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ABSTRACT

AN INVESTIGATION OF SEMICONDUCTOR SURFACE-RELATED

PHENOMENA HAS BEEN UNDERTAKEN TO CORRELATE 1/F NOISE WITH

DRAIN BREAKDOWN IN P-CHANNEL ENHANCEMENT MOSFET's. IN-

CREASES IN THE INTENSITY OF DRAIN CURRENT FLUCTUATIONS AT

10 Hz AND AT 1KHz, PARTICULARLY AT THE HIGHER FREQUENCY,

WAS OBSERVED FOLLOWING ACCELERATED LIFE-TESTING FOR THRESH-

OLD VOLTAGE DRIFT. IT WAS CONCLUDED THAT MOBILE IONS NEAR

THE OXIDE-SEMICONDUCTOR INTERFACE PRODUCE A SHARP INCREASE

IN FAST SURFACE STATES AND THAT THESE STATES MAY BE REGARDED

AS FAST TRAPPING CENTERS. IT WAS ALSO FOUND THAT THE 1/F

NOISE INTENSITY CONSISTENTLY PEAKED AT THE THRESHOLD OF

DRAIN BREAKDOWN AND THAT IT STEADILY DECREASED WITH FUR

THER INCREASES IN DRAIN CURRENT. OF ALL THE TRANSISTORS

TESTED, THOSE WITH RELATIVELY LOW NOISE INTENSITY WERE

FOUND TO EXHIBIT SHARPER BREAKDOWN CHARACTERISTICS AND

HIGHER BREAKDOWN VOLTAGES WHILE THOSE TRANSISTORS WITH

HIGH NOISE SHOWED SOFT BREAKDOWN CHARACTERISTICS. IT WAS

THEREFORE CONCLUDED THAT LOW NOISE MOS TRANSISTORS ARE

SUPERIOR TO THOSE WITH RELATIVELY HIGH NOISE AND THAT THE

1/F NOISE- DRAIN CURRENT CHARACTERISTICS MAY BE USED IN

NONDESTRUCTIVE TESTING TO DETERMINE THE APPROXIMATE DRAIN

BREAKDOWN VOLTAGE.
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CHAPTER 1

INTRODUCTION  AND THEORY OF MOSFET OPERATION

1.1 INTRODUCTION TO BASIC MOS DEVICES

	

THE BASIC METAL-OXIDE-SEMICONDUCTOR FIELD-EFFECT

TRANSISTOR (MOSFET) IS COMPOSED OF TWO HEAVILY-DOPED

REGIONS, THE SOURCE AND DRAIN, DIFFUSED INTO A SEMICON-

DUCTOR SUBSTRATE AND SEPARATED BY A CHANNEL. AN INSULA-

TED METAL GATE ABOVE THECHANNEL MODULATES MAJORITY CAR-

RIER CONDUCTION FROM THE SOURCE TO THE DRAIN BY FIELD

EFFECTS.

TWO TYPES OF DEVICES ARE COMMERCIALLY AVAILABLE: THE

P-CHANNEL MOSFET (IN WHICH HOLES ARE THE MAJORITY CARRIERS)

AND THE N-CHANNEL MOSFET (IN WHICH THE MAJORITY CARRIERS

ARE ELECTRONS). IN ADDITION, THERE ARE TWO COMMON MODES

OF OPERATION: THE ENHANCEMENT-MODE (IN WHICH THE DEVICE IS

NORMALLY OFF AND CHANNEL CONDUCTION IS ENHANCED BY THE

APPROPRIATE GATE VOLTAGE) AND THE DEPLETION-MODE (IN WHICH

THE CHANNEL NORMALLY CONDUCTS AND A GATE VOLTAGE DEPLETES 

IT OF MAJORITY CARRIERS). UNTIL RECENTLY, IT WAS CUSTOM-

ARY TO PRODUCE PRIMARILY EITHER P-CHANNEL ENHANCEMENT-OR

N-CHANNEL DEPLETION-MODE MOS TRANSISTORS. HOWEVER, COM

PLIMENTARY MOS INTEGRATED CIRCUITS CONSISTING OF PAIRS OF

BOTH P- AND N-CHANNEL TRANSISTORS ON A SINGLE CHIP ARE RE-

PLACING A LARGE PORTION OF THE BIPOLAR DEVICES IN USE TODAY.
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1 .2 THEORY OF MOSFET OPERATION

MODULATION OF CHANNEL CONDUCTION. 	 FIGURE 1-1 SHOWS

THE GEOMETRIC CONSTRUCTION OF A P--CHANNEL ENHANCEMENT -

MODE MOS TRANSISTOR PROPERTLY BIASED FOR CHANNEL CONDUC-

TION. 	 SUCH DEVICES REQUIRE A SUFFICIENTLY NEGATIVE GATE

VOLTAGE BEFORE THE CHANNEL BECOMES INVERTED. THIS THEN

FORMS A P TYPE CONDUCTING PATH BETWEEN THE SOURCE AND THE

DRAIN, THE CONDUCTIVITY OF WHICH IS ENHANCED WITH INCREAS-

INGLY NEGATIVE GATE BIAS. N-CHANNEL ENHANCEMENT MOSFET's

N+HAVE N SOURCE AND DRAIN REGIONS AND REQUIRE A DRAIN AND

GATE BIAS OF OPPOSITE POLARITY TO THOSE OF P-CHANNEL MOS

TRANSISTORS IN ORDER TO OPERATE. DEPLETION-MODE DEVICES

HAVE A BUILT-IN CONDUCTING CHANNEL BENEATH THE OXIDE OF

THE SAME TYPE OF MATERIAL USED FOR THEIR RESPECTIVE DRAIN

AND SOURCE REGIONS.

FIGURE 1-2A IS A LATERAL VIEW TAKEN IN THE CHANNEL

BETWEEN THE SOURCE AND DRAIN OF A P-CHANNEL ENHANCEMENT

MOSFET. V GS IS THE GATE BIAS APPLIED BETWEEN THE GATE AND

SOURCE TERMINALS. WITH THE SOURCE AND SUBSTRATE AT AN ELEC-

TRICAL GROUND, THERE ARE THREE GATE BIAS CONDITIONS OF IN-

TEREST.

FIGURE 1-26 ILLUSTRATES THE SEMICONDUCTOR ENERGY BANDS

AND CHARACTERISTIC "BAND BENDING" WHEN THE APPLIED V GS IS

GREATER THAN ZERO. AN ABRUPT DIFFERENCE IS ASSUMED BETWEEN

THE OXIDE (S 1 02 ) AND THE SEMICONDUCTOR SUBSTRATE. THE ENERGY



FIGURE 1-1. GEOMETRICAL CONSTRUCTION OF A P-CHANNEL EN-
HANCEMENT MOSFET BIASED FOR CHANNEL CONDUCTION. SUCH DEVICES
HAVE ISOLATED P+SOURCE AND DRAIN DIFFUSIONS WITHIN AN N-TYPE
SEMICONDUCTOR SUBSTRATE. AN OXIDE LAYER, USUALLY S 1 0 2 , IN
SULATES THE GATE FROM THE SUBSTRATE AND PASSIVATES THE SUR
FACE OF THE DRAIN AND SOURCE P-N JUNCTIONS. TERMINALS ARE
PROVIDED FOR THE DRAIN, GATE, AND SOURCE AND, IN SOME CASES,
A SEPARATE TERMINAL FROM THE SUBSTRATE BULK MAY ALSO BE EX
TERNALLY AVAILABLE. OTHERWISE, THE SUBSTRATE IS CONNECTED
INTERNALLY TO THE SOURCE AND THE DEVICE IS THEN USUALLY IN-
TENDED TO BE OPERATED WITH ONLY ONE OF THE P + REGIONS AS THE
DRAIN.



FIGURE 1-2. 	 ENERGY BAND-BENDING NEAR THE SEMICONDUCTOR
SURFACE UNDER THREE CONDITIONS OF GATE BIAS FOR A P-
CHANNEL ENHANCEMENT MOSFET 1. (B) POSITIVE V GS RESULTS IN
AN ELECTRON ACCUMULATION BENEATH THE OXIDE; C) SMALL I-V GS1
RESULTS IN DEPLETION REGION; AND (D) LARGER 1-VGs1 CAUSES
SURFACE INVERSION AND AN ACCUMULATION OF HOLES.
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BANDS ARE IDENTIFIED AS FOLLOWS:

E C ELECTRON ENERGY AT THE EDGE OF THE CONDUCTION
BAND

E
F ELECTRON ENERGY AT THE FERMI LEVEL, DEFINED

AS THE ENERGY LEVEL AT WHICH "THE PROBABILITY
OF OCCUPATION OF AN ENERGY STATE BY AN ELECTRON
IS EXACTLY ONE-HALF." 2

EI ELECTRON ENERGY AT THE INTRINSIC FERMI LEVEL,
THE FERMI LEVEL IN AN INTRINSIC SEMICONDUCTOR

E v ELECTRON ENERGY AT THE EDGE OF THE VALENCE
BAND.

A POSITIVE GATE BIAS LOWERS THE ENERGY LEVEL ASSOCI-

ATED WITH THE SURFACE STATES DOWN NEAR THE FERMI LEVEL IN

THE SEMICONDUCTOR MATERIAL. THE PROBABILITY OF THE STATES

BEING OCCUPIED BY AN ELECTRON IS GREATLY INCREASED AND AN

ELECTRON ACCUMULATION RESULTS BENEATH THE OXIDE.

FIGURE 1-2C SHOWS THE EFFECT OF APPLYING A SMALL NEGA-

TIVE GATE BIAS. As THE STATES ARE ELEVATED, THEIR PROBA

BILITY OF OCCUPATION BY ELECTRONS IS DECREASED. THE CHANNEL

NEAR THE OXIDE BECOMES DEPLETED OF ELECTRONS. 	 THIS RESULTS

IN A DEPLETION REGION WHICH CONSISTS OF MOSTLY BOUND IONS

OF IMPURITY ATOMS.

WHEN THE GATE BIAS IS SUFFICIENTLY NEGATIVE, THE PRO-

BABILITY OF OCCUPATION APPROCHES ZERO. ENOUGH ELECTRONS

ARE THEN DISPLACED FROM THE SEMICONDUCTOR SURFACE (HEREAFTER

REFERRED TO SIMPLY AS THE SURFACE) THAT THEY BECOME THE MIN-

ORITY CARRIERS, WHILE HOLES BECOME DOMINANT. FIGURE 1-2D
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SHOWS A NET ACCUMULATION OF HOLES IN THE SUBSTRATE DIRECTLY

BENEATH THE OXIDE. 	 WHEREAS THE CHANNEL WAS HITHERTO COM-

POSED OF N-DOPED SILICON, THE SURFACE IS NOW WITHIN AN

INVERSION REGION, THEREBY ALLOWING A HOLE CURRENT TO FLOW

FROM THE SOURCE TO THE DRAIN WHEN THE DRAIN IS BIASED AT A

POTENTIAL NEGATIVE WITH RESPECT TO THE SOURCE.

THE NEGATIVE GATE VOLTAGE WHICH PERMITS A CURRENT OF

TEN MICROAMPERES TO FLOW WITH AN APPLIED -VDS EQUAL TO -V GS

IS DEFINED TO BE THE THRESHOLD VOLTAGE, V T . IT IS SO-NAMED

BECAUSE IT IS AT THIS POTENTIAL THAT THE SURFACE IS AT THE

THRESHOLD OF INVERSION.

IT IS EVIDENT THAT THE DEPTH, AND SO THE CONDUCTANCE,

OF THE CONDUCTING CHANNEL MAY BE EASILY MODULATED BY VARI-

ATIONS IN THE APPLIED GATE VOLTAGE. THE MOS TRANSISTOR

ACQUIRES ITS PROPERTY OF AMPLIFICATION FROM THE FACT THAT

A RELATIVELY SMALL VARIATION IN VGS INDUCES A LARGE VARIA-

TION IN DRAIN CURRENT.

OPERATION BEYOND CHANNEL PINCH-OFF. 	 FIGURE 1-3A

SHOWS A CROSS-SECTION OF A P-CHANNEL ENHANCEMENT-MODE

TRANSISTOR WITH GATE VOLTAGE LARGE ENOUGH TO ESTABLISH A

CONDUCTING CHANNEL BETWEEN THE SOURCE AND DRAIN. 	 IN THE

COMMON—SOURCE CONFIGURATION IT IS CUSTOMARY TO GROUND THE

SOURCE AND SUBSTRATE BULK AND APPLY A NEGATIVE VOLTAGE TO

THE DRAIN. A SMALL |-VDS| RESULTS IN THE BIAS CONDITION

FORMERLY ILLUSTRATED IN FIGURES 1-1 AND 1-2D ABOVE.
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FIGURE 1-3. 	 EFFECTS OF INCREASING |-VDS| ON THE INVERSION
REGION OF A P-CHANNEL ENHANCEMENT MOS T. 	 (A) CONDITION
WITH SMALL |-VDS|; (B) PINCH-OFF CONDITION; AND (C) CONDITION
BEYOND CHANNEL PINCH-OFF.
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SINCE BOTH THE DRAIN AND SOURCE REGIONS ARE OF P -1-

TYPE SILICON (NA BETWEEN 10 18 AND 10 28 CM -3 ) IN AN N-DOPED

SEMICONDUCTOR SUBSTRATE (N D =-10 15 CM"' 3 ) 	 THERE IS A NATURAL

RECOMBINATION PROCESS AS ELECTRONS FILL HOLES NEAR THE

P-N JUNCTIONS. 	 WITH THE DRAIN AND SOURCE HEAVILY DOPED,

RECOMBINATION EXTENDS MUCH FURTHER INTO THE SUBSTRATE

THAN INTO EITHER THE SOURCE OR THE DRAIN. 	 THIS RESULTS IN

A SPACE-CHARGE DEPLETION REGION AROUND THE SOURCE AND DRAIN

JUNCTIONS. 	 FURTHERMORE, SINCE THE SUBSTRATE IS ELECTRICALLY

CONNECTED TO THE SOURCE ANY APPLIED -VDS REVERSE BIASES

THE DRAIN-TO-SUBSTRATE P-N JUNCTION, THEREBY FURTHER

CREASING THE WIDTH OF THAT PARTICULAR DEPLETION REGION. 3

I F 	psi1  IS SMALL COMPARED TO I-VGSk THERE IS A LINEAR

DROP IN POTENTIAL ALONG THE CHANNEL AS HOLE CURRENT PROCEEDS

FROM THE SOURCE TO THE DRAIN. 	 IN THIS CONDITION, THE DRAIN

CURRENT -ID (NEGATIVE TO INDICATE THAT THE MAJORITY CARRIERS

ARE HOLES) IS LINEARLY PROPORTIONAL TO I-Vp s i AND THE TRAN-

SISTOR IS SAID TO BE OPERATING IN THE LINEAR PORTION OF ITS

I-V (CURRENT-VOLTAGE) CHARACTERISTICS.

IT IS EVIDENT THAT ASI-...VDs1 IS INCREASED, THE DIFFERENCE

IN POTENTIAL BETWEEN THE GATE AND DRAIN TERMINALS IS LESSENED.

SINCE THE INVERSION REGION IS DEPENDENT UPON THE ELECTRIC

FIELD ACROSS THE OXIDE, WHICH IS A FUNCTION OF THE POTENTIAL

DIFFERENCE ACROSS EACH DIFFERENTIAL ELEMENT OF THE OXIDE

ALONG THE CHANNEL 	 THE WIDTH OF THE INVERSION REGION IS
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DIRECTLY PROPORTIONAL TO THE ELECTRIC FIELD INTENSITY IN

THAT PORTION OF THE OXIDE DIRECTLY ABOVE IT. 	 CONSEQUENTLY,

AS |-VDS| INCREASES, THE FIELD IN THE OXIDE AT THE DRAIN-END

DF THE CHANNEL DECREASES. 	 EVENTUALLY, IF |-VDS| IS MADE HIGH

ENOUGH, THE FIELD INTENSITY IS UNABLE TO SUPPORT CHANNEL

INVERSION NEAR THE DRAIN-TO-SUBSTRATE JUNCTION. 4 FIGUREIGURE 1-3B

ILLUSTRATES THIS EFFECT AT THE ONSET OF CHANNEL PINCH-OFF,

A CONDITION MARKED BY ESSENTIALLY ZERO CHANNEL DEPTH AT THE

DRAIN-END.

FIGURE 1-3C SHOWS THE EFFECT OF FURTHER INCREASING |-VDS|.

THE LENGTH OF THE INVERTED CHANNEL DECREASES BY AN AMOUNT ΔL

AND THE EXPOP (EXTRAPOLATED PINCH-OFF POINT AT THE TIP OF

THE INVERSION REGION) RECEDES TOWARD THE SOURCE. 	 IF THE

RESISTIVITY OF THE INVERTED REGION IS AVERAGED OVER ITS EN-

TIRE LENGTH, ANY SHORTENING YIELDS A DECREASE IN CHANNEL

RESISTANCE AND A CORRESPONDING INCREASE IN DRAIN CURRENT.

IF IT IS ASSUMED THAT A DIFFERENTIAL INCREASE IN DRAIN

VOLTAGE BEYOND THAT REQUIRED FOR SATURATION IS ACCOMPANIED

BY A DIFFERENTIAL INCREASE IN DRAIN CURRENT DUE ENTIRELY TO

A DIFFERENTIAL REDUCTION IN CHANNEL LENGTH, THEN THE INSTAN-

*ACTUALLY, THE CHANNEL DEPTH MUST BE SOME FINITE DIMEN-
SION IN ORDER FOR DRAIN CURRENT TO FLOW. "ZERO CHANNEL DEPTHS'
IS AN APPROXIMATION USED FOR THE CONVIENCE OF DEFINING THE
CHANNEL PINCH-OFF CONDITION. REFER TO SOURCES 1969-2 AND
1965-6 IN THE BIBLIOGRAPHY FOR A MORE DETAILED EXPLANATION OF
THE SATURATION PHENOMENA.



DRAIN VOLTAGE, -V DS , 5 VOLTS/DIVISION

GATE VOLTAGE IN ONE VOLT INCREMENTS
STARTING FROM V GS =-6 VOLTS

FIGURE 1-4. PHOTOGRAPH SHOWING THE CURRENT-VOLTAGE CHAR-
ACTERISTICS OF A TYPICAL P- CHANNEL ENHANCEMENT MOSFET.
THE CURVES WERE TAKEN FROM A TETRONIX TYPE 527 TRANSISTOR
CURVE TRACER WITH A SLIGHT MODIFICATION WHICH ALLOWED FOR
VARIATIONS IN APPLIED GATE VOLTAGE.



11

TANEOUS SLOPE OF THE I-V CHARACTERISTICS IN THE SATURATION

REGION YIELDS THE SMALL-SIGNAL SATURATION DRAIN CONDUCTANCE.

THIS QUANTITY MAY BE EXPRESSED BY THE FOLLOWING: 5

FIGURE 1-4 SHOWS THE I-V CHARACTERISTICS OF A TYPICAL

P-CHANNEL ENHANCEMENT MOSFET. THE LINEAR AND SATURATION

REGIONS ARE LABELED. IT IS EVIDENT THAT CHANNEL SHORTEN

ING YIELDS A FINITE OUTPUT RESISTANCE FOR MOS TRANSISTORS.

