODE TO
11, ADJUST FLOWRATER "A" TO INDICATE 1.5 ML/MIN.
Sty (1),
12, ApousT POWERSTAT "N" To CONTROL ELECTRODE TO
13. TURN FOUR=WAY VALVE "D'" To POSITION NUMBER 4
DEPOSITION AND ALLOW TO CONTINUE FOR DEFINED
14, TurRN vaLVE "D" To POSITION NUMBER 3 STOPPING
15. CLOSE FLOWRATER "A",
16, AuLow oNE=HALF (1/2) MINUTE MINIMUM TO CLEAR
17. AbJusT POweRsTAT "N" To zEro.

18. ALLOW ONE=HALF (1/2) MINUTE TO cOOL,

SLM FLow, Ha.

1150°C #10°C,
START ING
TIME,

DEPOSITION,

SYSTEM,

19. Turn vaLve "E" To POSITION NUMBER 1 AND ALLOW HE TO FLOW

For FIve (5) minuTES,

PREPARAT (ON OF SIL ICON ELEVENT

EQUIPMENT

2. GLAass STIRRING RODS
3. PLASTIC BEAKER
—}2;
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MANUFACTUR T

NG PROCEDURE (CONT'D)

MATER IALS

TR1CHLOROE THYLENE
HYBROFLUOR G AC 1D
DEtONiIZED WATER
ACETONE

VAPOR DEPOSITED S!iLICON ELEMENTS

PROCEDURE

1.
2.

3.

RINSE IN AGETONE.

Eiﬁig IN DE1ON12ED WATER.

WASH IN 10% SOLUTION OF HYDROFLUORIC ACID FOR FIVE (5)
MINYUTES. POUR OFF ACID.

EA!&E IN DEIONIZED WATER.

§I§2§7IN ACETONE UNTIL REQUIRED FOR OHMIC CONTACT

APPL ICATION,

VALUE_ADJUSTMENT (PHOTO ETCH)

EQUIPMENT

CENTRIFYUGAL SPINNER

DRY ING OVEN CAPABLE OF MAINTAINING 120°C
LIGHT EXPOSURE TOWER

PHOTO PATTERN

HOT PRLATE

PLASTIC BEAKERS

GLASS BEAKERS



D.

MANUFACTURING PROCEDURE (CONT'D)

MATERIALS

1,

e W & W

oo~

KobAk MeTAL ETEH Resist (KMER)

-4
b
o
x
-
I}
x
(=1
m
T
<
-
mi
Z
™~

HYDROFLUORIC ACID
DE1ONIZED WATER
ACETONE

METHYL ALCOHOL

PREPARED $1iL ICON ELEMENTS

PROCEDURE

CAUTION: AL KMER woRK MuST BE KEPT AWAY FROM DIRECT LIGHT

UNTIL ELEMENTS ARE EXPOSED AND DEVELOPED.

1.

PLACi PREPARED S!LICON ELEMENTS ON THE CENTRIFUGAL
SPINNER (SILICON $IDE UP).
AppLY KMER IN DROPS ON THE ELEMENT (COVER ELEMENT

COMPLETELY).

TURN SPINNER ON AND ALLOW THE EXCESS KMER TO BE THROWN
OFF, A UNIFORM THIN LAYER 1S DESIRED, DO NOT INCREASE
SPINNER ACTION ENOUGH TO MOVE ELEMENTS,

BAKE AT 120°C For Ten (10) MINUTES. ALLow TO cooL.,

PHOTO MASK W!TH DESIRED PATTERN AND EXPOSE FOR 2-1/2

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

~34.



MANUFAGTUR ING Procepure (ConT'o)

7. SPRAY DEVELOPER ON ELEMENTS UNTIL PATTERN 1S CLEAR;

DRY WiTH AIR SPRAY TO ASSURE COMPLETE DEVELOPMENT,

8. BAKE AT 120°C For TWENTY (20) MINUTES. ALLOW TO COOL.

9. ETCH IN SILICON ETCHANT NUMBER 39E UNTIL PATTERN 1§
CLEAN AND SHARP. DO NOT PROLONG ETCHING. PROLONGED
ETCHING WiLL UNDERCUT KMER AND DESTROY PATTERN: POUR
OFF AC1D,

10. ég;ggg IN DEIONFZED WATER.

11. CLEANING PROCESS:

MINUTES TO REMOVE KMER. MAKE SURE ALL KMER
K] RE’MOVED .