1.3 PREVIOUS INVESTIGATIONS OF THE SATURATION PHENOMENON 

FROHMAN-BENTCHKOWSKY AND GROVE 6 AND OTHERS 7,8 HAVE

STUDIED MOSFET SATURATION CONDUCTANCE IN TERMS OF DEVICE

PARAMETERS. APPENDIX A REVIEWS THE ANALYTICAL ANALYSIS OF

THE EFFECTS OF OXIDE THICKNESS, ELECTRIC FIELD INTENSITY

AND ASSOCIATED FRINGING EFFECTS, AND THE SEMICONDUCTOR IM

PURITY CONCENTRATION ON DRAIN CONDUCTANCE. IN GENERAL, THE

SATURATION DRAIN CONDUCTANCE CAN BE EXPECTED TO INCREASE

WITH BOTH INCREASED OXIDE THICKNESS (SEE EQUATION A-12)

.AND DECREASED IMPURITY CONCENTRATION (SEE EQUATION A-9) IN

THE SUBSTRATE. 9

DEVICES WHICH EXHIBIT ABNORMALLY HIGH DRAIN CONDUCTANCE

IN THE SATURATION REGION CAN THEREFORE ALSO BE EXPECTED TO

HAVE A THICKER OXIDE LAYER, A LOWER SUBSTRATE IMPURITY CON-

CENTRATION, OR BOTH. THIS INVESTIGATION SUGGESTS THAT THE

SATURATION DRAIN CONDUCTANCE IS ALSO A FUNCTION OF THE SURFACE-
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STATE DENSITY AT THE OXIDE-SEMICONDUCTOR INTERFACE.

REDDI AND SAH10 HAVE SHOWN THAT THE DRAIN-TO-SOURCE

VOLTAGE REQUIRED FOR PINCH-OFF DECREASES WITH BOTH IN-

CREASING OXIDE THICKNESS AND HIGHER BULK DOPING. SINCE

SMALL INCREASES IN THE NUMBER OF IMPURITIES USED TO DOPE

THE SUBSTRATE YIELD GREAT INCREASES IN THE NUMBER OF FREE

CARRIERS ACCORDING TO THE FAMILIAR EQUATION, 11

IT IS REASONABLE TO EXPECT THAT A LARGER GATE BIAS IS NEC-

ESSARY TO DEPLETE, AND FINALLY INVERT THE CHANNEL WHEN THE

SUBSTRATE IMPURITY CONCENTRATION IS HIGH.

FIGURE 1-5 ILLUSTRATES A P-CHANNEL ENHANCEMENT MOSFET

DRAWN TO SCALE. THE CONTOURS OF THE DEPLETION REGIONS AND

THE VARIOUS DIMENSIONS APPROXIMATE THEORETICAL BOUNDARIES

BASED ON CUSTOMARY IMPURITY DOPING CONCENTRATIONS AND APPLIED

TERMINAL VOLTAGES. SINCE THE WIDTH OF THE INVERSION REGION

IS TYPICALLY LESS THAN 100Å, CHANNEL INVERSION AND DRAIN

CONDUCTANCE ARE BOTH ESSENTIALLY SURFACE EFFECTS. THEREFORE,
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THE CHARACTERISTICS OF THE OXIDE-SEMICONDUCTOR INTERFACE

LARGELY DETERMINE THE OBSERVED PROPERTIES OF MOS TRANSIS-

TORS.

SUCCEEDING CHAPTERS DISCUSS THE S1 -S1 O2 INTERFACE IN

MORE DETAIL. CORRELATIONS ARE MADE BETWEEN SURFACE-STATE

DENSITY, SEMICONDUCTOR IMPURITY CONCENTRATION, AND BOTH

THE EXCESS NOISE AND SATURATION DRAIN CONDUCTANCE PHENOM-

ENA AND HOW THEY RELATE TO THE TYPE AND EXTENT OF DRAIN

BREAKDOWN IN ENHANCEMENT-MODE MOS TRANSISTORS.



FIGURE 1-5. 	 SCALE DRAWING OF A P-CHANNEL ENHANCEMENT MOSFET12
THE INVERSION REGION IS NOT DRAWN TO SCALE
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CHAPTER 2

FABRICATION AND PROPERTIES OF THE S1 -S1 02 INTERFACE

2.1 	 INTRODUCTION

MANY OPERATING CHARACTERISTICS OF MOS FIELD-EFFECT

TRANSISTORS, PARTICULARLY THOSE WHICH FUNCTION IN THE EN-

HANCEMENT MODE, MAY BE TRACED DIRECTLY TO THE PROPERTIES

OF THE SILICON-SILICON DIOXIDE INTERFACE. THE FOLLOWING

DISCUSSIONS QUALITATIVELY INVESTIGATE THESE PROPERTIES

AND REVIEW THE MECHANISMS BY WHICH THE INSULATING LAYER

IS GROWN ON SILICON. EXPERIMENTAL EVIDENCE IS OFFERED

TO EXPLAIN THRESHOLD VOLTAGE DRIFT IN TERMS OF A REDIS-

TRIBUTION OF MOBILE IMPURITY IONS WITHIN THE OXIDE. THE

MAGNITUDE OF SUCH DRIFT IS CORRELATED WITH THE INTENSITY

OF DRAIN CURRENT FLUCTUATIONS AND IT IS SHOWN THAT TRAN-

SISTORS WHICH EXHIBIT HIGH NOISE ALSO TEND TO SHOW HIGH

THRESHOLD VOLTAGE DRIFT. MEASUREMENTS OF IDSS CONFIRMED

THAT THERE IS NO MEANINGFUL CORRELATION BETWEEN LEAKAGE

AT THE DRAIN P-N JUNCTION AND THRESHOLD VOLTAGE DRIFT.

2.2 BACKGROUND INFORMATION

GROWTH AND OXIDATION OF SILICON. CRYSTAL DEFECTS MAY

BE INTRODUCED DURING THE GROWTH OF N- OR P-DOPED MONO-

CRYSTALINE SILICON. CRYSTAL DEFECTS MAY BE THERMALLY

STRESS-INDUCED NEAR THE LIQUID-SOLID INTERFACE. DURING

EPITAXIAL GROWTH, VAPOR-PHASE REDUCTION OF SILICON-TETRA-

CHLORIDE INTRODUCES DEFECTS AS THE TEMPERATURE OF GROWTH IS
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REDUCED.

THE OVERALL REVERSIBLE CHEMICAL REACTION 1

SHOWS THAT HYDROCHLORIC ACID CONTAINED IN THE CARRIER

GAS ENTERING THE REACTOR MAY RESULT IN REMOVAL RATHER

THAN GROWTH OF SILICON.

THE COMPETING REACTION2

SUGGESTS THAT "IF THE [SILANE] CONCENTRATION IS TOO HIGH,

ETCHING OF THE SILICON WILL TAKE PLACE EVEN IN THE AB-

SENCE OF A SIGNIFICANT CONCENTRATION OF HCL." 3 SUCH

ETCHING DESTROYS MONO-CRYSTALLINE SURFACE PERIODICITY

DUE TO LOSS OF SURFACE ATOMS. 	 HIGH TEMPERATURES DURING

THE GROWTH PROCESS ENABLES NEIGHBORING ATOMS TO EASILY

MIGRATE TO REDUCE THE ENERGY LEVEL AT STRESS POINTS

CAUSED BY VACANCIES. 	 THIS INDUCES EVEN MORE LATTICE DE-

FORMATION WHICH MAY LEAVE THE SUBSTRATE WITH AN EXCESS

OF HIGH ENERGY STATES AS A RESULT OF WEAK OR MISSING CO-

ORDINATIVE BONDS NEAR THE SEMICONDUCTOR SURFACE. 	 IN

CONTRAST WITH RELATIVELY RIGID TETRAHEDRONS OF NEAR PER-

FECT CRYSTALLINE SILICON, THE HIGH ENERGY STATES MAY

FACILITATE HIGHER DIFFUSIVITY OF IMPURITIES INTO THE

SUBSTRATE.



THERMAL OXIDATION OF SILICON MAY PROCEED BY EITHER

OF TWO REACTIONS DEPENDING ON THE NATURE OF THE OXIDATION

PROCESS USED: 4

IT HAS BEEN SHOWN THAT SOME OF THE SURFACE EPITAXIAL

SILICON IS CONSUMED DURING OXIDATION:

"FROM THE DENSITIES AND MOLECULAR WEIGHTS OF
SILICON DIOXIDE, A LAYER OF SILICON '.45 x O
THICK IS CONSUMED [WHERE XO IS THE NET OXIDE

THICKNESS]. 	 IT HAS BEEN DEMONSTRATED BY THE
USE OF RADIOACTIVE TRACERS THAT OXIDATION
PROCEEDS BY AN INWARD MOTION OF THE OXIDIZING
SPECIES THROUGH THE OXIDE LAYER RATHER THAN
BY THE OPPOSITE PROCESS OF THE OUTWARD MOTION
OF SILICON TO THE OUTER SURFACE OF THE OXIDE." 5

ACCORDINGLY, THE OXIDIZING SPECIES MUST UNDERGO THREE

CONSECUTIVE STEPS DURING OXIDATION: 6

1. THEY MUST BE TRANSPORTED FROM THE BULK OF THE GAS

TO THE GAS-OXIDE INTERFACE;

2. THEY MUST DIFFUSE ACROSS THE OXIDE LAYER ALREADY

PRESENT; AND

3.	 THEY MUST REACT AT THE SILICON SURFACE.

IT IS NOW CLEAR THAT OXIDE-MASKING STEPS DURING PRO-

DUCTION OF MOS DEVICES INDUCE CRYSTAL STRESS WHEN THE

OXIDIZING SPECIES MAKE THEIR WAY THROUGH EXISTING LAYERS

OF OXIDE AND THE SEMICONDUCTOR BENEATH THEM. 	 OTHER IONIC
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IMPURITIES SUCH AS SODIUM AND HYDROGEN MAY REACT WITH THE

SILICON AND SILICON DIOXIDE AT THE S1 -S1 02 INTERFACE AND IN-

TRODUCE A LARGE NUMBER OF STATES WITH ENERGY LEVELS WITHIN

THE FORBIDDEN GAP. SUCH STATES ARE CALLED SURFACE STATES 

AND WILL BE SHOWN TO PLAY A VITAL PART IN NOISE PHENOMENA

ASSOCIATED WITH MOS TRANSISTORS.

IT IS A WELL KNOWN FACT THAT "IN EQUILIBRIUM, THE CON-

CENTRATION OF A SPECIES WITHIN A SOLID IS PROPORTIONAL TO

THE PARTIAL PRESSURE OF THE SPECIES IN THE SURROUNDING GAS."7

EXPERIMENTAL DATA UNDER WIDELY RANGING CONDITIONS OF TEM-

PERATURE, PARTIAL PRESSURE OF OXIDENTS, AND USING EITHER

OXYGEN OR WATER VAPOR AS THE OXIDIZING SPECIES CONFIRM THAT

FOR LARGE TIMES T, THE THICKNESS OF THE OXIDE FILM MAY BE

EXPRESSED AS 8

HERE Z IS A PARABOLIC RATE CONSTANT FOR THE PROCESS AND IS

PROPORTIONAL TO THE PARTIAL PRESSURE OF THE OXIDENT IN THE

GAS AND RELATED TO BOTH THE DIFFUSIVITY AND CONCENTRATION

OF THE OXIDIZING SPECIES IN THE OXIDE LAYER.

EXPERIMENTAL INVESTIGATIONS HAVE INDICATED THAT "FOR

OXIDATION BOTH WITH OXYGEN AND WITH WATER VAPOR, THE OXI-

DIZING SPECIES MOVING THROUGH THE OXIDE LAYER ARE APPARENTLY

MOLECULAR. "9 AT LEAST ONE THEORY OF 1/F NOISE 10 MAKES USE

OF A "SLOW RELAXATION" IN THE TRANSISTION FROM MOLECULAR
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CHEMISORBED WATER TO LARGER CHEMISORBED COMPLEXES.

PROPERTIES OF THE Si-SiO2  INTERFACE. 	 THE SILICON-

SILICON DIOXIDE INTERFACE IN MOS TRANSISTORS MAY BE CHAR-

ACTERIZED BY FIXED SURFACE-STATE CHARGE IN THE OXIDE,

SPACE CHARGES WITHIN THE INSULATING LAYER DUE TO MOBILE 

IMPURITY IONS AND TRAPS IONIZED THERMALLY OR BY RADIATION,

AND SURFACE STATES. EACH OF THESE PHENOMENA ARE TREATED

INDIVIDUALLY IN THE FOLLOWING DISCUSSIONS.

1. 	 FIXED SURFACE-STATE CHARGE. 	 IT IS THEORIZED THAT

THE UNEXPECTED EXISTENCE OF A FIXED SURFACE-STATE CHARGE

, Dss, LOCATED AT OR NEAR THE Si-SiO2 INTERFACE IS ATTRIBUTED

TO EXCESS UNREACTED IONIC SILICON PRESENT IN THE OXIDE DUR-

ING THE OXIDATION PROCESS. THE CHARACTERISTICS OF THIS

CHARGE HAVE BEEN EXTENSIVELY INVESTIGATED BY DEAL ET AL 11

AND HAVE BEEN SUMMARIZED BY GROVE: 12

IT IS FIXED AND CAN BE NEITHER CHARGED NOR DIS-
CHARGED OVER A WIDE VARIATION OF BENDING OF THE
SILICON ENERGY BANDS.

IT IS NOT AFFECTED UNDER CONDITIONS LEADING TO
SODIUM MIGRATION IN THE OXIDE.

IT IS LOCATED WITHIN APPROXIMATELY 200Å OF THE
Si-SiO2 INTERFACE.

THE CHARGE DENSITY IS NOT AFFECTED BY EITHER THE
OXIDE THICKNESS OR THE TYPE AND CONCENTRATION OF
IMPURITY PRESENT.

* O.U. 	 ANTSCH 13 AND REVESZ 14 HAVE SHOWN THAT THE "SLOW
RELAXATION" RESULTS IN A "MODULATION OF SURFACE RECOMBINA-
TION" WHICH PRODUCES DRAIN CURRENT FLUCTUATIONS IN MOSFETS.



THE CHARGE ISA FUNCTION OF THE OXIDATION AND
ANNEALING CONDITIONS AS WELL AS THE ORIENTA-
TION OF THE SILICON CRYSTAL.

THE FIXED SURFACE—STATE CHARGE RESULTS INA "PARA-

LLEL TRANSLATION OF THE CAPACITANCE—VOLTAGE CHARACTER-

ISTICS ALONG THE VOLTAGE AXIS." 15 IT ALSO INCREASES THE

EFFECTIVE GATE VOLTAGE BY 16

AND DECREASES THE FLAT—BAND VOLTAGE ACCORDING TO 17

WHERE VFB IS DUE TO THE DIFFERENCE IN WORK FUNCTIONS BE-

TWEEN THE METAL AND THE SEMICONDUCTOR MATERIAL AND Φ MS

IS THE METAL—SEMICONDUCTOR WORK FUNCTION DIFFERENCE WITH-

OUT THE INFLUENCE OF QSS .

2. 	 SPACE CHARGES DUE TO IONIC CONTAMINATION. A

MAJOR PROBLEM WITH EARLY MOS DEVICES HAS BEEN TRACED TO

SODIUM CONTAMINATION AND IONIC DRIFT UNDER THE INFLUENCE

OF AN ELECTRIC FIELD. THIS CAUSES A "REARRANGEMENT OF

IONIC SPACE—CHARGE DISTRIBUTION IN THE OXIDE." 18

FIGURE 2-1 PRESENTS A MODEL OF THE SILICON—SILICON

DIOXIDE INTERFACE WITH BIAS APPLIED AT ELEVATED TEMPERA-

TURES. FIGURE 2-1A SHOWS THE APPLICATION OF A -V GSUB AND

THE INDUCED CHARGES AT THE METAL—GATE AND SUBSTRATE—METAL
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INTERFACES. THE DIAGRAM SHOWS POSITIVE SODIUM ATOMS,

REPELLED BY THE INDUCED OXIDE CHARGE AND HAVING SUFFICIENT

THERMAL ENERGY TO MIGRATE TOWARD THE SUBSTRATE, DRIFTING

TOWARD THE S1-S 1 02 INTERFACE. THIS CAUSES MOBILE ELECTRONS

IN THE N-DOPED SUBSTRATE TO DRIFT TOWARD THE OXIDE AND

CHANNEL REGION IN P-CHANNEL ENHANCEMENT MOSFET's.

FIGURE 2-1B ILLUSTRATES THE FOUR RESIDUAL SPACE

CHARGES WHICH REMAIN IF THE DRIFT PROCESS IS ALLOWED TO

CONTINUE OVER A LONG PERIOD OF TIME. THE RESULT IS THE

SAME AS IF A POSITIVE VOLTAGE IS APPLIED TO THE GATE AS

WAS SHOWN IN FIGURE 1-2B. THE CHANNEL APPEARS TO BE MORE

HEAVILY N-DOPED THAN BEFORE IONIC DRIFT. THE NEGATIVE GATE

VOLTAGE REQUIRED FOR SURFACE INVERSION, V T , MUST NOW BE

INCREASED, THEREBY ACCOUNTING FOR APPARENT NEGATIVE THRESH-

OLD DRIFT.

3. 	 SPACE CHARGES DUE TO IONIZED TRAPS. EXPOSURE OF

SILICON DIOXIDE FILMS TO X-RAY, GAMMA RAY, AND LOW-AND HIGH-

ENERGY IRRADIATION RESULTS IN THE FORMATION OF ELECTRON-HOLE

PAIRS. WHEN IN THE PRESENCE OF AN ELECTRIC FIELD, THE ELEC-

TRONS AND HOLES SEPARATE. 19

CONSIDER THE MODEL IN FIGURE 2-1 AGAIN. IF A -V GS IS

APPLIED AND INSTEAD OF HEAT THE DEVICE IS BROUGHT INTO

CONTACT WITH X-RADIATION, OPTICALLY EXCITED ELECTRONS DRIFT

TOWARD THE OXIDE AND HOLES DRIFT TOWARD THE SEMICONDUCTOR.

SINCE THE MOBILITY OF ELECTRONS IN SILICON DIOXIDE IS VERY



FIGURE 2-1. MODEL OF THE S1 -S1 O2 INTERFACE IN A P-CHANNEL
ENHANCEMENT MOSFET SHOWING THE RESULTS OF IONIC DRIFT IN
THE OXIDE UNDER THE INFLUENCE OF AN ELECTRIC FIELD.
(A) SODIUM IONS ARE ATTRACTED TOWARD THE SEMICONDUCTOR
WHILE MOBILE ELECTRONS IN THE N-DOPED SUBSTRATE DRIFT TO
WARD THE OXIDE.(B) RESIDUAL SPACE-CHARGES IN THE OXIDE
AND IN THE SEMICONDUCTOR MATERIAL. THE APPARANT HIGHER
DOPING IN THE CHANNEL REGION CAUSES A NEGATIVE SHIFT IN
THE THRESHOLD VOLTAGE, THE GATE VOLTAGE REQUIRED TO IN-
VERT THE SEMICONDUCTOR SURFACE.
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LOW, MAJORITY CARRIERS IN THE N-DOPED SUBSTRATE CANNOT

RECOMBINE IN THE BULK INSULATOR AT THE S1 -S1 0 2 INTERFACE.

THEREFORE, THERE IS A BUILD-UP OF SPACE CHARGE IN THE

OXIDE AS HOLES ARE TRAPPED NEXT TO THE SUBSTRATE.

CONTINUED IRRADIATION IN THE PRESENCE OF AN ELECTRIC

FIELD CAUSES A LARGER FRACTION OF THE TOTAL APPLIED GATE

VOLTAGE TO BE DROPPED ACROSS THE SPACE CHARGE REGION,

THEREBY FURTHER INCREASING THE ELECTRIC FIELD ACROSS THE

SPACE-CHARGE REGION DUE TO THE ACCUMULATION OF HOLES. IF

THE PROCESS IS ALLOWED TO CONTINUE, THE FIELD IN THE REST

OF THE OXIDE GRADUALLY APPROACHES ZERO AND A STEADY-STATE

HIGHLY LOCALIZED ELECTRIC FIELD CONDITION IS BROUGHT ABOUT

IN THE OXIDE AT THE SILICON-SILICON DIOXIDE INTERFACE. 20

4. FAST SURFACE STATES. FIGURE 1-2 ILLUSTRATED THE

ENERGY BAND BENDING WHICH TAKES PLACE IN THE SEMICONDUCTOR

NEAR THE S1-S 1 0 2 INTERFACE WHEN THE GATE IS HELD AT SOME

POSITIVE OR NEGATIVE POTENTIAL WITH RESPECT TO THE SUB-

STRATE. DUE TO A DISRUPTION OF THE PERIODICITY OF THE

SEMICONDUCTOR SURFACE DURING OXIDATION, THERE ARE MANY

SURFACE ENERGY STATES WITHIN THE FORBIDDEN GAP. CONSE

QUENTLY, VARIATIONS IN THE ENERGY BANDS RELATIVE TO THE

FERMI LEVEL AFFECT THE "PROBABILITY OF OCCUPATION OF THOSE

STATES." 21

BY DEFINITION, "THOSE STATES WHOSE CHARGE CAN BE

READILY EXCHANGED WITH THE SEMICONDUCTOR ARE CALLED SURFACE
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STATES." 22 THE PRESENCE OR ABSENCE OF ELECTRONS IN SUCH

STATES IS A FUNCTION OF THE SURFACE POTENTIAL WHICH IS ITSELF

A FUNCTION OF THE APPLIED GATE VOLTAGE.*

2.3 PREVIOUS EXPERIMENTAL INVESTIGATIONS

REVESZ 23 HAS INVESTIGATED THE S1 -S1 O2 INTERFACE IN

ENHANCEMENT MOSFET's AND HAS SHOWN THAT THE SILICON SUR-

FACE STATE IS A DONOR, THAT IS, POSITIVELY IONIZED SILI-

CON PROVIDES AN EXCESS OF DONOR ELECTRONS. DURING OXIDA-

TION IN OXYGEN AT RELATIVELY HIGH TEMPERATURES IT IS THE-

ORIZED THAT 0 - AND 0-- CONSUME ELECTRONS AS THEY DIFFUSE

INTO THE SILICON SUBSTRATE. REVESZ HAS CONCLUDED THAT

OXIDATION IN WATER VAPOR INVOLVES SIGNIFICANTLY MORESUR-

FACE STATES THAN DOES OXIDATION IN OXYGEN ALONE AND THAT

THE OXIDATION RATE IS INCREASED WHILE THE DENSITY OF FREE

STATES IS REDUCED. 24

IT IS WELL KNOWN THAT STATES HAVE A MUCH GREATER PROB-

ABILITY OF EXISTING AT DISLOCATIONS AND BOUNDARY IMPERFEC-

TIONS THAN ANYWHERE ELSE AND THAT THEY GIVE RISE TO THE

FIXED SURFACE-STATE CHARGE PHENOMENON IN THE OXIDE. IT HAS

BEEN THEORIZED THAT DONOR ELECTRONS PRESENT IN THIS MANNER

ACT AS RECOMBINATION CENTERS,ENABLE THE DIFFUSION OF SUCH

*SURFACE-STATE FLUCTUATIONS RESULTING IN VARIATIONS
IN SURFACE POTENTIAL MODULATE CHANNEL CONDUCTANCE WHICH IN
TURN CAUSES VARIATIONS IN DRAIN CURRENT. THESE DRAIN CUR-
RENT FLUCTUATIONS MAY BE OBSERVED AS NOISE.
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IMPURITIES AS HIGHLY MOBILE SODIUM ION, NA +, HYDROGEN ION,

H+, AND OTHER ACCEPTORS WHICH MAY BE PRESENT. 25

WHEN THE SEMICONDUCTOR SURFACE OF A P-CHANNEL ENHANCE-

MENT MOSFET IS INVERTED, THE FREE HOLE CONCENTRATION IS VERY

LARGE WHILE THE FREE ELECTRON DENSITY IS NEGLIGIBLE. SINCE

IONIZED SILICON, Si+3 AND Si+4 , IS ALSO AN ACCEPTOR, IT HAS

BEEN THEORIZED THAT THE SURFACE STATES IN P-CHANNEL DEVICES

ARE ALMOST EXCLUSIVELY FAST TRAPPING CENTERS IN THE CONDUC-

TION CHANNEL.*

2.4  INVESTIGATION OF THRESHOLD VOLTAGE DRIFT

EXPERIMENTAL METHOD. IN ORDER TO QUANTITATIVELY IN-

VESTIGATE THE MAGNITUDE OF THRESHOLD VOLTAGE DRIFT DUE TO

IONIC CONTAMINATION IN THE INSULATING LAYER AND IN ORDER TO

CORRELATE SUCH DRIFT WITH EXCESS NOISE AND OTHER SURFACE-

RELATED PHENOMENA, LIFE-TESTING OF SEVERAL ENHANCEMENT

MOSFET's WAS UNDERTAKEN.

	

A LARGE NUMBER OF MEDIUM CONDUCTANCE P-CHANNEL FIELD-

EFFECT TRANSISTORS WERE OBTAINED.** THESE DEVICES WERE

*SUCH OTHER CHEMISORBED SPECIES AS H20+ MAY ALSO BE
CONSIDERED FAST TRAPPING CENTERS. 0. JANTSCH CLAIMS THEY
FIGURE PROMINENTLY IN THE PRODUCTION OF EXCESS NOISE IN
MOS TRANSISTORS. SEE REFERENCE 1967-8 FOR MORE DETAILS.

**THE DEVICES WERE MANUFACTURED BY AMERICAN MICRO-SYS-
TEMS, INC. OF SANTA CLARA, CALIFORNIA AND WERE PART OF JOINT
RELIABILITY STUDIES UNDERTAKEN BY NEWARK COLLEGE OF ENGIN-
EERING AND PICATINNY ARSENAL DURING THE YEARS 1968-72.
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PURPORTED TO BE DESIGNED PRIMARILY FOR "LINEAR WIDEBAND

AMPLIFIERS AND HIGH SPEED SWITCHING AND COMMUTATING APPLI-

CATIONS." THEY FEATURED A HIGH GAIN-BANDWIDTH PRODUCT,

TYPICALLY 195MHZ., AND A THRESHOLD VOLTAGE RANGE OF FROM

-3.5 TO -5.5V. TWO CONFIGURATIONS AND THREE TYPES WERE

AVAILABLE: TYPE DDO7P UNITS HAD A BUILT-IN ZENER DIODE

VOLTAGE LIMITER BETWEEN THE GATE AND THE SUBSTRATE WHILE

TYPES DD08P AND DDO8K HAD NO SUCH GATE PROTECTION. ALL

WERE FOUR LEAD TRANSISTORS ONE LEAD FOR THE DRAIN, GATE,

SOURCE AND SUBSTRATE BULK) AND HERMETICALLY SEALED IN OR-

DINARY TO  -72 METAL CANS. THERE WERE NO SIGNIFICANT DIF-

FERENCES IN THE CONSTRUCTION OF THE THREE TYPES OF MOSFET's.

TWENTY DEVICES, TEN EACH OF TYPES DDO7P AND DDO8K,

WERE SELECTED FOR LIFE-TESTING FOR THRESHOLD VOLTAGE DRIFT

ON THE BASIS OF THEIR LOW FREQUENCY NOISE INTENSITY.*

ACCORDINGLY, FIVE HIGH- AND FIVE LOW-NOISE UNITS WERE

SELECTED FROM EACH OF THE TWO TYPES.

TEFLON SOCKETS WERE USED TO CONNECT ALL TRANSISTORS

WITH COMMON DRAIN, SOURCE, AND SUBSTRATE. ALL TYPE DDO7P

DEVICES WERE BIASED WITH VGS = -25V. AND ALL TYPE DDO8K UNITS

HAD -50V. ON THE GATE. THE COMPLETE ASSEMBLY WAS WIRED IN-

SIDE AN OVEN LATTER MAINTAINED AT 130±5°C FOR 500 HOURS.

*NOISE MEASUREMENTS WERE MADE AT 10Hz. AND AT 1KHz.,
BOTH WITH A BANDWIDTH OF 1 CYCLE. THE NOISE MEASUREMENTS
ARE DETAILED IN SECTION 3.5.



EXPERIMENTAL RESULTS AND DISCUSSION. APPENDIX C LISTS

THE PERCENTAGE NEGATIVE THRESHOLD VOLTAGE DRIFT, %ΔV T, FOR

ALL TWENTY UNITS TESTED. TYPE DDO7P TRANSISTORS EXHIBITED

RANGES OF DRIFT OF FROM 1.75 TO 2.66 PERCENT AND FROM 3.16

TO 7.15 PERCENT FOR LOW-AND HIGH-NOISE UNITS, RESPECTIVELY.

RANGES OF 6.RP TO 9.11 AND 11.5 TO 23.6 PERCENT DRIFT WERE

OBSERVED FOR THE LOW- AND HIGH- NOISE TYPE DDO8K UNITS.

IT IS APPARANT THAT THRESHOLD VOLTAGE DRIFT IS DIRECTLY

PROPORTIONAL TO THE ELECTRIC FIELD ACROSS THE OXIDE, AS

VIDENCED BY THE HIGHER PERCENT DRIFT FOR THOSE UNITS WHICH

WERE BIASED AT THE HIGHER GATE VOLTAGE. STATISTICAL ANALY

SIS CONFIRMED THAT THE TYPE DDO8K UNITS EXHIBITED SUBSTANTIAL

ΔVT WHILE DRIFT IN THE DDO7P TRANSISTORS WAS VERY SMALL. *

OF PARTICULAR IMPORTANCE WAS THE FACT THAT HIGHER

THRESHOLD VOLTAGE DRIFT WAS OBSERVED IN THE HIGH NOISE UNITS

THAN IN THOSE WITH LOW NOISE INTENSITY. IT WAS THEREFORE

CONCLUDED THAT THERE IS A DEFINITE CORRELATION BETWEEN 1/F

NOISE AND THRESHOLD VOLTAGE DRIFT AND THAT FOR P-CHANNEL

ENHANCEMENT MOSFET'S, IONIC DRIFT IN THE OXIDE DEFINITELY

AFFECTS THE SEMICONDUCTOR SURFACE.

*PREVIOUS INVESTIGATIONS SHOWED THAT THE TYPE DDO8K
DEVICES EXHIBITED UNUSUALLY HIGH ΔVT. IT WAS THEREFORE OF
PARTICULAR IMPORTANCE THAT SUCH HIGH DRIFT UNITS ALSO BE
INCLUDED IN THIS INVESTIGATION.

** CHAPTER 3 SHOWS THAT 1/F NOISE IS A SURFACE-RELATED
PHENOMENA AND THAT IONIC DRIFT INCREASES THE SURFACE-STATE
DENSITY.
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APPENDIX E DESCRIBES THE PROCEDURES USED TO MEASURE

THE SHORT-CIRCUIT DRAIN LEAKAGE CURRENT (WITH ZERO GATE

BIAS) AND LISTS THE RESULTS OBTAINED BOTH BEFORE AND AFTER

LIFE-TESTING FOR THRESHOLD VOLTAGE DRIFT. IT WAS FOUND

THAT THE LEAKAGE CURRENT INCREASED BY A FACTOR OF FROM

THREE TO FOUR BUT THAT THIS WAS INSUFFICIENT TO CONCLUDE

THAT A SIGNIFICANT AMOUNT OF DRAIN JUNCTION DEGRADATION

HAD TAKEN PLACE AFTER 500 HOURS OF BIAS AT 130±5 ° C.

FURTHERMORE, SINCE THERE WAS NO SIGNIFICANT DIFFER-

ENCE BETWEEN THE AMOUNT BY WHICH I DSS INCREASED FOR UNITS

HAVING EITHER RELATIVELY HIGH OR RELATIVELY LOW NOISE D IT

WAS CONCLUDED THAT DRAIN LEAKAGE WAS NOT A FACTOR WHICH

RESULTS IN THE PRODUCTION OF DRAIN CURRENT FLUCTUATIONS.

ALSO, SINCE THE INCREASE IN LEAKAGE FOR TRANSISTORS WHICH

SHOWED APPRECIABLE THRESHOLD VOLTAGE DRIFT WAS SIMILAR TO

THAT FOR UNITS WHICH EXHIBITED ONLY A SMALL AMOUNT OF DRIFT,

IT WAS CONCLUDED THAT THERE IS NO CORRELATION BETWEEN IDSS

AND THRESHOLD VOLTAGE DRIFT AND THE MECHANISM OF IONIC

DRIFT AT THE S 1 -S 1 02 INTERFACE WHICH PRODUCES THE DRIFT.



30

REFERENCES 

1 A. S. GROVE, PHYSICS AND TECHNOLOGY OF SEMICONDUCTOR
DEVICES (NEW YORK, 1967 , P. 8. 	 REF. 1967-7.

2 IBID., P. 9.

31s P. 9.

4 IEID., P. 22.

5 IBID., P. 23.

6 IBiD., P. 24.

7 IBID.,   PP. 24-25.

8 IBID., P. 27.

9 I6 D., P. 28.
10 n	,

u. JANTSCH, "A THEORY OF 1/F NOISE AT SEMICONDUCTOR
SURFACES," SOLID-STATE ELECTRONICS(GB) (1968), PP. 267-72.
REF. 1968-8.

11, 	 , nvo. L. D EAL, E.H. SNOW, AND A.S. GROVE, "PROPERTIES OF
THE SILICON--SILICON DIOXIDE SYSTEM," SEMICONDUCTOR PRODUCTS 
AND SOLID STATE TECHNOLOGY (1966), PP. 25-33. 	 REF. 1966-4.

1208. CI T., GROVE, P. 342.

130R. CI T., 0. JANTSCH, P. 268.

14AKos G. REVES7, "THE DEFECT STRUCTURE OF GROWN SILICON
DIOXIDE FILMS," IEEE TRANSACTIONS ON ELECTRON DEVICES (1964),
PP. 97-101. REF. 1964-3.

15n
uP. CIT., GROVE, P. 342.

16D. FROHMAN-BENTCHKOWSKY AND A. S. GROVE, "CONDUCTANCE
OF MOS TRANSISTORS IN SATURATION," IEEE TRANSACTIONS ON
ELECTRON DEVICES (1969), P. 110. 	 REF. 1969-2.

17n
uP. CIT., GROVE, P. 345.

18 1131D., P. 338.

19 1BID., P. 340.

20 1131D., PP. 341-2.



21 IBID., P. 282.

22 IBID.„ P. 283.

230p. CIT., REVESZ, P. 98.

24 1BID., P. 98.

250p. CIT., O. JANTSCH, P. 268.

31



32

CHAPTER 3

THE SURFACE-STATE RELATED NOISE PHENOMENA 

IN MOS TRANSISTORS 

3.1 	 INTRODUCTION 

IN THE ABSENCE OF EXTERNALLY APPLIED POWER, VIRTUALLY

ALL RESISTIVE ELEMENTS MAY BE THOUGHT OF AS NOISE GENERA-

TORS. 	 HOWEVER, MOS TRANSISTORS ARE UNIQUE IN THAT THEY

PRODUCE AN EXCEPTIONALLY HIGH INTENSITY OF EXCESS NOISE

WHEN POWER IS APPLIED. THIS NOISE HAS BEEN SHOWN TO BE

DIRECTLY PROPORTIONAL TO CURRENT DENSITY AND INVERSELY

PROPORTIONAL TO THE FREQUENCY AT WHICH IT IS DETECTED. 1

FURTHERMORE, NUMEROUS INVESTIGATIONS HAVE SHOWN THAT THIS

"1/F" NOISE IS STRONGLY DEPENDENT UPON THE GENERAL SURFACE

CONDITIONS AT THE SILICON-SILICON DIOXIDE INTERFACE IN MOS

TRANSISTORS AND ON THE SURFACE STATE DENSITY IN PARTICULAR.

THE FOLLOWING DISCUSSIONS PRESENT A BRIEF BACKGROUND

ON THE MAJOR TYPES OF ELECTRICAL NOISE WITH PARTICULAR EM-

PHASIS ON LOW FREQUENCY EXCESS NOISE INTENSITY AND ITS USE

IN AN ANALYSIS OF COMPONENT RELIABILITY. EXPERIMENTAL RE

SULTS ARE THEN PRESENTED WHICH QUALITATIVELY CORRELATE SUR-

FACE-STATE RELATED 1/F NOISE INTENSITY WITH THE SURFACE-

STATE DENSITY, SEMICONDUCTOR IMPURITY CONCENTRATION, AND

OBSERVED DIFFERENCES IN SATURATION DRAIN CONDUCTANCE BE-

TWEEN HIGH- AND LOW-NOISE ENHANCEMENT MOSFET's.
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3.2 BASIC NOISE THEORY

ELECTRICAL NOISE MAY BE DEFINED AS SPURIOUS, UNWANTED

SIGNALS WHICH ARE RANDOM IN NATURE AND WHICH TEND TO BE

APERIODIC. NOISE MAY BE NAMED FOR ITS APPARANT CAUSE AND

EFFECT (IE. THERMAL EXCITATION, RANDOM RECOMBINATION, OR

RANDOM COLLISIONS) OR BY ITS FREQUENCY DOMAIN (EG. LOW-

FREQUENCY NOISE). ACCORDINGLY, THERE ARE THREE MAJOR TYPES

OF NOISE COMMONLY FOUND IN ELECTRICAL COMPONENTS, EACH OF

WHICH IS DISCUSSED INDIVIDUALLY BELOW.

THERMAL (JOHNSON) NOISE. THE RANDOM VELOCITIES OF

CARRIERS BETWEEN COLLISIONS CONSTITUTES CURRENTS WHICH

CAUSE A FLUCTUATING VOLTAGE TO APPEAR ACROSS THE TERMINALS

OF ANY RESISTANCE R. FOR MOS TRANSISTORS, THE NYQUIST

RELATION 2

EXPRESSES THE MEAN-SQUARED NOISE VOLTAGE IN TERMS OF THE

TOTAL DRAIN-TO-SOURCE RESISTANCE, THE ABSOLUTE TEMPERATURE,

AND THE BANDWIDTH IN CYCLES PER SECOND.

THE SPECTRAL INTENSITY OF THERMAL NOISE IS "WHITE,"

THAT IS, ITS MAGNITUDE IS PRACTICALLY UNIFORM WITH RESPECT

TO FREQUENCY. CONSEQUENTLY, THE LARGER THE INCLUDED BAND-

WIDTH, 	 THE GREATER WILL BE THE INTENSITY OF NOISE MEASURED.

ALL PRACTICAL ELECTRONIC COMPONENTS POSSESS A FINITE RESIS-

TANCE WHICH CONTRIBUTES THERMAL NOISE.
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SHOT NOISE. DIRECT CURRENTS IN SEMICONDUCTOR MATER-

IALS ARE BY WAY OF A CONTINUOUS PROCESS OF DISSOCIATION

AND RECOMBINATION IN A SPASMODIC "JERKY" FASHION. THIS

RESULTS IN INSTANTANEOUS CURRENT FLUCTUATIONS, THE MEAN-

SQUARED VALUE OF WHICH IS GIVEN BY 3

PREVIOUS INVESTIGATIONS 4,5,6 HAVE SHOWN THAT SHOT

NOISE IS ESSENTIALLY WHITE FOR LOW FREQUENCIES. IT MAY BE

CONSIDERED INDEPENDENT OF FREQUENCY OVER THE RANGE OF IN-

TEREST FOR MOSFET OPERATION.