11.2 RINSE IN METHYL ALCOHOL.

11.3 Rinse IN 104 SOLUTION HYDROFLUORIC ACID.
(Use PLASTIC BEAKER.) POUR OFF ACID.

1.4 BoiL N DE1ONIZED WATER FIVE () MINUTES,

12. STORE IN ACETONE UNTIL READY FOR APPL ICATION OF OHMIC

CONTACT.

APPLICAT ION OF OHMIC_CONTACT

EQU IPMENT
1. MAsKING J16
2. PLASMA SPRAY GUN (PLASMADYNE CORPORATION, SANTA ANA,

CALIFORNIA) (SEE FiIGURE 15)



e o e e e

Plasma Spray Gun and Masking Jig
FIGURE 15
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D. MaNUFACTURING PROGEOURE (ConT'D)

MATER IALS

1.

i W [y

.

5.

ALumiNum POWDER (=325 MESH)
CoprER POWDER (=325 MEsH)
ARGON

ARGON=HYDROGEN 95/5

PREPARED SILICON ELEMENTS

PROCEDURE

1.

2,

MOUNT S1LICON ELEMENTS ON MASKING J1G,

PLACE A .500" METAL MASK ON THE ELEMENTS ALLOWING

APPROX IMATELY ,075"

>

OF ENDS EXPOSED ON EACH SIDE.

§552; THE EXPOSED END WITH ALUMINUM POWDER USING THE
MANUFACTURER'S INSTRUCTION FOR OPERATION OF THE PLASMA
SPRAY GUN (5G=3). AMPERES SETTING OF 375.

éﬁﬁél ALUMINYUM CONTACT WITH AN OVERCOAT OF COPPER POWDER
USING MANUFACTURING INSTRUCTIONS MENTIONED IN PARA, 3.
AMPERES SETTING OF 250.

REMeyt ELEMENTS FROM JIG AND STORE IN PROPER CONTAINERS

UNTIL REQUIRED FOR LEAD ATTACHMENT,

EAD ATTAGHENT

EQU IPMENT

1.
2.

3.

SoLDER IRON (U0 waTT)
LEAD ATTACHMENT HOLDING J1G (SEE FiGURE 16)

CERAMIC PLATES

-36 -



Lead Attachment Holding Jig
FIGURE 16
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D. MaNUFAETURING PROCEDURE {CONT D)

MATERIALS

1.

1,

2.

SoLbER SN/AG  95/5
SOLBER FLUX
DElONIZED WATER
AcCETONE

CopPER LEADS (OFHC)

OHMIE CONTACT APPLIED ELEMENTS

Dip END OF ELEMENT INTO SOLDER FLUX.
ON C‘CRAMIC P’I,ATE AND APPLY HOT SOLI)ER!NG IRON WITH

EXCESS SOLDER ON TIP TO THE COPPER=COATED AREA. ALLOW
THE SOLDER TO FLOW AND COVER THE OHMIE CONTAET AREA.

T stePs (1) anp (2) FOR OPPOSITE END OF ELEMENT.

Dip END OF LEAD WIRE IN SOLDER FLUX AND PLACE IN LEAD

GROOVE ALLOWING THE FLUXED END TO EXTEND THE FULL LENGTH
OF THE TINNED AREA,

IRON WITH EXCESS SOLDER ON TIP TO LEAD
WIRE. ALLOW SOLDER TO FLOW AROUND WIRE AND COVER TINNED
AREA. REMOVE SOLDERING IRON, QQMQQI«MpygiuNJT UNTIL
SOLDER HAS SET.

RePeAT STEPS (5) AND (B) FOR OTHER END OF ELEMENT.

WASH ELEMENTS IN DEIONIZED WATER TO REMOVE FLUX,

RINSE IN ACETONE AND ALLOW TO DRY,

STORE IN PROPER CONTAINER TO PREVENT CONTAMINATION UNTIL
REQUIRED FOR EPOXY UNDERCOATING,

9}7 -



D. MANUFACTURING PrROCEDURE (CONT'D)

EQUIPMENT

1. SOLDER POT CAPABLE OF MAINTAINING 200°C.
MATER IALS

1. SoLbEr Ps/SN 70/30

2. SUPERIOR FLUX NUMBER 30

3. TWEEZERS

b, MeETHYL ALCOHOL

5. EPOXY UNDERCOATED ELEMENTS

PROCEDURE

1, 25;22 ELEMENT WITH TWEEZERS

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

3. 2;5 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,

LR WASH UNITS IN METHYL ALCOHOL TO REMOVE FLUX.