EXCESS (1/F, MODULATION, FLICKER) NOISE. THE ORIGIN

OF EXCESS NOISE IS "THOUGHT TO LIE IN SEMICONDUCTOR CRYSTAL

IMPERFECTIONS AND SURFACE EFFECTS."7 BY PASSIVATING SILICON

DEVICES WITH SILICON DIOXIDE TO REDUCE THE ROLE OF SURFACE

STATES, DEFECTS ARE NECESSARILY INTRODUCED AT THE S 1 -S1 O2

INTERFACE. 	 THE PRESENCE OF FAST SURFACE STATES AT THE

SEMICONDUCTOR SURFACE LEADS TO A FLUCTUATION OF SURFACE

CHARGE IN MOS TRANSISTORS AND MAY PRODUCE SURFACE-STATE

RELATED NOISE WHICH MAY BE OBSERVED IN EITHER ONE OR BOTH

THE GATE AND THE DRAIN CIRCUIT IN MOSFET's. BELL 8 HAS PRO-

POSED TWO MECHANISMS WHICH RESULT IN OBSERVED EXCESS NOISE

IN MOS DEVICES:
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1. GATE NOISE * DUE TO FLUCTUATIONS IN TOTAL SURFACE

CHARGE AS CARRIERS MOVE TO AND FROM THE OXIDE, AND

2. DRAIN CURRENT FLUCTUATIONS ** RESULTING FROM VAR-

IATIONS IN CHANNEL CONDUCTANCE AS A RESULT OF VARIATIONS

IN VGS DUE TO THE CHARGE FLUCTUATIONS WHICH PRODUCE GATE

NOISE.

BELL OFFERS THE FOLLOWING GENERALIZED EXPRESSiON FOR

FREQUENCY-DEPENDENT NOISE: 9

WHERE 	 B 	 BANDWIDTH IN CYCLES PER SECOND

J = CURRENT DENSITY

K	 MATERIAL CONSTANT

R = RESISTANCE IN OHMS

S 	 SHAPE FACTOR

V 	 VOLUME

η+y =2 TO BALANCE THE EQUATION IN TI ME

θ =2 TO BALANCE THE EQUATION IN CHARGE

FOR ANY ΔQ INTO THE OXIDE FROM THE SEMICONDUCTOR,
THERE MUST BE A ΔQ OF OPPOSITE POLARITY ONTO THE GATE AND
VICE VERSA. 	 THIS LEADS TO GATE CHARGE FLUCTUATION WHICH
IS OBSERVED AS A NOISE VOLTAGE IN THE GATE CIRCUIT.

** VARIATIONS OF CHARGE BETWEEN THE DEPLETION REGION,
THE INVERSiON REGION, AND THE SURFACE STATES ALTERS THE
INSTANTANEOUS VALUE OF V GS . 	 RECALL FROM SECTION 1.2 THAT
THE CHANNEL CONDUCTANCE, AND THEREFORE THE DRAIN CURRENT,
IS EASILY MODULATED BY VARIATIONS IN GATE VOLTAGE. 	 HENCE
THE OBSERVED DRAIN CURRENT FLUCTUATIONS IN MOS TRANSISTORS.



THE GENERAL EXPRESSiON MAY BE SIMPLIFIED TO 10

WHERE χ = (η -1)/3. 	 FOR AN EXACT 1/E SPECTRUM, LET η =1,

1-χ =1, 2-η =1, AND LET S BE AN AREA/UNIT LENGTH. THEN

THE PRODUCT R.S IS IN UNITS OF RESISTIVITY, / 2 .

THE NOISE POWER DENSITY FOR A 1/F SPECTRAL INTENSITY

(IN WHICH B IS ONE CYCLE AT AN ANGULAR FREQUENCY OF ω )

MAY BE STATED AS 11

WHICH IS DIRECTLY PROPORTIONAL TO THE DC POWER APPLIED

AND THE CURRENT DENSITY SQUARED) AND INVERSELY PROPOR-

TIONAL TO FREQUENCY.
*

3.3 PREVIOUS  STUDIES OF THE EXCESS NOISE SPECTRAL INTENSITY

SURFACE-STATE RELATED 1/F NOISE HAS BEEN ATTRIBUTED TO

A MODULATION OF SURFACE RECOMBINATION. THIS REASONING IS

BASED ON MCWHORTER ' S 12 THEORY OF TRAPPING CENTERS AT THE

SILICON-SILICON DIOXIDE INTERFACE:

1. 	 THE INTRODUCTION OF TRAPPING CENTERS INTO THE
SEMICONDUCTOR MATERIAL RESULTS IN A "DIRECT CHANGE
IN CURRENT DUE TO A CHANGE IN THE NUMBER OF FREE
CARRIERS AND AN INDIRECT CHANGE IN CURRENT DUE TO
A CHANGE IN THE NUMBER OF TRAPPED CARRIERS." 13

*1/F NOISE IS USUALLY MASKED BY THERMAL NOISE AT ALL
FREQUENCIES ABOVE 20017 AND THEREFORE MUST BE OBSERVED AT
RELATIVELY LOW FREQUENCIES FOR TRUE 1/F DEPENDENCE.
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2. THE RANDOM OCCUPANCY OF SURFACE STATES BY
BROWNIAN MOTION "MODULATES THE SURFACE POTEN-
TIAL, WHICH CAUSES A FLUCTUATION IN SURFACE 
RECOMBINATION VELOCITY AND A MODULATION OF THE
FREE CARRIER DENSITY IN THE SPACECHARGE REGION
NEAR THE SILICON SURFACE." 14

3. SINCE THE DRIFT OF CHARGED CARRIERS CONSTI-
TUTES A DIFFUSION CURRENT, ANY FLUCTUATION IN
THE FREE CARRIER DENSITY NECESSARILY INDICATES
A "FLUCTUATION IN DIFFUSiON CURRENT." 15

THE 1/F NOISE CAN THEN BE EXPLAINED BY "CONDUCTION

CHANNEL CHARGE DENSITY FLUCTUATION CAUSED BY THE MODULA

TION OF SURFACE POTENTIAL DUE TO THE RANDOM OCCUPANCY OF

SURFACE STATESu 16 WHICH SUPPORTS THE THEORY OF DRAIN

CURRENT FLUCTUATIONS PUT FORTH BY BELL.

SINCE THE LIFE-TIME OF THE FAST SURFACE STATES IS

TYPICALLY ABOUT 10 .-9 SECOND S THE RECOMBINATION NOISE PRO-

DUCED IS OF VERY HIGH FREQUENCY. 	 THE OBSERVED LOW-FRE-

QUENCY NOISE MUST THEREFORE BE A MODULATION OF SURFACE

RECOMBINATION. 17

HEIMAN AND WARFIELD 18 HAVE ESTIMATED THAT SURFACE

STATES ARE LOCATED WITHIN ABOUT 20 Å FROM THE THE Si-SiO 2

INTERFACE. 	 SINCE THE OXIDE THICKNESS IN MOS TRANSISTORS

IS TYPICALLY 600-2000X (AND SINCE THE OXIDE THICKNESS MUST

BE ORDERS OF MAGNITUDE GREATER THAN THE INVERSiON LAYER),

THE RESIDENT DISTANCE OF SURFACE STATES IS NEGLIGIBLY

SMALL AND THE 1/F NOISE MAY BE CONSIDERED A SURFACE PHENOM--

ENON.
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Hsu19 HAS ANALYTICALLY PREDICTED THE NOISE SPECTRAL

INTENSITY OF LOW-FREQUENCY EXCESS NOISE IN P-CHANNEL EN-

HANCEMENT MOSFET's AND A REVIEW OF HIS DERIVATION IS IN-

CLUDED IN APPENDIX B. 	 THE SPECTRAL INTENSITY OF THE SHORT-

CIRCUIT_ DRAIN CURRENT FLUCTUATIONS IS GIVEN BY 20

WHERE A =EFFECTIVE AREA OF THE GATE IN CM 2
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AND WHERE a IS EXPERIMENTALLY DETERMINED TO BE 2x10 8 cm -1

AND EXP (1,1) = 10 17,21

FROM THE ABOVE EXPRESSIONS IT IS APPARANT THAT VERY

LOW FREQUENCY NOISE IS INDEPENDENT OF FREQUENCY, A TRUE

1/F SPECTRAL INTENSITY IS FOUND ONLY WITHIN THE RANGE OF

(2πτseαl)-1 TO (2πτse)-1 (A RANGE THEORETICALLY PREDICTED

TO BE ABOUT 17 ORDERS OF MAGNITUDE), AND THAT NOISE AT

HIGHER FREQUENCIES HAS A 1/F 2 DEPENDENCE.

OF PARTICULAR INTEREST IS THE DEPENDENCE OF NOISE

INTENSITY ON THE SURFACE—STATE DENSITY. SINCE ONLY THOSE

STATES  "WITHIN±2kT FROM THE SURFACE—STATE FERMI LEVEL

CONTRIBUTE NOISE TO THE DEVICE, IF THE SURFACE STATES ARE

ARBITRARILY DISTRIBUTED IN ENERGY, THE VALUE N T (E) REPRE-

SENTS THE SURFACE—STATE DENSITY WITHIN±2kT OF THE FERMI

LEVEL"22 PROCESSES WHICH INTRODUCE STATES INTO THIS

RANGE OF ENERGY THEREFORE RESULT IN AN INCREASE IN THE

NUMBER OF SURFACE STATES AND MAY BE OBSERVED BY AN IN-

CREASE IN NOISE INTENSITY.

3.4 ELECTRICAL NOISE AND COMPONENT RELIABILITY 

AN EXCEPTIONALLY HIGH NOISE INTENSITY MAY BE REGARDED

AS AN INDICATION OF SOME ABNORMALITY IN AN ELECTRICAL DEVICE.

THOSE DEVICES EXHIBITING HIGH NOISE CHARACTERISTICS MAY

THEREFORE BE CLASSIFIED AS POTENTIAL RELIABILITY RISKS.

NOISE MEASUREMENTS ARE THEREFORE A RELIABILITY TOOL USED

TO COMPARE DEVICES WITH AN ACCEPTED STANDARD.
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ANY MECHANISM WHICH "FOCUSES" OR "FUNNELS" A SIGNIFI-

CANT AMOUNT OF CURRENT THROUGH A SMALL CROSS-SECTION RESULTS

IN A HIGH LOCALIZED CURRENT DENSITY AND ACCOMPANYING LOCAL-

IZED HEATING IN A DEVICE. DEFECTS IN THE CRYSTAL STRUCTURE

AT P-N JUNCTIONS, CRACKS, FLAWS, OR INCLUSIONS IN THE SEMI-

CONDUCTOR MATERIAL MAY LEAD TO "CURRENT FUNNELING" AND

HIGH 1/F NOISE INTENSITY. 23

SINCE ENHANCEMENT MOSFET's CONDUCT THROUGH A RELATIVELY

NARROW INVERSION REGION AT THE SEMICONDUCTOR SURFACE, ALL

DRAIN CURRENT IS CONCENTRATED WITHIN AN EXTREMELY LIMITED

PORTION OF THE CHANNEL. AT EVEN MODERATE CURRENT LEVELS,

SUCH DEVICES POSSESS AN INHERENTLY HIGH CURRENT DENSITY

NEAR THE S1 -S1 O2 INTERFACE (WHERE INCLUSIONS SUCH AS S 1 0 2

MOLECULES ARE PRESENT) AND CONSEQUENTLY EXHIBIT MUCH HIGHER

1/F NOISE INTENSITY THAN BIPOLAR TRANSISTORS.

THEREFORE, UNUSUALLY HIGH NOISE UNITS MAY BE ELIMINATED

FROM PRODUCTION BATCHES IN ANTICIPATION OF A CORRESPONDINGLY

HIGH FAILURE RATE PROBABILITY DUE TO HIGH CURRENT DENSITY.

FURTHERMORE, THE RELATIVE 1/F NOISE INTENSITY SHOULD BE AN

EXCELLENT INDICATOR OF SURFACE CONDITIONS PRESENT IN EACH

DEVICE AND THE SURFACE-STATE DENSITY IN PARTICULAR. THIS

REASONING WAS APPLIED TO ALL ANALYISES OF NOISE PHENEMENA

ENCOUNTERED IN THIS RESEARCH AND WAS ONE OF THE REASONS IT

WAS THOUGHT THAT NOISE MEASUREMENTS WOULD BE BENEFICIAL IN

A STUDY OF BREAKDOWN IN ENHANCEMNENT MOSFET's.
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3.5 NOISE MEASUREMENTS UNDERTAKEN

	 Description of Equipment. NOISE MEASUREMENTS WERE

PERFORMED USING THE QUAN-TECH MODEL 327 DIODE NOISE ANALYZER.

FIGURE 3-1 SHOWS THE INTERNAL CONNECTION BLOCK DIAGRAM AND

EXTERNAL GATE SUPPLY OF SUCH AN INSTRUMENT MODIFIED FOR USE

WITH P-CHANNEL ENHANCEMENT MOSFET's.

THE DEVICE CONSISTED OF A BUILT-IN VARIABLE DC SUPPLY,

A SHIELDED TEST JIG AND SOCKET, CURRENT-LIMITING RESISTORS,

A BROADBAND AMPLIFIER FOR AMPLIFYING THE NOISE VOLTAGE

ACROSS A SINGLE, SELECTED, FIXED RESISTOR, TWO ACTIVE FIL-

TERS RESONANT AT TEN HERTz AND ONE KILOHERTz WITH A BAND-

WIDTH OF ONE CYCLE EACH AND ANALOG OUTPUTS WHICH READ AT

THE APPROPRIATE FREQUENCY IN RMS VOLTS.

NICKEL-CADMIUM BATTERIES WERE USED TO BIAS THE GATE

OF EACH MOSFET UNDER TEST IN ORDER TO MINIMIZE NOISE INTRO-

DUCED INTO THE GATE CIRCUIT WHICH MIGHT IN TURN CAUSE UN-

DESIREABLE DRAIN CURRENT FLUCTUATIONS.

ALL NOISE MEASUREMENTS WERE CONDUCTED WITHIN A SHIELDED

ROOM AT A TEMPERATURE OF ABOUT 25°C AND NOT MORE THAN 30%

HUMIDITY.

EXPERIMENTAL METHOD. THE P-CHANNEL MOSFET's UNDER TEST

WERE INDIVIDUALLY CONNECTED WITH SOURCE AND SUBSTRATE TO THE

MAIN POWER SUPPLY POSITIVE TERMINAL, DRAIN TO THE NEGATIVE

TERMINAL, AND GATE TO THE EXTERNAL VARIABLE SUPPLY.



FIGURE 3-1. 	 CONNECTION BLOCK DIAGRAM OF THE QUAN-TECH
MODEL 327 DIODE NOISE ANALYZER MODIFIED FOR MEASURING
NOISE VOLTAGES OF P-CHANNEL ENHANCEMENT MOS TRANSISTORS. 24
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THE MAIN DC SUPPLY AND THE CURRENT-LIMITING RESISTORS

PROVIDED CONTINUOUS VARIATION OF EITHER -V DS OR-1 D . WITH

USE OF THE EXTERNAL GATE SUPPLY, NOISE VOLTAGES * COULD BE

OBTAINED ANYWHERE ON THE MOSFET I-V CHARACTERISTICS.

APPROXIMATELY 80 TRANSISTORS WERE SELECTED FROM A

LARGE BATCH OF P-CHANNEL MOSFET's. ** ALL DEVICES WERE

FIRST SCREENED FOR PROPER OPERATION UP TO AND SLIGHTLY BE-

YOND THE THRESHOLD OF DRAIN BREAKDOWN. THEN, 25 TRANSIS

TORS OF EACH TYPE WERE SELECTED FOR ACTUAL NOISE MEASURE-

MENTS.

NOISE VOLTAGES WERE OBTAINED AT 10Hz AND AT 1KHz WITH

ALL UNITS BIASED AT A CONSTANT V GS OF -5.5 VOLTS AND FOUR

DIFFERENT VALUES OF DRAIN VOLTAGE: -3V., -10V., -20V., AND

AT -25V. THIS PERMITTED NOISE VOLTAGES TO BE MADE IN BOTH

THE LINEAR AND SATURATION REGIONS OF OPERATION FOR EACH UNIT.

THE DATA PROVIDED A PROFILE OF THE MEAN NOISE VOLTAGE AND

STANDARD DEVIATION AS A FUNCTION OF DRAIN VOLTAGE FOR EACH

TYPE OF TRANSISTOR.

*ACTUAL DRAIN CURRENT FLUCTUATIONS WERE COMPUTED FROM
THE MEASURED NOISE VOLTAGES BY DIVIDING THE OBSERVED QUAN-
TITY BY THE KNOWN, FIXED RESISTANCE ACROSS WHICH IT APPEARED.
THE NOISE INTENSITY (OF DRAIN CURRENT FLUCTUATIONS) WAS THEN
THE SQUARE OF THE CALCULATED NOISE CURRENT AT A SPECIFIED
OPERATING POINT.

**SECTION 2.4 DESCRIBED THE TYPES DDO7P, DDO8P, AND DDO8K
P-CHANNEL ENHANCEMENT MOSFET's USED IN THIS RESEARCH. THOSE
DEVICES ON WHICH NOISE MEASUREMENTS WERE MADE WERE SELECTED
AT RANDOM FROM A BATCH ESTIMATED TO BE OVER 300 UNITS.
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USING THE BUILT-IN VOLTMETER AND AMMETER ON THE QUAN-

TECH NOISE MEASURING INSTRUMENT, SATURATION DRAIN CONDUC-

TANCE MEASUREMENTS WERE MADE AT AN OPERATING POINT OF -5.5V.

ON THE GATE AND V DS =-20V. THE RELATIVE NOISE VOLTAGE AT

10Hz WAS CORRELATED WITH THE DRAIN CONDUCTANCE FOR EACH IN-

DIVIDUAL TRANSISTOR.

ON THE BASIS OF THE RELATIVE NOISE INTENSITY AT TEN

CYCLES, THE FIVE HIGHEST AND FIVE LOWEST NOISE TRANSISTORS

OF TYPES DDO7P AND DDO8K WERE SELECTED FOR LIFE-TESTING FOR

THRESHOLD VOLTAGE DRIFT. 	 NOISE VOLTAGE VERSUS DRAIN CURRENT

MEASUREMENTS AT CONSTANT GATE VOLTAGE WERE MADE BEFORE AND

AFTER 500 HOURS OF BIAS * AT 130±5° C.

NOISE VOLTAGE VERSUS DRAIN CURRENT CHARACTERISTICS AT

SEVERAL GATE VOLTAGES WERE PLOTTED FOR THREE HIGH- AND THREE

LOW-NOISE TRANSISTORS OF TYPE DDO7P. A CURVE TRACER WAS USED

TO VISUALLY VERIFY THE PLOTTED I-V CHARACTERISTICS.

ALL NOISE, CURRENT, AND VOLTAGE MEASUREMENTS WERE CHECKED

AND RECHECKED TO ENSURE ACCURATE READINGS. 	 A FLUKE MODEL 

8000A DIGITAL VOLTMETER WAS USED TO DETERMINE THE PRECISE

THRESHOLD VOLTAGE FOR EACH TRANSISTOR AS WELL AS FOR PUR-

POSES OF DOUBLE CHECKING THE VOLTAGE READINGS ON THE QUAN-

TECH INSTRUMENT.

*TYPE DDO7P UNITS WERE BIASED AT V GS =-25V. WHILE TYPE
DDO8K UNITS WERE BIASED AT V GS =-50V. THE DRAIN, SOURCE,
AND SUBSTRATE BULK WERE COMMON FOR BOTH TYPES OF DEVICES.
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3.6 EXPERIMENTAL RESULTS AND DISCUSSION

COMPARISON OF NOISE INTENSITIES. FIGURE 3-2 REPRE

SENTS THE NOISE VOLTAGE PROFILE OF THREE SETS OF DEVICES

AS A FUNCTION OF DRAIN VOLTAGE BEFORE LIFE-TESTING FOR

THRESHOLD VOLTAGE DRIFT. FIGURE 3-2A SHOWS THE MEAN AND

STANDARD DEVIATION OF NOISE VOLTAGES AT TEN CYCLES WHILE

FIGURE 3-2B GIVES THE CORRESPONDING INFORMATION AT ONE-

THOUSAND CYCLES.*

IT WAS NOT THE INTENTION OF THIS RESEARCH TO ESTAB-

LISH THE EXACT FREQUENCY DEPENDENCE OF EXCESS NOISE IN

MOS TRANSISTORS. THIS HAS BEEN DONE BEFORE AND IS READILY

AVAILABLE IN THE LITERATURE. 25,26,27 RATHER, IT MAY BE

CONCLUDED THAT THE LOW FREQUENCY EXCESS NOISE INTENSITY

WAS FOUND TO BE APPROXIMATELY INVERSELY PROPORTIONAL TO

THE FREQUENCY AT WHICH IT WAS MEASURED BEFORE THRESHOLD

VOLTAGE DRIFT. THE 1/F NOISE THEORY DEVELOPED EARLIER

THEREFORE APPLIES TO ALL SUBSEQUENT DISCUSSIONS REGARDING

THE NOISE INTENSITY OF THE DEVICES TESTED.

* THE FIGURES REPRESENT RMS NOISE VOLTAGE IN MICROVOLTS
AT TWO FREQUENCIES. COMPARISONS OF MEAN NOISE INTENSITIES
BETWEEN ANY TWO TYPES OF DEVICES OR BETWEEN TWO FREQUENCIES
FOR THE SAME DEVICE MUST REFLECT THE RATIO OF THE SQUARES
OF THE NOISE VOLTAGE READINGS USED. EXAMPLE: COMPARE THE
MEAN NOISE INTENSITY OF TYPE DDO8P AT 10Hz AND VDS =-3V.
AND AT THE SAME DRAIN VOLTAGE AND 1KHz. IN THE FIRST CASE
THE MEAN NOISE VOLTAGE WAS 10x10 -6V. AND IN THE SECOND IT
WAS APPROXIMATELY 0.82X10 -6V. THE RATIO OF THE SQUARE OF
THE FIRST READING TO THAT OF THE SECOND SHOWS THAT THE NOISE
INTENSITY AT TEN CYCLES WAS IN FACT MORE THAT 100 TIMES THAT
AT ONE KILOHERTZ.
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FIGURE 3-2. COMPARISON OF MEAN EXCESS NOISE VOLTAGE FOR
THREE TYPES OF P-CHANNEL ENHANCEMENT MOSFET'S. MEASURE-
MENTS WERE MADE AT FOUR DRAIN VOLTAGES WITH CONSTANT V GS
OF -5.5V. TYPED DD08P TYPE II: DD08P TYPE III: DD07P
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As EXPECTED, THE NOISE VOLTAGE WAS FOUND TO INCREASE

WITH INCREASING DRAIN VOLTAGE WHEN THE GATE WAS HELD AT A

CONSTANT POTENTIAL. INCREASING V DS IN THIS MANNER ALSO

INCREASES THE DRAIN CURRENT WHICH FLOWS IN A CHANNEL OF

FAIRLY CONSTANT DIMENSIONS. THE APPROXIMATE 1/F FREQUENCY

DEPENDENCE WAS FOUND TO HOLD FOR BOTH THE LINEAR AND SATUR-

ATION REGIONS OF OPERATION.

FIGURES 3-3 THROUGH 3-5 COMPARE MEAN NOISE VOLTAGE

AT 10Hz WITH SATURATION DRAIN CONDUCTANCE AT V DS =-10V.

AND V GS =-5.5V. FOR THE THREE TYPES OF UNITS TESTED. Two

OBSERVATIONS ARE IMMEDIATELY APPARANT:

1. THERE WAS A WIDE RANGE OF RELATIVE NOISE INTENSITY

WITHIN EACH GROUP OF MOSFET's, AND

2. IN EVERY CASE, THOSE UNITS HAVING A HIGH NOISE IN-

TENSITY SHOWED A CORRESPONDINGLY HIGHER SATURATION DRAIN

CONDUCTANCE THAN DID THE LOW-NOISE UNITS.

TWO THEORIES ARE OFFERED TO EXPLAIN THE CORRELATION

BETWEEN 1/F NOISE INTENSITY AND SATURATION DRAIN CONDUC-

TANCE.

1. VARIATIONS OF SEMICONDUCTOR IMPURITY CONCENTRATION.

RECALL FROM SECTION 1.2 THAT HIGH SATURATION DRAIN CON-

DUCTANCE IS SYNONYMOUS WITH RELATIVELY THICK OXIDE LAYERS

AND/OR LOW SUBSTRATE IMPURITY CONCENTRATIONS. UNDER THE

CONDITION OF UNIFORM OXIDATION WITH LOW SURFACE-STATE DEN-



FIGURE 3-3. 	 COMPARISON OF NOISE VOLTAGE AT 10Hz WITH
SATURATION DRAIN CONDUCTANCE FOR SELECTED UNITS OF TYPE
DD07P MOSFET's. VDS =-20VOLTS AND VGS =-5.5VOLTs.



FIGURE 3-4. 	 COMPARISON OF NOISE VOLTAGE AT 10Hz WITH
SATURATION DRAIN CONDUCTANCE FOR SELECTED UNITS OF TYPE
DD08P MOSFET's. VDS=-20VOLTS AND VGS=-5,5VOLTS.



FIGURE 3-5. COMPARISON OF NOISE VOLTAGE AT 10Hz WITH
SATURATION DRAIN CONDUCTANCE FOR SELECTED UNITS OF TYPE
DD08K MOSFET's. VDS=-20VOLTS AND VGS=-5.5VOLTS.
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SITY, THE DRAIN CONDUCTANCE IS SIMPLY A FUNCTION OF THE

RELATIVE BULK DOPING CONCENTRATION. IT THEREFORE FOLLOWS

THAT WITH CONSTANT GATE VOLTAGE AND OPERATION IN THE

SATURATION REGION AT CONSTANT DRAIN VOLTAGE, A RELATIVELY

H IGH DRAIN CONDUCTANCE IS INDICATIVE OF A LOW SEMICONDUC-

TOR IMPURITY CONCENTRATION.

SINCE THE DRAIN CURRENT IN THE SATURATION REGION IS

DEPENDENT UPON THE AMOUNT BY WHICH THE EXPOP RECEDES TO-

WARD THE SOURCE (WHICH IS ITSELF A FUNCTION OF THE BULK

DOPING CONCENTRATION), THE RELATIVE CURRENT DENSITY IN

THE TRANSISTOR IS DIRECTLY RELATED TO BOTH THE SEMICON-

DUCTOR IMPURITY CONCENTRATION AND THE SATURATION DRAIN

CONDUCTANCE.

THEREFORE, A HIGH CURRENT DENSITY, GIVING A HIGH

1/F NOISE INTENSITY, IS A DIRECT CONSEQUENCE OF RELATIVELY

LOW BULK DOPING IN THE SUBSTRATE. NOISE MEASUREMENTS ARE

THEREFORE USEFUL IN AN ANALYSIS OF DOPING PROFILES FOR

MOS TRANSISTORS. HOWEVER, THE VARIATION IN NOISE INTEN

SITY MAY BE EXPECTED TO BE RELATIVELY SMALL DUE TO THE

SMALL VARIATION SEMICONDUCTOR DOPING LEVELS BETWEEN UNITS

OF THE SAME BATCH.

2. 	 HIGH SURFACE-STATE DENSITY. RECALL FROM SECTION

3.3 THAT 1/F NOISE INTENSITY IS DIRECTLY PROPORTIONAL TO

THE SURFACE-STATE DENSITY WITHIN AN MOS DEVICE. IT THERE

FORE FOLLOWS THAT, WITH CONSTANT SEMICONDUCTOR IMPURITY
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CONCENTRATION AND OPERATING POINT, THOSE UNITS HAVING A

RELATIVELY HIGH 1/F NOISE INTENSITY MAY ALSO BE EXPECTED

TO POSSESS A HIGH DENSITY OF SURFACE STATES.

MEASUREMENTS OF IDSS CONFIRMED THAT HIGH DRAIN-DIODE

LEAKAGE WAS NOT A FACTOR IN THOSE UNITS HAVING AN ABNOR-

MALLY HIGH DRAIN CONDUCTANCE AND THEREFORE SUCH CONDUC-

TANCE MUST NECESSARILY BE A SEMICONDUCTOR SURFACE EFFECT.

IT IS THEN REASONABLE TO SUSPECT THAT SURFACE STATES CON-

TRIBUTE TO SURFACE CONDUCTION AND THAT SURFACE-STATE RE-

LATED 1/F NOISE INTENSITY IS THEREFORE HIGHER IN THOSE

TRANSISTORS HAVING HIGH SATURATION DRAIN CONDUCTANCE.

SECTION 2.4 PROPOSED THAT THE MAJORITY OF FAST SUR-

FACE STATES IN P-CHANNEL ENHANCEMENT MOSFET's ARE TRAPPING

CENTERS, THAT IS HOLES NEAR THE S 1-S10 2 INTERFACE. SINCE

THE OXIDIZING SPECIES CONSUME ELECTRONS DURING DIFFUSION

INTO THE SILICON, IT IS PLAUSIBLE TO EXPECT THAT A LOW

SEMICONDUCTOR IMPURITY CONCENTRATION RESULTS IN A GREAT

MANY MORE TRAPPING CENTERS THAN WOULD BE THE CASE WITH

HIGH BULK DOPING. THE DENSITY OF FAST TRAPPING CENTERS

IN P-CHANNEL DEVICES WOULD THEN BE AN INVERSE FUNCTION OF

THE IMPURITY CONCENTRATION IN THE SUBSTRATE. 	 THEREFORE,

BOTH THEORIES 1 AND 2 ARE RELATED AND THE RELATIVE 1/F

NOISE INTENSITY MAY BE AN INDICATION OF BOTH THE DOPING

LEVEL AND THE SURFACE-STATE DENSITY. FURTHERMORE, THE

SATURATION DRAIN CONDUCTANCE MIGHT BE PROPORTIONAL TO
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THE SURFACE-STATE DENSITY AS WELL.

NOISE VOLTAGE AND THRESHOLD VOLTAGE DRIFT. THE NOISE

VOLTAGES VERSUS DRAIN CURRENT AT CONSTANT GATE VOLTAGE FOR

THE TWENTY UNITS LIFE-TESTED FOR THRESHOLD VOLTAGE DRIFT

ARE LISTED IN APPENDIX D. ALL UNITS INCREASED IN NOISE

INTENSITY FOLLOWING 500 HOURS OF BIAS AT AN ELEVATED TEM-

PERATURE. OF PARTICULAR IMPORTANCE IS THE APPARANT LOSS

OF 1/F FREQUENCY DEPENDENCE DUE TO UNUSUALLY HIGH INCREASES

IN NOISE VOLTAGES AT 1KHz. IT WAS CONCLUDED THAT IONIC

DRIFT AT THE SILICON-SILICON DIOXIDE INTERFACE PROBABLY RE-

SULTED IN A HIGH DENSITY OF SHALLOW TRAPS AT THE SEMICON

DUCTOR SURFACE. 	 IT IS BELIEVED THAT SUCH TRAPS HAVE TIME

CONSTANTS WHICH ARE MUCH SHORTER THAN THE TIME CONSTANTS

OF OTHER TRAPPING CENTERS AND THAT MODULATION OF SURFACE

RECOMBINATION UTILIZING SHALLOW TRAPS ACCOUNTS FOR THE

GREATLY INCREASED NOISE INTENSITY AT THE HIGHER FREQUENCY.



54

REFERENCES 

1,, 	 A
	 BELL,V. A . 	 ELL, "PRESENT KNOWLEDGE OF 1/F NOISE', "

PROCEEDINGS OF THE IR$T1TUTE OF ELECTRICAL ENGINEERS 
(1968), PP. 109-13. 	 REF. 1968-2.

211, n G OSLING,u. G . 	 OSLING, W. G. TOWNSEND AND J. WATSON, FIELD-
EFFECT ELECTRONICS (NEW YORK, 1971), P. 76. 	 REF. 1971-4.

3 18 D., P. 77.

4 A. VAN DER ZIEL, "THEORY OF SHOT NOISE IN JUNCTION
DIODES AND JUNCTION TRANSISTORS," PROCEEDINGS OF THE IRE
(1957), PP. 1011-18. 	 REF. 1957-2.

5A. VAN DER ZIEL, "THEORY OF SHOT NOISE IN JUNCTION
DIODES AND JUNCTION TRANSISTORS," PROCEEDINGS OF THE IRE
(1955), PP. 1639-47. REF. 1955-1.

6u nn. 	 MONTGOMERY AND M. A. CLARK, "SHOT NOISE IN
JUNCTION TRANSISTORS," JOURNAL OF APPLIED PHYSICS, (1953),
PP. 1337-38. 	 REF. 1953-1.

7 DENISE LECROISETTE, TRANSISTORS (NEW JERSEY, 1965).

R nuP. C1 T., BELL, P. 111.

91 BID., P. 112.

10 1BID.. P. 112.

111IBID., P. 112.

12 A. L. MCWHORTER, SEMICONDUCTOR PHYSICS (PENNSYSVAN1A,
1957), P. 207. 	 REF. 1957-1.

13 S. T. Hsu, "SURFACE-STATE RELATED 1/F NOISE IN MOS
TRANSISTORS," SOLID-STATE ELECTRONICS(GB) (1970), P. 1452.
REF. 1970-4.

14 IBID., P. 1452.

15 IBID., P. 1452.

16 IBID., P. 1452.

17 n 	,
u. JANTSCH, "A THEORY OF 1/F NOISE AT SEMICONDUCTOR

SURFACES," SOLID-STATE ELECTRONICS(GB) (1968), P. 268.
REF. 1968-8.



55

18 F. P. HEIMAN AND G. WARFIELD,IEEE TRANSACTIONS ON
ELECTRON DEVICES (1965), P. 167.

190P, CIT., Hsu, PP. 1452-53.

2° 181D., P. 1453.
21, BID.. P. 1453.
22

IBID., P. 1454.

23 n
ktUAN-TECH LABORATORIES, INC., "ELECTRICAL NOISE

AND COMPONENT RELIABILITY," A PAMPHLET (1961).
24

IBID.



56

CHAPTER 4

CORRELATION OF 1/F NOISE WITH DRAIN BREAKDOWN

4.1 	 INTRODUCTION 

DRAIN BREAKDOWN IN MOS TRANSISTORS IS SHOWN TO BE A

COMPOSITE OF IMPACT IONIZATION IN THE CHANNEL AND GATE-

CONTROLLED DRAIN-DIODE BREAKDOWN AT THE DRAIN-TO-SUBSTRATE

P-N JUNCTION. THE SEMICONDUCTOR IMPURITY CONCENTRATION,

THE SURFACE-STATE DENSITY, THE SATURATION DRAIN CONDUCTANCE,

AND THE APPLIED GATE VOLTAGE ARE CRITICAL FACTORS INFLUENC-

ING WHEN AND TO WHAT EXTENT DRAIN BREAKDOWN OCCURS AT HIGH

DRAIN VOLTAGES. Low FREQUENCY EXCESS NOISE MEASUREMENTS

WERE CONDUCTED ON SEVERAL HIGH- AND LOW-NOISE TRANSISTORS

AT VARIOUS STAGES OF BREAKDOWN AND THE EXPERIMENTAL RESULTS

WERE CORRELATED WITH SEMICONDUCTOR SURFACE EFFECTS.

4.2 THEORY OF ELECTRICAL BREAKDOWN AT P—N JUNCTIONS 

THE CUMULATIVE DRAIN BREAKDOWN PHENOMENA IN ENHANCEMENT

MOSFET's IS ESSENTIALLY AN EXTENSION OF BREAKDOWN THEORY AT

ANY REVERSE-BIASED P-N JUNCTION. TWO TYPES OF BREAKDOWN IN

SEMICONDUCTOR DEVICES ARE DISCUSSED BELOW.

AVALANCHE BREAKDOWN. UNDER THE INFLUENCE OF A HIGH

ELECTRIC FIELD, IONIZATION OF SEMICONDUCTOR MATERIALS RE-

SULTS IN THE CREATION OF ELECTRON-HOLE PAIRS. WHEN THE

ELECTRONS GAIN SUFFICIENT KINETIC ENERGY WHILE BEING ACCEL-

ERATED IN THE ELECTRIC FIELD, THEIR COLLISIONS WITH THE
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CRYSTAL LATTICE FRACTURE S 1 -S1 BONDS. EACH SUCH COLLISION

PRODUCES SEVERAL ADDITIONAL ELECTRON-HOLE PAIRS WHICH IN

TURN MAY RESULT IN MORE COLLISIONS AND EVEN FURTHER IONIZA-

TION. 	 SUCH IMPACT IONIZATION RESULTING IN RAPID MULTIPLI

CATION OF AVAILABLE CARRIERS HAS BEEN TERMED AVALANCHE

BREAKDOWN. 1

ZENER BREAKDOWN. A VERY HIGH ELECTRIC FIELD ACROSS THE

SPACE-CHARGE REGION OF A REVERSE-BIASED P-N JUNCTION DIS-

TORTS AND "TEARS APART" COVALENT S1 -S1 BONDS. ELECTRON-

HOLE PAIRS ARE THEN IMMEDIATELY ELEVATED TO THE CONDUCTION

BAND. SUCH PENETRATION OF THE FORBIDDEN GAP IS REFERRED TO

AS TUNNELING AND LEADS TO THE SO-CALLED ZENER BREAKDOWN

EFFECT.2

THE ELECTRIC FIELD REQUIRED FOR TUNNELING IN SILICON

IS ON THE ORDER OF 106VOLTS/CM. ZENER BREAKDOWN IS THERE-

FORE USUALLY PRECEEDED BY AVALANCHE BREAKDOWN WHICH OCCURS

AT A LOWER ELECTRIC FIELD POTENTIAL. THE TWO TYPES OF BREAK-

DOWN ARE NOT TOTALLY INDEPENDENT AND ONE MAY BE RESPONSIBLE

FOR THE ONSET OF THE OTHER. 3

4.3 PREVIOUS INVESTIGATION OF DRAIN BREAKDOWN 

CHANNEL IMPACT IONIZATION. COBBOLD 4 HAS SHOWN THAT

CHANNEL BREAKDOWN IN MOS TRANSISTORS IS CHARACTERIZED BY

HIGH SATURATION DRAIN CONDUCTANCE AND A GRADUAL INCREASE IN

DRAIN CURRENT AT HIGH DRAIN VOLTAGES WHEN THE CHANNEL IS

STRONGLY INVERTED.
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RECALL THAT AS THE EXPOP RECEDES TOWARD THE SOURCE

WHEN THE DRAIN VOLTAGE IS INCREASED FOLLOWING THE ONSET

OF CHANNEL PINCH-OFF, THAT PROTION OF THE CHANNEL BETWEEN

THE EXPOP AND THE DRAIN JUNCTION BECOMES A SPACE-CHARGE

DEPLETION REGION. IMPACT IONIZATION OCCURS WITHIN THIS

DEPLETION REGION WHEN THE TRANSVERSE ELECTRIC FIELD
*

REACHES A CRITICAL VALUE. COBBOLD HAS FOUND THAT SOFT

DRAIN BREAKDOWN IN MOS TRANSISTORS IS ACCOMPANIED BY

AVALANCHE MULTIPLICATION AT THE DRAIN-END OF THE CHANNEL

WHERE THE ELECTRIC FIELD IS THE STRONGEST. 5

KRESSEL6 HAS INVESTIGATED THE EFFECT OF INCLUSIONS IN

SEMICONDUCTORS HAVING DIELECTRIC CONSTANTS DIFFERENT FROM

THE MEDIUM IN WHICH THEY ARE IMMERSED. IN PARTICULAR, HE

HAS FOUND THAT

"IN THE CASE OF A SPHERICAL PRECIPITATE SUCH AS
S102 IN S1O2, IT MAY READILY BE SHOWN THAT THE MAX-
IMUM ELECTRIC FIELD AT THE SURFACE OF THE SPHERE
IS APPROXIMATELY 1.5 TIMES LARGER THAN THE AVER-
AGE FIELD IN THE SURROUNDING MEDIUM." 7

IT HAS LONG BEEN RECOGNIZED THAT INCLUSIONS IN SEMICON-

DUCTOR MATERIALS CONTRIBUTES TO ELECTRICAL BREAKDOWN AT P-N

JUNCTIONS BY IMPOSING UNUSUALLY HIGH LOCALIZED ELECTRIC

FIELDS WHICH ARE ALSO REGIONS OF HIGH CURRENT DENSITY.