5. ALLOW TO DRY AND STORE IN PROPER CONTAINER UNTIL

REQUIRED FOR EPOXY CASTING,



D. MANUFACTURING PROCEDURE (CONT'D)

EQU IPMENT

1. PAINT BRUSH

MATERIALS
1. Epoxy PAINT (MiCa FiLLED) (2 PARTS PAINT:1 PART =13 MESH
M1CA BY WEIGHT)
2. EPOXY PAINT THINNER (1:1 CELLOSOLVE ACETATE AND
1SOPROPYL ALCOHOL = BE WE IGHT)

3. LEAD ATTACHED ELEMENTS

1. MIX PAINT THOROUGHLY UNTIL MICA 1S WELL IN SUSPENSION:

5LY A COAT OF PAINT TO THE SILICON ELEMENT SIDE OF

THE SUBSTRATE. MAKE SURE THE CONTACT 1S COMPLETELY COVERED.

3. AIR DRY A MINIMUM OF THIRTY (30) minuTES AT 38°C,

=g

Bake FiFTEEN (15) HourRs AT 200°C.

u

ALLOW UNITS TO COOL TO ROOM TEMPERATURE.

D

STORE UNITS UNTIL REQUIRED FOR TIN DIPPING.

MOLD ING

MANUFACTURER'S SPECIFICATIONS FOR CASTING A SEMIFLEXIBLE EPOXY
MOLD ING COMPQUND WERE FOLLOWED FOR FINAL ENCAPSULATION OF THE
DEVICE, SILICONE RUBBER MOLDS WERE USED FOR BOTH IN=LINE AND

RAD IAL=LEAD CONF IGURAT IONS.

9;9'-_-
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RECOMMENDAT |ONS

THE BYROLYTIC SILICON RESISTOR DEVELOPED UNDER THIS CONTRACT ©iD NOT

TCR (OvER THE TEMPERATURE

—JI

COME WP TO EXPECTATIONS WITH RESPECT
RANGE OF =50°C 70 +175°C). N FACT, THE TCR IN THE LOW TEMPERATURE
REGION WAS GREATER THAN THAT NORMALLY EXHIBITED BY CARBON=F ILM
RES1STORS:. THE TCR ABOVE ROOM TEMPERATURE, AT 65°C and 175°C;
AVERAGED APPROXIMATELY 150 PPM/°C. To SUBSTANTIALLY IMPROVE THESE
TCR CHARACTERISTICS, 1.E: FLATTEN THE R vS T CURVE; WOULD REQUIRE
CONS IDERABLY MORE FUMDAMENTAL RESEARCH EFFORT THAN THAT EXPENDED iN
THIS CONTRACT,

A POSSIBLE APPROACH TO BE CONSIDERED IN ANY FUTURE RESEARCH EFFORT
WOULD BE TO DOPE THE SILICON WITH MORE THAN ONE IMPURITY OF THE SAME
TYPE, E.G:y; PHOSPHORUS AND ARSENIC, IN HOPE OF MINIMIZING THE SLOPE
OF THE RESISTIVITY guRvghlm THE LOW TEMPERATURE REGION. THtS, N
EFFECT, MIGHT BE EQUIVALENT TO DOPING WITH AN IMPURITY OF VARYING
ACTIVATION ENERGY, SUCH A PROGRAM WOULD BE VERY EXTENSIVE AND HAD TO

BE CONSIDERED OUTSIDE THE REALM OF THIS CONTRACT, JuSTIFICATION OF

SUGH 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 1TS RESISTANCE TQO OXIDATION AND HIGH
TEMPERATURE CAPABILITIES, EVEN SO, CONTINUATION OF THE R&D EFFORT -TO
REDUCE THE TCR OF THE SILICON DEVICE IS NOT ADVISED. NEITHER IS A
MANUFACTUR ING=METHODS TYPE CONTRACT RECOMMENDED FOR EXPLOITING THE

PROCESS THUS FAR EVOLVED,
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RECOMMENDAT 1ONS (ConTINuED)