*A COMPLETE EXPRESSION FOR THE TRANSVERSE ELECTRIC FIELD
MAY BE FOUND IN APPENDIX A, EQUATION A-5. FURTHER INFORMA
TION AND A DERIVATION OF THIS EXPRESSION MAY BE FOUND IN REF
ERENCE 1969-2.
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DRAIN-DIODE BREAKDOWN. COBBOLD 8 HAS SHOWN THAT DRAIN-

DIODE BREAKDOWN IN MOS TRANSISTORS IS CHARACTERIZED BY REL-

ATIVELY SHARP INCREASES IN DRAIN CURRENT WITH INCREASING

V DS . THIS HARD DRAIN BREAKDOWN PHENOMENON HAS BEEN FOUND

TO BE A FUNCTION OF THE POTENTIAL DIFFERENCE BETWEEN THE

DRAIN AND GATE TERMINALS AND IS THEREFORE GATE-CONTROLLED.

THIS FORM OF DRAIN BREAKDOWN HAS BEEN OBSERVED TO BE PAR-

TICULARLY PREVALENT IN ENHANCEMENT-MODE DEVICES WHICH ARE

BIASED AT OR BELOW CUTOFF AND THAT IT BECOMES LESS APPARANT

AS THE CHANNEL IS INVERTED. 9

FIGURE 4-1 ILLUSTRATES THE MECHANISM BY WHICH GATE-

CONTROLLED DRAIN-DIODE BREAKDOWN TAKES PLACE IN AN N-

CHANNEL MOSFET. WHEN THE GATE VOLTAGE IS INSUFFICIENT TO

ESTABLISH A CONDUCTING CHANNEL, THE TRANSISTOR IS SAID TO

BE IN CUTOFF. WITH THE SOURCE AND SUBSTRATE GROUNDED AND

THE DRAIN AT A POSITIVE POTENTIAL, A SPACE-CHARGE DEPLETION

REGION EXISTS AROUND THE DRAIN JUNCTION. THE POTENTIAL

DIFFERENCE BETWEEN THE DRAIN AND GATE TERMINALS AND BE-

TWEEN THE DRAIN AND SUBSTRATE CAUSES AN ELECTRIC FIELD TO

EXIST IN BOTH THE OXIDE AND IN THE DRAIN DEPLETION REGION.

SINCE THE DEPLETION REGION IS NARROWEST NEAR THE SEMI-

CONDUCTOR SURFACE, THE ELECTRIC FIELD IN THIS CORNER REGION

IS THE STRONGEST, AS INDICATED BY THE DENSITY OF THE ELEC-

TRIC FIELD LINES. FURTHERMORE, SINCE THE DEPLETION REGION

EXTENDS ALONG AND DIRECTLY BENEATH THE OXIDE, THE DEPLETION



FIGURE 4-1. DRAIN-PORTION OF AN N-CHANNEL ENHANCEMENT
MOSFET SHOWING THE MECHANISM OF DRAIN-DIODE BREAKDOWN
IN THE "CORNER" REGION.

60
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REGION FIELD LINES JOIN WITH AND REINFORCE THE FIELD LINES

IN THE INSULATOR. THIS RESULTS IN A VERY HIGH FIELD INTEN

SITY IN THE CORNER REGION AND BRINGS ABOUT IMPACT IONIZA-

TION AND AVALANCHE DRAIN-DIODE BREAKDOWN. 10

4.4  INVESTIGATION OF DRAIN BREAKDOWN UNDER CONDITIONS OF

STRONG CHANNEL INVERSION IN ENHANCEMENT MOS TRANSISTORS

EXPERIMENTAL METHOD. IN ORDER TO EVALUATE THE EXTENT

TO WHICH SOFT DRAIN BREAKDOWN OCCURS AND IN ORDER TO COR-

RELATE IT WITH OTHER SURFACE-RELATED PHENOMENA IN P-CHANNEL

ENHANCEMENT MOSFET's, DRAIN BREAKDOWN CHARACTERISTICS OF

BOTH RELATIVELY HIGH- AND LOW-NOISE TRANSISTORS WERE OBTAINED.

USING THE QUAN-TECH MODEL 327 DIODE NOISE ANALYZER,

DRAIN BREAKDOWN AND NOISE VOLTAGE VERSUS DRAIN CURRENT CHAR-

ACTERISTICS WERE PLOTTED FOR EACH UNIT LIFE-TESTED FOR

THRESHOLD VOLTAGE DRIFT. I-V CHARACTERISTICS WERE PLOTTED

UP TO AND SLIGHTLY BEYOND THE THRESHOLD OF DRAIN BREAKDOWN.*

NOISE VOLTAGE VERSUS DRAIN CURRENT AT SEVERAL GATE

VOLTAGES WAS PLOTTED IN ORDER TO DETERMINE THE EFFECTS OF

*DRAIN BREAKDOWN WAS ARBITRARILY DEFINED AS OCCURRING
WHEN THE INSTANTANEOUS SATURATION DRAIN CONDUCTANCE REACHED
APPROXIMATELY 100 MICROMHOS. THIS LIMIT WAS IMPOSED IN ORDER
TO ENSURE THAT NO UNIT EXCEEDED ITS RATED POWER DISSIPATION
LEVEL DURING THE ACCOMPANYING NOISE MEASUREMENTS. ALL NOISE
MEASUREMENTS MADE AT HIGH DRAIN VOLTAGES WERE ACCOMPLISHED
IN THE SHORTEST TIME INTERVAL POSSIBLE WITHOUT SACRIFICING
ACCURACY. DUE TO THE CONFIGURATION OF THE NOISE MEASURING
INSTRUMENTS IT WAS IMPOSSIBLE TO USE ANY KIND OF HEAT SINK.
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VARIATIONS IN CHANNEL DEPTH AND ELECTRIC FIELD INTENSITY

ON BOTH THE NOISE INTENSITY AND THE AMOUNT OF BREAKDOWN

WHICH TOOK PLACE.

A CURVE TRACER WAS USED TO VISUALLY INVESTIGATE THE

EFFECTS OF VARYING VGS WHEN THE DEVICES WERE OPERATED AT

A DRAIN VOLTAGE PRODUCING DRAIN BREAKDOWN.

ANALYSIS OF BREAKDOWN CHARACTERISTICS. DIFFERENCES

BETWEEN THE DRAIN BREAKDOWN CHARACTERISTICS OF HIGH- AND

LOW-NOISE TRANSISTORS IS MOST EASILY SEEN BY COMPARING THE

HIGH VOLTAGE I-V CHARACTERISTICS OF SEVERAL DEVICES BIASED

AT THE SAME GATE VOLTAGE.

FIGURE 4-2 ILLUSTRATES THE CHARACTERISTICS OF FIVE

HIGH- AND FIVE LOW-NOISE TYPE DDO7P MOSFET's. ALTHOUGH

ALL OF THE TRANSISTORS EXHIBITED VARIOUS DEGREES OF SOFT

DRAIN BREAKDOWN AT V GS =-5.5 VOLTS, THREE OBSERVATIONS ARE

IMMEDIATELY APPARANT:

1. ALL HIGH NOISE UNITS SHOWED CONSIDERABLY HIGHER

SATURATION DRAIN CONDUCTANCE THAN DID THE UNITS HAVING A

LOW NOISE INTENSITY;

2. THE BREAKDOWN CHARACTERISTICS OF THE HIGH NOISE

TRANSISTORS ARE VERY SOFT COMPARED TO THOSE WITH LOW NOISE;

AND

3. SOME HIGH NOISE UNITS APPEAR TO REACH THE THRESH-

OLD OF DRAIN BREAKDOWN AT A DRAIN VOLTAGE ONLY ABOUT HALF



FIGURE 4-2. DRAIN BREAKDOWN CHARACTERISTICS OF FIVE HIGH- AND FIVE LOW-NOISE TYPE
DD07P MOSFET's.
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OF THAT REQUIRED BY THEIR LOW NOISE COUNTERPARTS.

RECALL THAT DRAIN LEAKAGE MEASUREMENTS CONDUCTED WITH

ZERO GATE BIAS CONFIRMED THAT SATURATION DRAIN CONDUCTANCE

WAS A STRICTLY SURFACE EFFECT. SINCE THE MAGNITUDE OF

IDSS WAS APPROXIMATELY THE SAME FOR BOTH HIGH- AND LOW-NOISE

UNITS, IT MAY BE CONCLUDED THAT DRAIN-DIODE LEAKAGE WAS NOT

A FACTOR INFLUENCING THE EXTENT OF DRAIN BREAKDOWN OBSERVED.

RATHER, IT MAY BE STATED THAT AVALANCHE MULTIPLICATION IN

THE CHANNEL--PRIMARILY IN THE DEPLETION REGION BETWEEN THE

EXPOP AND THE DRAIN JUNCTION--WAS THE DOMINANT BREAKDOWN

MECHANISM WHEN THE TRANSISTORS WERE BIASED WITH STRONGLY

INVERTED CHANNELS.

SINCE THE RELATIVE INTENSITY OF 1/F NOISE IS RELATED

TO THE SURFACE-STATE DENSITY, NOISE MEASUREMENTS AT CONSTANT

DRAIN CURRENT AND GATE VOLTAGE APPEAR TO BE EXCELLENT INDI-

CATORS OF THE EXPECTED "SOFTNESS" OF DRAIN BREAKDOWN. UNIT-

TO-UNIT VARIATIONS IN THE CHANNEL SEMICONDUCTOR IMPURITY

CONCENTRATION AND/OR SURFACE-STATE DENSITY (BOTH OF WHICH

HAVE BEEN SHOWN TO BE RELATED TO THE SATURATION DRAIN CON

DUCTANCE) MAY BE RESPONSIBLE FOR THE GREAT DIFFERENCES IN

DRAIN CHARACTERISTICS BETWEEN TRANSISTORS WITH RELATIVELY

HIGH NOISE AND THOSE WITH RELATIVELY LOW NOISE INTENSITY.

APPENDIX D LISTS NOISE VOLTAGES VERSUS DRAIN CURRENT

FOR ALL TRANSISTORS LIFE-TESTED FOR THRESHOLD VOLTAGE DRIFT

AND GIVES CORRESPONDING DRAIN VOLTAGES FOR I-V CHARACTERISITICS.
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CORRELATION OF 1/F NOISE WITH DRAIN BREAKDOWN. FIG-

URES 4-3 AND 4-4 SHOW THE NOISE VOLTAGE-DRAIN CURRENT

CHARACTERISTICS AT CONSTANT GATE VOLTAGE FOR THREE LOW-

AND THREE HIGH-NOISE DDO7P MOSFET's, RESPECTIVELY. BY

COMPARING THESE CURVES WITH THE DRAIN CHARACTERISTICS

SHOWN IN FIGURE 4-2, IT IS POSSIBLE TO MAKE FOUR OBSER-

VATIONS:

1. THERE IS AN APPROXIMATE 1/F FREQUENCY DEPENDENCE

FOR THE NOISE VOLTAGE OVER THE FULL RANGE OF EACH I-V

CHARACTERISTIC;

2.

THE NOISE CHARACTERISTICS ARE DEFINITELY PEAKED,

INCREASING WITH THE ONSET OF DRAIN BREAKDOWN AND DECREASING

WITH FURTHER INCREASES IN DRAIN CURRENT;

3. THE PEAK NOISE VOLTAGE IS LOWEST IN THE LOW NOISE

TRANSISTORS AND OCCURS AT A LOWER DRAIN CURRENT BUT CORRES-

PONDINGLY HIGHER DRAIN VOLTAGE THAN FOR THOSE UNITS HAVING

A HIGH NOISE INTENSITY; AND

4. THE SATURATION DRAIN CONDUCTANCE AT THE THRESHOLD

OF DRAIN BREAKDOWN IS APPROXIMATELY IDENTICAL FOR EACH UNIT

AT THE DRAIN CURRENT FOR WHICH ITS RESPECTIVE NOISE VOLTAGE

IS A MAXIMUM.

THE FIRST OBSERVATION INDICATES THAT 1/F NOISE THEORY

IS APPROPRIATE, EVEN AFTER DRAIN BREAKDOWN HAS RESULTED IN

SUBSTANTIAL DRAIN CURRENT. HOWEVER, THE PEAKING AND STEADY

DECREASE IN NOISE VOLTAGE FOLLOWING DRAIN BREAKDOWN WAS NOT



FIGURE 4-3. NOISE VOLTAGE-DRAIN CURRENT CHARACTERISTICS
FOR THREE LOW NOISE TYPE DD07P MOSFET's. VGS=-5.5V. AND

V DS RANGED FROM -20 TO -78V.



FIGURE  4-4 . NOISE VOLTAGE-DRAIN CURRENT CHARACTERISTICS
FOR THREE HIGH NOISE TYPE DD07P MOSFET's. VGS = -5.5 V.
AND VDS RANGED FROM -20 TO -65V.
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EXPECTED, PARTICULARLY IN VIEW OF THE FACT THAT THE NOISE

INTENSITY DECREASES WHILE THE DRAIN CURRENT RISES ALMOST

EXPONENTIALLY WITH FURTHER INCREASES IN DRAIN VOLTAGE.

THE RAPID INCREASE IN NOISE VOLTAGE AT THE ONSET OF

DRAIN BREAKDOWN MAY BE EXPLAINED ON THE BASIS OF THE RE-

LATIONSHIP BETWEEN 1/F NOISE AND CURRENT DENSITY. BY IN-

CREASING |-VDS| WITH CONSTANT GATE VOLTAGE, THE EXPOP RECEDES

TOWARD THE SOURCE, THEREBY PERMITTING INCREASED DRAIN CUR-

RENT. 	 WHEN THE DRAIN VOLTAGE IS SUFFICIENTLY LARGE, THE

TRANSVERSE ELECTRIC FIELD IN THE CHANNEL DEPLETION REGION

CAUSES IMPACT IONIZATION RESULTING IN AVALANCHE BREAKDOWN.

INCREASED DRAIN CURRENT WITHIN A RELATIVELY CONSTANT CROSS-

SECTION OF THE CHANNEL (DUE TO THE CONSTANT GATE VOLTAGE)

RESULTS IN INCREASED CURRENT DENSITY AND CORRESPONDINGLY

INCREASED 1/F NOISE INTENSITY.

As THE DRAIN VOLTAGE IS FURTHER INCREASED, IONIZATION

TAKES PLACE FURTHER ALONG THE DRAIN P-N JUNCTION. 	 As BREAK-

DOWN PROGRESSES, THE EFFECTIVE CROSS-SECTION THROUGH WHICH

CARRIERS ARE INJECTED INTO THE DRAIN INCREASES. 	 THIS LOWERS

THE CURRENT DENSITY AND THE NOISE INTENSITY DECREASES PRO-

PORTIONATELY.

FIGURE 4-5 SHOWS THE NOISE VOLTAGE-DRAIN CURRENT CHAR-

ACTERISTICS AT SEVERAL GATE VOLTAGES FOR A SINGLE HIGH NOISE

TYPE DD07P MOSFET. IT IS EVIDENT THAT THE PEAK NOISE INTEN-

SITY IS PROPORTIONAL TO THE APPLIED GATE VOLTAGE AND THAT



FIGURE 4-5. NOISE VOLTAGE-DRAIN CURRENT CHARACTERISTICS
AT SEVERAL GATE VOLTAGES FOR A SINGLE HIGH NOISE TYPE
DD07P MOSFET. UNIT NO. 61.
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THE PEAKS OCCUR AT SUCCESSIVELY HIGHER VALUES OF DRAIN

CURRENT WITH INCREASING |-V GS|. THIS IS IN EXCELLENT AGREE

MENT WITH THE FINDINGS OF HSU11 WHO STATES THAT "LOW FRE-

QUENCY NOISE INCREASES MONOTONICALLY WITH NEGATIVE GATE

BIAS ON P-CHANNEL ENHANCEMENT MOSFET's12 	AT THE SAME DRAIN

VOLTAGE, INDICATING THAT "THE SURFACE-STATE DENSITY IN

CREASES TOWARD THE EDGE OF THE VALENCE BAND." 13 	IT WAS

ALSO FOUND THAT THE SURFACESTATE DENSITY INCREASED WITH

INCREASED SURFACE POTENTIAL. THEREFORE, 1/F NOISE MEASURE-

MENTS AT CONSTANT DRAIN CURRENT SHOULD INDICATE THE RELATIVE

SURFACE-STATE DENSITY AS A FUNCTION OF GATE BIAS.

THE THIRD OBSERVATION--DIFFERENCES IN THE MAGNITUDE OF

THE PEAK NOISE VOLTAGE BETWEEN THE LOW NOISE TRANSISTORS

AND THOSE HAVING HIGH NOISE INTENSITY--MAY BE TRACED TO

DIFFERENCES IN SURFACE-STATE DENSITY BETWEEN THE VARIOUS

DEVICES. 	 SINCE 1/F NOISE IS DIRECTLY PROPORTIONAL TO SUR-

FACE-STATE DENSITY, IT FOLLOWS THAT THOSE UNITS HAVING A

RELATIVELY LOW NOISE INTENSITY ALSO POSSESS FEWER SURFACE

STATES THAN HIGH NOISE TRANSISTORS.

THE FOURTH OBSERVATION INDICATES THAT EXCESS NOISE

MEASUREMENTS MAY BE USED WITH SOME DEGREE OF ACCURACY TO

DETERMINE THE APPROXIMATE BREAKDOWN VOLTAGE OF AN MOS TRAN-

SISTOR WITHOUT ACTUALLY BREAKING DOWN THE DEVICE. SUCH

NONDESTRUCTIVE TESTING COULD PROVE INVALUABLE WHEN IT IS

DESIRED TO KNOW THE BREAKDOWN VOLTAGE OF A DEVICE OR THAT
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AN ENTIRE MOS INTEGRATED CIRCUIT. THE RELATIVE PEAK VOL

TAGE THAT CAN BE SAFELY HANDLED BY A DEVICE COULD BE DE-

TERMINED WITHOUT EXHAUSTIVE MEASUREMENTS WHICH, IF NOT

DONE PROPERLY, COULD SUBJECT THE CHIP TO UNUSUALLY HIGH

LEVELS OF POWER DISSIPATION.

4.5  INVESTIGATION OF GATE-CONTROLLED DRAIN-DIODE 

BREAKDOWN UNDER CUTOFF CONDITIONS

	

EXPERIMENTAL METHOD. DRAIN BREAKDOWN CHARACTERISTICS

AT SEVERAL GATE VOLTAGES EXTENDING DOWN BELOW CUTOFF WERE

PLOTTED FOR TRANSISTORS HAVING RELATIVELY HIGH- AND RELA-

TIVELY LOW-NOISE INTENSITY. THE QUAN-TECH MODEL 327 DIODE

NOISE ANALYZER WAS USED TO OBTAIN 	 I-V CURVES FOR THE TYPE

DDO7P TRANSISTORS WHICH HAD UNDERGONE 500 HOURS OF BIAS AT

130±5° C. GATE VOLTAGES RANGED FROM VGS=-8.5 TO +1 VOLT.

IN ADDITION, A CURVE TRACER WAS USED TO VISUALLY INVESTI-

GATE DRAIN-DIODE BREAKDOWN AND TO OBTAIN PICTURES SHOWING

EXTREMES IN THIS PHENOMENA BETWEEN HIGH AND LOW NOISE

TRANSISTORS.

EXPERIMENTAL RESULTS AND DISCUSSION. FIGURES 4-6 AND

4-7 ILLUSTRATE THE DRAMATIC DIFFERENCE IN DRAIN BREAKDOWN

CHARACTERISTICS BETWEEN P-CHANNEL TRANSISTORS HAVING RELA-

TIVELY HIGH- AND LOW-NOISE INTENSITY. FIGURE 4-6 SHOWS THE

TYPICAL MODERATE SATURATION DRAIN CONDUCTANCE AND SOFT CHAN-

NEL BREAKDOWN AT INTERMEDIATE AND HIGHLY NEGATIVE GATE VOL-

TAGES AND THE INCREASINGLY HARDER DRAIN-DIODE BREAKDOWN AT
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FIGURE  4-6. PHOTOGRAPH SHOWING THE CURRENT-VOLTAGE DRAIN
BREAKDOWN CHARACTERISTICS OF ARELATIVELY LOW NOISE P-CHAN-
NEL ENHANCEMENT MOSFET. HARD DRAIN - DIODE BREAKDOWN IS
EVIDENT AT LOW |-VGS| AND -VDS =70 VOLTS.
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FIGURE 4-7. PHOTOGRAPH SHOWING THE CURRENT-VOLTAGE DRAIN
BREAKDOWN CHARACTERISTICS OFA RELATIVELYHIGH NOISE P-CHAN-
NEL ENHANCEMENT MOSFET. UNUSUALLY HIGH SATURATION DRAIN
CONDUCTANCE AND VERY SOFT BREAKDOWN INDICATES THAT CHANNEL
PUNCH-THROUGH HAS OCCURED.
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LOW GATE VOLTAGES FOR A VERY LOW NOISE DEVICE. FIGURE

4-7 SHOWS THE CHARACTERISTICS OF A TECHNICALLY POOR,

HIGH NOISE MOS TRANSISTOR.

IT IS EVIDENT THAT INCREASING THE MAGNITUDE OF THE

GATE VOLTAGE LESSENS THE POTENTIAL DIFFERENCE BETWEEN THE

DRAIN AND GATE TERMINALS, THEREBY REDUCING THE ELECTRIC

FIELD INTENSITY IN THE CORNER REGION AND SOFTENING THE

BREAKDOWN CHARACTERISTICS. ON THE OTHER HAND, AS THE GATE

VOLTAGE IS BROUGHT TO ZERO, OR EVEN MADE POSITIVE,* THE

ELECTRIC FIELD AT THE SEMICONDUCTOR SURFACE NEAR THE DRAIN

JUNCTION IS GREATLY INCREASED AND THE BREAKDOWN CHARACTER-

ISTICS BECOME VERY SHARP.

THE VERY HIGH SATURATION DRAIN CONDUCTANCE (WHICH GIVES

THE CURVES IN FIGURE 4-7 THE APPEARANCE OF TRIODE CHARACTER-

ISTICS) FOUND IN THE RELATIVELY HIGH NOISE TRANSISTOR IS IN-

DICATIVE OF DRAIN PUNCH-THROUGH, WHEREBY THE CHANNEL DEPLE

TION REGION EXTENDS FROM THE DRAIN TO THE SOURCE AND THE

DRAIN CURRENT IS SPACE-CHARGE LIMITED.FROHMAN-BENTCHKOWSKY

AND GROVE 14 HAVE INVESTIGATED THE MECHANISMS BY WHICH MOS

TRANSISTORS BREAKDOWN BY THE PUNCH-THROUGH PHENOMENON. THEY

HAVE CONCLUDED THAT IT IS CHARACTERISTIC OF DEVICES HAVING

SHORT CHANNEL LENGTHS AND/OR UNUSUALLY LOW BULK DOPING.

* THE DDO7P MOSFET's POSSESSED ZENER DIODE VOLTAGE LIM-
ITING BETWEEN THE GATE AND SOURCE. APPLICATION OF A POSI
TIVE GATE VOLTAGE GREATER THAN 1V. WOULD HAVE DRAWN TOO
MUCH CURRENT THROUGH THIS DIODE, CAUSING EXCESSIVE HEATING .
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HOWEVER, UNDER THE ASSUMPTION THAT BOTH THE SEMICON-

DUCTOR IMPURITY CONCENTRATION AND CHANNEL LENGTH WERE

NEARLY IDENTICAL FOR BOTH THE HIGH AND LOW NOISE TRANSIS-

TORS, AND ON THE BASIS OF THE EARLIER CORRELATION BETWEEN

1/F NOISE AND SURFACE-STATE DENSITY, THERE IS STRONG EVI

DENCE TO SUGGEST THAT CONDITIONS AT THE SILICON-SILICON

DIOXIDE INTERFACE ARE IMPORTANT DETERMINING FACTORS IN THE

TYPE OF DRAIN BREAKDOWN WHICH OCCURS UNDER A GIVEN BIAS

CONDITION. 	 SINCE SATURATION DRAIN CONDUCTANCE AND 1/F

NOISE ARE BOTH SURFACE-RELATED, IT WAS CONCLUDED THAT THE

RELATIVE NOISE INTENSITY WAS INDICATIVE OF EITHER SOFT OR

HARD DRAIN BREAKDOWN.

	

IT IS CUSTOMARY TO DESIGN HIGH FREQUENCY TRANSISTORS

(INCLUDING THE TYPES DDO7P, DDO*P, AND DDO8K MOSFET's USED

IN THIS RESEARCH) WITH RELATIVELY SHORT CHANNELS. THERE-

FORE, 1/F NOISE MEASUREMENTS MAY BE USEFUL IN "WEEDING OUT"

DEVICES HAVING BREAKDOWN CHARACTERISTICS SIMILAR TO THOSE

OF FIGURE 4-7.
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CHAPTER 5

CONCLUSIONS AND DISCUSSION OF RESULTS 

THIS INVESTIGATION HAS FOUND A DEFINITE CORRELATION

BETWEEN EXCESS NOISE INTENSITY AND DRAIN BREAKDOWN IN

P-CHANNEL ENHANCEMENT-MODE MOS FIELD-EFFECT TRANSISTORS.

IN PARTICULAR, IT WAS FOUND THAT TRANSISTORS HAVING REL-

ATIVELY LOW NOISE INTENSITY EXHIBITED SHARPER BREAKDOWN

CHARACTERISTICS AT HIGHER DRAIN VOLTAGES THAN DEVICES

HAVING HIGH NOISE. IT IS BELIEVED THAT THE SURFACE-

STATE DENSITY IS RELATED TO THE SEMICONDUCTOR IMPURITY

CONCENTRATION AND THAT TRANSISTORS HAVING LOW BULK DOP-

ING AND/OR HIGH SURFACE-STATE DENSITY MAY BE EXPECTED TO

EXHIBIT HIGH SATURATION DRAIN CONDUCTANCE AND SOFT BREAK-

DOWN CHARACTERISTICS. FINALLY, IT WAS CONCLUDED THAT 1/F

NOISE MEASUREMENTS MAY BE USED IN NONDESTRUCTIVE TESTING

TO DETERMINE THE APPROXIMATE BREAKDOWN VOLTAGE OF INDI-

VIDUAL DEVICES OR ENTIRE MOS INTEGRATED CIRCUITS.

PREVIOUS INVESTIGATIONS HAVE TRACED THE ORIGIN OF 1/F

NOISE TO MODULATION OF SURFACE RECOMBINATION AND HAVE SHOWN

THAT THE NOISE INTENSITY IS DIRECTLY PROPORTIONAL TO BOTH

THE SURFACE-STATE DENSITY AND THE CURRENT DENSITY. MEAS

UREMENTS OF DRAIN CURRENT FLUCTUATIONS AT 10Hz AND AT 1KHz

WERE FOUND TO BE CONSISTENT WITH 1/F NOISE THEORY. THE

FREQUENCY DEPENDENCE WAS FOUND TO EXIST OVER A WIDE RANGE

OF OPERATING CONDITIONS, INCLUDING AT THE ONSET AND FOLLOW-
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ING DRAIN BREAKDOWN. THEREFORE, 1/F NOISE THEORY WAS

APPLIED IN THIS INVESTIGATION.

RESULTS FROM LIFE-TESTING FOR THRESHOLD VOLTAGE DRIFT

WERE CONSISTENT WITH ACCEPTED THEORY OF IONIC DRIFT IN

THE OXIDE. EXCESS NOISE INTENSITY, PARTICULARLY AT 1KHz,

SHOWED A SUBSTANTIAL INCREASE FOLLOWING NEGATIVE GATE BIAS

AT 130±5°C FOR 500 HOURS. THIS WAS INDICATIVE OF INCREASED

SURFACE-STATE DENSITY AND CONFIRMS THAT CATIONS AT THE  S1

-S1 0 2 INTERFACE CONTRIBUTE TO AN INCREASE IN THE NUMBER OF

FAST TRAPPING STATES. IT WAS CONCLUDED THAT IONIC DRIFT

NEAR THE SEMICONDUCTOR SURFACE RESULTED IN A LARGE NUMBER

OF SHALLOW TRAPS, THE FAST TIME CONSTANTS OF WHICH ACCOUNTED

FOR AN UNUSUALLY HIGH INCREASE IN NOISE INTENSITY AT HIGHER

FREQUENCIES.

IT IS WELL KNOWN THAT SATURATION DRAIN CONDUCTANCE IS

DIRECTLY PROPORTIONAL TO THE OXIDE THICKNESS AND INDIRECTLY

PROPORTIONAL TO THE SEMICONDUCTOR IMPURITY CONCENTRATION.

CURRENT-VOLTAGE CHARACTERISTICS OF SEVERAL TRANSISTORS SHOWED

THAT HIGH DRAIN CONDUCTANCE CORRESPONDED TO HIGH 1/F NOISE

INTENSITY. 	 THIS ESTABLISHED A CORRELATION BETWEEN DRAIN

CONDUCTANCE, SURFACE-STATE DENSITY, AND THE LEVEL OF BULK

DOPING.

SINCE THERE WAS NO CORRELATION BETWEEN IDSS AND OBSERVED

DIFFERENCES BETWEEN TRANSISTORS HAVING RELATIVELY HIGH AND

LOW NOISE, IT WAS CONCLUDED THAT HIGH SATURATION DRAIN CON-
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DUCTANCE IS STRICTLY A SURFACE EFFECT AND THAT THE RELA-

TIVE 1/F NOISE INTENSITY MAY BE USED TO CORRELATE DRAIN

CONDUCTANCE WITH THE SURFACE-STATE DENSITY.

IT WAS FOUND THAT TRANSISTORS HAVING RELATIVELY HIGH

EXCESS NOISE CONSISTENTLY EXHIBITED SOFT DRAIN BREAKDOWN

AND HIGH DRAIN CONDUCTANCE WHILE BREAKDOWN IN RELATIVELY

LOW NOISE DEVICES UNDER SIMILAR BIAS CONDITIONS WAS ALWAYS

SIGNIFICANTLY MORE ABRUPT AND WAS FOUND TO OCCUR AT UP TO

TWICE THE DRAIN VOLTAGE.

IN A FEW EXTREME CASES, VERY HIGH NOISE TRANSISTORS

BIASED IN CUTOFF SHOWED BREAKDOWN CHARACTERISTICS WHICH

WERE INDICATIVE OF PUNCH-THROUGH. IT WAS CONCLUDED THAT

DRAIN BREAKDOWN IS RELATED TO THE SEMICONDUCTOR IMPURITY

CONCENTRATION AND THE SURFACE-STATE DENSITY AND THAT LOW

BULK DOPING AND/OR AN UNUSUALLY HIGH DENSITY OF SURFACE

STATES FACILITATES EXPOP RECESSION TOWARD THE SOURCE WHEN

THE TRANSISTOR IS OPERATED IN SATURATION.

OF PARTICULAR SIGNIFICANCE WAS THE FACT THAT THE NOISE

INTENSITY CONSISTENTLY PEAKED AT THE THRESHOLD OF DRAIN

BREAKDOWN AND STEADILY DECREASED WITH INCREASING DRAIN

CURRENT. 	 SINCE THE NOISE INTENSITY IS DIRECTLY PROPOR

TIONAL TO THE CURRENT DENSITY WITHIN THE DEVICE, IT WAS

REASONED THAT THE EFFECTIVE CHANNEL DEPTH AT THE DRAIN

JUNCTION INCREASES AS IONIZATION PROGRESSES FOLLOWING THE

ONSET OF DRAIN BREAKDOWN. 	 THIS MAY BE EXPLOITED IN NON-
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DESTRUCTIVE TESTING OF MOS DEVICES, INCLUDING ENTIRE MOS

INTEGRATED CIRCUITS, BY MEASURING THE RELATIVE 1/F NOISE

INTENSITY TO DETERMINE THE APPROXIMATE DRAIN BREAKDOWN

VOLTAGE WITHOUT ACTUALLY BREAKING DOWN THE DEVICE.

IN CONCLUSION, AN EXCEPTIONALLY HIGH 1/F NOISE INTEN-

SITY IS INDICATIVE OF A HIGH SURFACE-STATE DENSITY AND/OR

LOW SEMICONDUCTOR IMPURITY CONCENTRATION. MOS TRANSISTORS

HAVING RELATIVELY LOW NOISE INTENSITY MAY BE EXPECTED TO

EXHIBIT LOW SATURATION DRAIN CONDUCTANCE AND SHARP DRAIN

BREAKDOWN CHARACTERISTICS AT HIGHER DRAIN VOLTAGES THAN

HIGH NOISE DEVICES.
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APPENDIX A

THE INFLUENCE OF DEVICE PARAMETERS 

ON THE MOS SATURATION DRAIN CONDUCTANCE

FROHMAN-BENTCHKOWSKY AND GROVE1 AND OTHERS2,3 HAVE IN-

VESTIGATED THE DRAIN CONDUCTANCE OF MOS TRANSISTORS IN THE

SATURATION REGION AND HAVE FOUND IT TO BE "A SENSITIVE FUNCTION

OF THE OXIDE THICKNESS AS WELL AS THE SUBSTRATE IMPURITY

CONCENTRATION." 4 THE FOLLOWING IS A MODEL PRESENTED WHICH

EVALUATES THE SATURATION DRAIN CONDUCTANCE OF AN N-CHANNEL

MOS TRANSISTOR ON THE BASIS OF DEVICE PARAMETERS.

THE DRAIN VOLTAGE AT THE ONSET OF SATURATION MAY BE EX-

PRESSED AS 5
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THE CORRESPONDING DRAIN CURRENT WHEN THE DRAIN VOLTAGE

IS GREATER THAN VDSAT IS GIVEN BY 6

WHERE |DSAT* 	IS THE DRAIN CURRENT WHEN V D VD SAT , L is THE

EFFECTIVE LENGTH OF THE INVERTED CHANNEL BEFORE SATURATION,

AL IS THE LENGTH BY WHICH THE CHANNEL IS SHORTENED WHEN THE

EXPOP HAS MOVED TOWARD THE SOURCE, AND WHERE IT IS ASSUMED

THAT AN INCREASE IN DRAIN CURRENT AFTER THE ONSET OF SATURA-

TION IS ATTRIBUTED ENTIRELY TO A REDUCTION OF CHANNEL LENGTH,

IF THE EXPOP RECEDES ONLY SLIGHTLY AND ΔL «5L,

OVER A WIDE RANGE OF DRAIN VOLTAGES IN THE SATURATION RE-

GION OF THE CURRENT—VOLTAGE CHARACTERISTICS.

THE LENGTH OF THE CHANNEL DEPLETION REGION BETWEEN THE

EXPOP AND THE DRAIN JUNCTION IS GIVEN BY 7

WHERE V D IS THE POTENTIAL AT THE DRAIN, VDSAT IS THE POTEN-

TIAL AT THE EXPOP, AND WHERE ε T , THE AVERAGE TRANSVERSE ELEC-

TRIC FIELD IN THE CHANNEL DEPLETION REGION, IS COMPOSED OF

COMPONENTS ASSOCIATED WITH THE FOLLOWING:
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1. THE ELECTRIC FIELD DUE TO THE FIXED CHARGE IN THE

REVERSE BIASED DRAIN-TO-SUBSTRATE P-N JUNCTION;

2. THE FRINGING ELECTRIC FIELD DUE TO THE DRAIN-TO-

GATE POTENTIAL DROP, V D - VG ' ; AND

3. 	 THE FRINGING ELECTRIC FIELD DUE TO THE POTENTIAL

DIFFERENCE VG'-VDSAT BETWEEN THE GATE AND THE EXPOP AND

MAY BE EXPRESSED AS 8

AND WHERE10

IS A CONSTANT INVERSELY PROPORTION TO THE SUBSTRATE IMPUR

ITY CONCENTRATION.

AFTER SUBSTITUTING FOR ετ IN EQUATION A-4, THE LENGTH

OF THE DEPLETION REGION IS GIVEN BY 11
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WHICH EXPRESSES ΔL BY THE SUM OF TWO SEMI-AUTONOMOUS TERMS.

THE FIRST IS AN INVERSE FUNCTION OF THE SEMICONDUCTOR IM-

PURITY CONCENTRATION (BASED ON THE EXPRESSION FOR K) AND

THE SECOND IS DIRECTLY PROPORTIONAL TO THE OXIDE THICKNESS.

ACCORDINGLY, THERE ARE TWO LIMITING CASES WHICH EMPHASIZE

THE DEPENDENCIES OF THE SATURATION DRAIN CONDUCTANCE ON THE

DEVICE PARAMETERS.

CASE 1. 	 x 0 >> - K(V D-VDSAT)1/2. WITH THE ASSUMPTION OF

A HIGH SUBSTRATE IMPURITY CONCENTRATION, THICK OXIDE LAYER,

OR BOTH, THE REDUCTION IN CHANNEL LENGTH BECOMES 12

AND THE SATURATION DRAIN CONDUCTANCE DUE TO A DIFFERENTIAL

REDUCTION IN CHANNEL LENGTH FROM EQUATION 1-1 BECOMES 13

WHICH IS DEPENDENT ONLY ON THE LEVEL OF BULK DOPING, C B .

IT IS EVIDENT THAT THE SMALL-SIGNAL SATURATION DRAIN

CONDUCTANCE INCREASES AS THE SQUARE-ROOT OF THE IMPURITY

CONCENTRATION DECREASES. 	 THIS AGREES WELL WITH RESULTS

FOUND BY CRAWFORD 14 WHO HAS EXPRESSED THE LENGTH OF THE

CHANNEL DEPLETION REGION AS A FUNCTION OF VT, THE THRESHOLD

VOLTAGE, AND THE DONOR IMPURITY CONCENTRATION 15
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CASE 2. xo« K(V D-VDSAT )1/2. 	 WITH LOW BULK DOPING,

THIN OXIDE, OR BOTH, ΔL Is GIVEN BY 16

AND THE CORRESPONDING SMALL-SIGNAL SATURATION DRAIN CON-

DUCTANCE IS EXPRESSED AS
17

WHICH IS A FUNCTION OF THE OXIDE THICKNESS ONLY. 	 IT IS

EVIDENT THAT VARIATIONS IN THE OXIDE THICKNESS PRODUCE

DIRECT VARIATIONS IN DRAIN CONDUCTANCE. 	 THE TERM xo IS

THEREFORE SLIGHTLY MORE DOMINANT AN INFLUENCING FACTOR

THAN C B .
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APPENDIX B

A DERIVATION OF THE EQUATION OF THE SPECTRAL INTENSITY

OF THE SHORT-CIRCUIT DRAIN CURRENT FLUCTUATIONS

IN METAL-0XIDE-SEMICONDUCTOR TRANSISTORS

THE ORIGIN OF EXCESS NOISE IN MOS TRANSISTORS CAN BE

TRACED TO "CONDUCTION CHANNEL CHARGE DENSITY FLUCTUATIONS

CAUSED BY THE MODULATION OF SURFACE POTENTIAL DUE TO RAN-

DOM OCCUPANCY OF SURFACE STATES." 1 	HSU2 HAS UNDERTAKEN A

DERIVATION OF THE 1/F NOISE SPECTRAL INTENSITY OF P-CHANNEL

ENHANCEMENT MOSFET's BASED ON MODULATION OF SURFACE-STATE

DENSITY WITH THE FOLLOWING FIVE ASSUMPTIONS: 3

1. ONLY A ONE-DIMENTIONAL PROBLEM IS CONSIDERED
FOR CARRIER DISTRIBUTION AT THE FIELD-INDUCED DE-
PLETION REGION.

2. THE SURFACE STATES ARE UNIFORMLY DISTRIBUTED
IN SPACE AND IN ENERGY AT THE CENTRAL PORTION OF
THE SILICON FORBIDDEN GAP.