IN SPITE OF THE INABILITY TO MEET THE CONTRACT OBJECTIVES WITH THE

SILICON LAYER RESISTIVE ELEMENT; SOME THOUGHT WAS GIVEN TO PILOT=LINE

OR COMMERCIAL=SCALE PRODUCTION. PYROLYTIC DEPOSITION OF SILICON BY

HYDROGEN REDUCTION OF THE HALIDE 18 A WIDELY USED PROCESS IN THE

SEMICONDUCTOR INDUSTRY, AND CONT INUOUS DEPOSITION SYSTEMS HAVE BEEN

PROPOSED .

w

THE SILICON RESISTOR AT THIS STAGE OF ITS DEVELOPMENT HAS CERTAIN

i

PROPERT IES WHICH SUGGEST POTENTIAL USES. ONE OF THESE 1S STABILITY

AT ELEVATED TEMPERATURES: |IT WAS RECOMMENDED THAT A PYROLYTIC
(POLYCRYSTALLINE) $ILICON DEVICE UNPROTECTED FROM THE ATMOSPHERE WOULD
OPERATE AT POWER LEVELS SUFFICIENT TO RAISE 1TS 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 PROV IDE GOQD HEAT
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.,

4=
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. Funs

" Increase sheat resis= |

Optimize conditions of]

vapor+depos | t1on pro= hormse

cess for controlable |

Adjust resistance by
electron beam scrib=
ing and photo=resist
stching

_ |
Improve ohmic contacts|
for geater mechanical |
strength and power
dissipation |
Determine effect of |
substrate resistivity |
on TCR of épitaxial
_layer elements

tivity of diffused and|
vapor-deposi ted 3
~élerents

Iivestigate effect of |
thermal history and

layer thickness on TCR|

_of vapor=dep elements

‘Design a package for |

encapsulation of ele-

ments for environmen= |

_tal testing

Lowér TCR of elements
to meet contract ob<
jective performance
(or request change in
Specs)

"Fabricate and test a
sufficient number of
finished devices for

_reliability information

Bufld, test and submit
20 of best (lowest TCR
most stable, etc.) ele
ments to BuShips

Evaluate and furnish
150 engineering sam-
ples of low TCR de-
vices to BuShips

Compiete final engin-
eering report

SCHEDULE _AND PERFORMANCE FOR PHASE 11

BuSHIPS CONTRACT NObsr 85406

SEMICONDUCTOR RESISTIVE ELEMENT

"Wy’ June July A Oct. Nov. Dec,
45 RAR = 3/21/62
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A. Micro Photograph of Epitaxial Silicon Layer,
Stained and Viewed under Sodium Light



Polycrystalline Silicon
1000x

Etched Alumina Substrate
1000x
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Polycrystalline Silicon (6000x)
As = Deposited Surface

Polycrystalline Silicon (6000x)
Etched Surface
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Aluming Ceramic

Lapped Cross=Section Through
Silicon Layer - Alumina Substrate

(400x)
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Sil:iéon Degésitédf
__on Ceramic Substrate

Low
Value

ﬁ Ll
__ Resistanes Adjus

o J High |

Applied

Encapsulation

ASSEMBLY AND PACKAGING
FLOW DIAGRAM
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D IFFUSED . EPITAXJAL POLYCRYSTALL INE

ETCH PATTERN

; sn.nzt;gg&sfn; ‘ sm::; genjsm. | ALUMING CERMMIE
| . I ‘
GALLIUM DIFFUSED Z:Zi’in'éiﬂgséliio ) | ::;g:h‘gg::;"m
mu
Pé“n,, MESA | N=TYPE MESA ' p-?v;t LAYER
Au=Ga ¢°';7*" - Au=Se CONTACT -
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CONFIGURATION FOR EPITAXIAL AND DIFFUSED SILICON ELEMENTS
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Auor Al (Alloyed) {J —e———a,

Silicon
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S IGNATURES

TH1S CONCLUDES THE FINAL ENGINEERING REPORY FOR SEMICONDUCTOR RESISTIVE

ELcMENTS UNDER CONTRACT NOasr-85406,

/ﬁzé)/,f,/ //0"‘4/"‘{} Z‘v

RooceR/B. HERRINGTON p(/
OPERATIONS CONTRACT MANAG

€ECiIt
MANAGER, PRODUCT ENGINEERING BRANCH
ResisTOR DEPARTMENT

Ravmono D. PuckeTY
MANAGER, RESISTOR DEPARTMENT