3. SINCE THE OXIDE THICKNESS IS ON THE ORDER OF
600 TO 2000Å, AND SINCE IT HAS BEEN SHOWN THAT
THE GREAT MAJORITY OF SURFACE STATES RESIDE WITHIN
NO MORE THAN 20Å FROM THE Si-SiO2 INTERFACE,4 ALL
SURFACE STATES ARE LOCATED AT THE SURFACE OR IN-
TERFACE OF THE OXIDE AND SILICON SUBSTRATE.

4. THE RELAXATION TIME OF FREE HOLES AND ELECTRONS
INSIDE THE SURFACE DEPLETION REGION IS NEGLIGIBLY
SMALL COMPARED TO THAT OF THE SURFACE STATES.

5. FOR A P-CHANNEL MOSFET, WHEN THE SURFACE IS
INVERTED, THE FREE HOLE CONCENTRATION IS VERY LARGE
WHILE THE FREE ELECTRON DENSITY IS NEGLIGIBLY SMALL
IN THE CONDUCTION CHANNEL. 	 THEREFORE, THE SURFACE
STATES ACT AS TRAPPING CENTERS INSTEAD OF RECOM-
BINATION CENTERS.
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USING THE GAIN-LOSS PROCESS OF BURGESS 5,6 AND OF

VAN VLIET AND FASSETT, 7 THE RATE THAT SURFACE STATES OF

ENERGY E, LOCATED AT A DISTANCE X INTO THE SILICON DIOXIDE

LAYER, GAIN HOLES CAN BE EXPRESSED AS 8

WHERE A = EFFECTIVE AREA OF THE GATE

ηT(E) = NUMBER OF EMPTY SURFACE STATES AT ENERGY E
AND LOCATED AT A DISTANCE X FROM THE Si-SiO2
INTERFACE

ηSI = FREE ELECTRON CONCENTRATION AT THE SURFACE
WHEN THE FERMI LEVEL IS AT THE SURFACE-STATE
LEVEL

ρS= HOLE DENSITY IN THE INVERTED CHANNEL OF A
P--CHANNEL ENHANCEMENT MOSFET

AND WHERE C IS THE HOLE CAPTURE PROBABILITY OF SURFACE

STATES, A FUNCTION OF ENERGY AND DISTANCE INTO THE OXIDE

AND STRONGLY DEPENDENT ON THE LOCATION OF THE TRAPPING

CENTER, WHICH MAY BE EXPRESSED AS 9

HERE C s IS THE CAPTURE PROBABILITY AT A DISTANCE X=0 FROM

THE Si-SiO2 INTERFACE AND THE FACTOR a IS GIVEN BY"

WHERE EB = ENERGY BARRIER TO BE TUNNELED BY HOLES

h ==PLANCK'S CONSTANT

M* =EFFECTIVE MASS OF A HOLE
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IF THE CAPTURE PROBABILITY OF ELECTRONS IS ASSUMED

TO BE THE SAME AS THAT FOR HOLES, THEN THE RATE THAT THE

SURFACE STATES OF ENERGY E LOSE HOLES AT A DISTANCE X INTO

THE OXIDE IS GIVEN BY 11

WHERE ηs =ELECTRON DENSITY IN THE INVERTED CHANNEL OF A
P—CHANNEL ENHANCEMENT MOSFET

ρSI =FREE HOLE CONCENTRATION AT THE SURFACE WHEN
THE FERMI LEVEL IS AT THE SURFACE—STATE LEVEL

ρτ(E)=DENSITY OF TRAPPED HOLES AT ENERGY E AND LO-
CATED AT A DISTANCE X FROM THE Si—SiO 2 INTER-
FACE

THE TIME CONSTANT FOR THE SURFACE—STATE OCCUPANCY

FLUCTUATION, OBTAINED BY DIFFERENTIATING EQUATIONS B-1

AND B-4 WITH RESPECT TO THE NUMBER OF HOLES IN THE SUR-

FACE STATES (ρτ AΔEΔX), IS GIVEN BY 12

WHERE ρ so AND ηso ARE THE STEADY—STATE VALUES OFρ s AND

ηs, RESPECTIVELY.

WHEN THE SURFACE IS INVERTED, ASSUMPTION (5) REDUCES

THE EXPRESSiON FOR τ TO 13
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"THE VARIANCE OF THE FLUCTUATION OF THE TOTAL NUMBER

OF OCCUPIED SURFACE STATES IN AN ENERGY ΔE AND AT A

DISTANCE ΔX IS GIVEN BY G 0τ," 14 WHERE G o IS THE STEADY—STATE

RATE OF FORMATION OF TRAPPING CENTERS (THE RATE OF GAIN-

ING HOLES) WHICH IS ASSUMED TO BE EQUAL TO Ro, THE STEADY—

STATE RATE OF LOSING HOLES. 	 IN THE INVERSION REGION OF A

P—CHANNEL ENHANCEMENT MOSFET VIRTUALLY ALL SURFACE STATES

CAN BE THOUGHT OF AS TRAPPING CENTERS AND THE VARIANCE OF

THE TRAPPED HOLE DENSITY FLUCTUATION IS 15

WHERE N T IS THE DENSITY OF SURFACE STATES PER CM 3 PER EV.

THE SPECTRAL INTENSITY OF THE TRAPPED HOLE DENSITY

FLUCTUATION MUST BE EVALUATED OVER A LENGTH 	 FROM THE

Si-SiO2 INTERFACE AND OVER ALL POSSIBLE ENERGY LEVELS

AND IS GIVEN BY 16

AFTER SUBSTITUTING FOR VAR pτ AND τ.	AND AFTER EVAL-

UATING THE DOUBLE INTEGRALS THE SPECTRAL INTENSITY OF THE

TRAPPED HOLE DENSITY FLUCTUATION MAY BE EXPRESSED IN THE

FORM17
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WHERE N T (E) IS THE COMBINED DENSITY OF FREE HOLES AND ELEC-

TRONS IN CM -3/EV AND WHERE τs IS THE TIME CONSTANT OF THE

SURFACE STATES LOCATED RIGHT AT THE OXIDE-SEMICONDUCTOR IN-

TERFACE.

THE FLOW OF MOBILE CHARGE IN THE CHANNEL IS DEPENDENT

ON THE TRANSCONDUCTANCE, G M , THE OXIDE CAPACITANCE PER UNIT

AREA C o , AND ON THE EFFECTIVE AREA OF THE GATE, A, AND IS

GIVEN BY18

WHICH IS IN UNITS OF CURRENT.

CHARGE DENSITY FLUCTUATION CAUSING A VARIATION IN THE

SURFACE POTENTIAL RESULTS IN DRAIN CURRENT FLUCTUATIONS IN

THE DRAIN CIRCUIT. THESE MAY BE OBSERVED AS NOISE. THERE-

FORE, THE SPECTRAL INTENSITY OF THE SHORT-CIRCUIT DRAIN CUR-

RENT FLUCTUATIONS MAY BE EXPRESSED AS 19

WHERE t2df 	IS THE MEAN-SQUARED CURRENT FLUCTUATION.

THE NATURE OF THE FREQUENCY DEPENDENCE OF THE NOISE

SPECTRAL INTENSITY IS DETERMINED BY EVALUATING THE EXPAN-

SION OF THE ARCTANGENT TERMS IN EQUATION B-9.
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CASE 1 . VERY LOW FREQUENCY: ωτseal < 1. AFTER SUB-

STITUTING FOR h1, M*, E B = 20EV, l ≈ 20Å, AND SOLVING FOR

IN EQUATION B-3, eal ≈ 1017 . 	 THEN, IF ωτseal IS ASSUMED

TO BE LESS THAN UNITY, (ωτseal)2 « 1. 	 THE APPROPRIATE

EXPANSION FOR THE ARCTANGENT TERMS IN EQUATION B-9 WHEN

X2 < 1 ( WHERE X = ωτseal), IS GIVEN BY20

SUBSTITUTING FOR X IN EQUATION B-12 GIVES THE FOLLOW-

ING PARTIAL SERIES EXPANSION FOR THE BRACKETED TERM IN

EQUATION B-9:

AFTER NEGLECTING THE SMALL TERMS, THE SPECTRAL INTEN-

SITY OF THE SHORT-CIRCUIT DRAIN CURRENT FLUCTUATIONS AT

LOW FREQUENCIES IS GIVEN BY 21

IN WHICH IT IS EVIDENT THAT VERY LOW FREQUENCY NOISE IS

WITHOUT FREQUENCY DEPENDENCE AND IS PROBABLY WHITE. 	 THIS

IS IN EXCELLENT AGREEMENT WITH OTHER NOISE THEORIES. 22,23

FURTHERMORE, SINCE τs≈10-9 SECOND, IT IS APPARENT THAT THE

FLAT NOISE SPECTRUM BEGINS AT f < 10 -9 HZ. 	 SINCE THIS IS FAR

LOWER THAN IT IS POSSIBLE TO MEASURE, THE LOWER LIMIT OF

FREQUENCY-DEPENDENT NOISE WILL NO DOUBT REMAIN A PURELY THEO-

RETICAL LIMIT.
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CASE 2. 	 INTERMEDIATE FREQUENCY: ωτs < 1 < ωτseal.

THE EXPANSION FOR TAN -1 (X) WHEN X >1 (WHERE X = ωτseal) is

GIVEN BY24

WITH  eal= 10 17 , ωτs REMAINS MUCH LESS THAN UNITY.

THEREFORE, SUBSTITUTING ωτseal FOR X IN EQUATION B-15 AND

ωτs FOR X IN EQUATION 6-12 GIVES THE FOLLOWING PARTIAL

SERIES EXPANSION FOR THE ARCTANGENT TERMS IN EQUATION B-9:

AFTER NEGLECTING THE SMALL TERMS, THE SPECTRAL INTEN-

SITY OF THE SHORT-CIRCUIT DRAIN CURRENT FLUCTUATIONS AT

INTERMEDIATE FREQUENCIES IS GIVEN BY 25

WHICH IS INVERSELY PROPORTIONAL TO FREQUENCY. 	 WITH τs≈10 -9

SECOND, THE FULL RANGE OF "1/F" NOISE IS WITHIN 10-9<f<108 .

MEASUREMENTS MADE AT TEN CYCLES AND AT ONE KILOCYCLES WERE

THEREFORE WELL WITHIN THE ACCEPTED RANGE OF FREQUENCIES. As

FOR EQUATION B-14, THE NOISE INTENSITY IS DIRECTLY PROPOR-

TIONAL TO THE SURFACE-STATE DENSITY. 	 THIS FACT HAS BEEN

USED TO CORRELATE SATURATION DRAIN CONDUCTANCE WITH 1/F

NOISE INTENSITY IN THIS RESEARCH.
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CASE 3. 	 HIGH FREQUENCY: ωτs > 1. 	 USING THE EXPRES-

SION OF EQUATION B-15 FOR BOTH ωτseal AND ωτ GIVES THE

FOLLOWING PARTIAL SERIES EXPANSION FOR THE ARCTANGENT TERMS

IN EQUATION B-9:

FROM WHICH THE SPECTRAL INTENSITY OF THE SHORT-CIRCUIT

DRAIN CURRENT FLUCTUATIONS AT HIGH FREQUENCIES MAY BE

GIVEN BY26

HIGH FREQUENCY NOISE IS THEREFORE EXPECTED TO BE INVERSELY

PROPORTIONAL TO THE SQUARE OF THE FREQUENCY AT WHICH IT IS

MEASURED AND AS WITH THE NOISE INTENSITY AT INTERMEDIATE

AND LOW FREQUENCIES, IS DIRECTLY PROPORTIONAL TO THE SUR-

FACE-STATE DENSITY.
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APPENDIX C

THRESHOLD VOLTAGE DRIFT 

IN P-CHANNEL ENHANCEMENT MOSFETS 

SPECIFICATIONS 

DDO7P DDO8K

Low 	 NOISE 	 UNITS 56 57 	 77
79 80

103 	 109 	 110
112 	 121

HIGH 	 NOISE 	 UNITS 45 47 48
60 	 61

102 	 104 	 105
114 	 120

RATED V GS
GATE-TO-SOURCE

-30V.
ZENER 	 DIODE
PROTECTED

170V.
No 	 GATE

PROTECTION

APPLIED 	 V GS
GATE-TO-SOURCE
DRAIN, 	 SOURCE, 	 AND
SUBSTRATE 	 SHORTED

-25V. -50V.

OVEN TEMPERATURE 130±5°C 130±5°C

TIME 	 DURATION 500 HOURS 500 	 HOURS

97

CONNECTION DIAGRAM

FIGURE C-1. 	 CONNECTION DIAGRAM FOR BIASING P-CHANNEL MOS
TRANSISTORS FOR NEGATIVE THRESHOLD VOLTAGE DRIFT.
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LIFE-TEST DATA FOR DD07P

-V T1 	THRESHOLD VOLTAGE AS OF 6/25/73

-V T2 	THRESHOLD VOLTAGE AS OF 7/17/73

UNIT 	 NO. -VT1

VOLTS

-VT2

VOLTS
%61T

56 4.60 4.72 2.61
57 4.51 4.63 2.66
77 4.49 4.59 2.23
79 4.56 4.64 1.75
80 4.70 4.81 2.34

45 4.52 4.76 5.32
47 4.58 * *
48 4.44 4.58 3.16
60 4.87 5.20 6.78
61 4.62 4.95 7.15

* UNIT FAILED DURING BIAS
AT ELEVATED TEMPERATURE

INTERPRETATION OF  DATA 

MEAN -VT1 = 4.59V. 	 STANDARD DEVIATION = 0.037V.

MEAN -VT2 = 4.63V. 	 STANDARD DEVIATION = 0.196V.

ABSOLUTE DIFFERENCE BETWEEN MEANS: 	 0.04V.

STANDARD ERROR OF THE DIFFERENCE BETWEEN
MEANS: 	 0.0887V.

SINCE THE ABSOLUTE DIFFERENCE BETWEEN MEANS IS LESS

THAN THE STANDARD ERROR OF THE DIFFERENCE BETWEEN MEANS,

IT CAN BE CONCLUDED THAT THERE WAS NO SIGNIFICANT CHANGE

IN THRESHOLD VOLTAGE FOR TYPE DDO7P MOSFET's AFTER BIAS

AT 130±5 0 C FOR 500 HOURS.
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LIFE-TEST DATA FOR DDO8K 

-VT 1 	THRESHOLD VOLTAGE AS OF 6/25/73

-VT2 	 THRESHOLD VOLTAGE AS OF 7/17/73

UNIT 	 NO. -VT1

VOLTS

-VT2

VOLTS

%ΔV T

103 4.27 4.59 7.50
109 4.17 4.55 9.11
110 4.19 * *
112 4.21 4.50 6.88
121 4.31 4.61 6.95

102 4.11 * *
104 3.82 4.26 11.5
105 4.16 4.66 12.0
114 4.15 5.13 23.6
120 4.17 4.76 14.1

* UNIT FAILED DURING BIAS
AT ELEVATED TEMPERATURE

INTERPRETATION OF DATA 

MEAN -VT1 = 4.16V.
	 STANDARD DEVIATION = 0.044V.

MEAN -VT2 = 4.62V.
	 STANDARD DEVIATION = 0.073V.

ABSOLUTE DIFFERENCE BETWEEN MEANS: 	 0.46V.

STANDARD ERROR OF THE DIFFERENCE BETWEEN
MEANS:
	

0.0945V.

SINCE THREE TIMES THE STANDARD ERROR OF THE DIFFERENCE

BETWEEN MEANS IS LESS THAN THE ABSOLUTE DIFFERENCE BETWEEN

MEANS, THE POPULATION AFTER THRESHOLD VOLTAGE DRIFT HAS LESS

THAN 0.27% CHANCE OF BEING PART OF THE ORIGINAL POPULATION.

THEREFORE, IT CAN BE CONCLUDED THAT THE TYPE DDO8K MOSFET's

SHOWED SUBSTANTIAL NEGATIVE THRESHOLD VOLTAGE DRIFT AFTER

BIAS AT 1305°C FOR 500 HOURS.



APPENDIX D

EXCESS NOISE-DRAIN CURRENT MEASUREMENTS 

AT CONSTANT GATE VOLTAGE

SPECIFICATIONS

DD07P DD08K

Low 	 NOISE 	 UNITS 56 57 	 77
79 80

103 	 109 	 110
112 	 121

HIGH 	 NOISE 	 UNITS 45 47 	 48
60 	 61

102 	 104 	 105
114 	 120

RATED VGS
GATE-TO-SOURCE

-30V.
ZENER 	 DIODE
PROTECTED

-±70V.
NO GATE

PROTECTION

APPLIED 	 VGS
GATE-TO-SOURCE

-5.5V. -5.5V.

RATED 	 I DS
DRAIN-TO-SOURCE

VGS = VDS = -15V .

-44.0mA -44.0MA

MAX. 	 APPLIED 	 IDS
VGS = -5.5V.
VDS	VARIABLE
VSSUB =0V.

-8.0mA -8.0mA

RATED 	 DISSIPATION
TA =25 0 C

225MW 225mW

AMBIENT 	 TEMPERATURE 25±5°C 25±5°C

INSTANTANEOUS gdSAT
AT 	 DRAIN 	 BREAKDOWN

100 	 MHOS 100 	 MHOS

CONNECTION DIAGRAM 

REFER TO FIGURE 3-1 ON PAGE 42 OF TEXT.

100
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EXCESS NOISE-DRAIN CURRENT DATA FOR DDO7P MOSFETS (6/25/73)

NOISE

UNIT NO.

VOLTAGE 	 IN 	 440LTS 	 AT 	 INDICATED DRAIN 	 CURRENTS

	

AND SPECIFIED 	 FREQUENCIES

0.5MA 	 1.0mA 	 1.5mA

10Hz 	 1KHz	 -VDS 	10Hz	 1KHz 	 -VD S	10Hz	 1KHz 	 -VDS

45 44 5.7 15.5 69 8.2 24.0 100 10 30.0
47 42 5.4 13.0 63 8.2 23.5 79 11 30.5
48 35 5.5 6.5 66 8.5 14.0 76 9.8 21.0
60 72 7.2 19.5 110 11 26.0 120 12 29.0
61 47 6.0 13.5 76 8.2 20.5 92 9.2 25.0

56 28 6.6 39.0 47 10 58.0 60 11 68.5
57 31 6.3 36.5 49 9.5 60.0 66 12 70.5
77 31 6.0 22.5 51 9.8 44.5 77 12 54.0
79 28 6.3 34.0 44 8.7 57.0 52 12 69.5
80 31 6.6 44.0 47 9.5 64.5 50 11 72.0

2.OMA 3.OMA 4.0mA

45 130 14 35.0 140 17 41.5 110 16 49.0
47 110 13 36.0 130 16 43.0 80 15 56.0
48 110 13 26.5 130 17 33.0 110 17 40.0
60 130 14 33.5 140 18 36.0 130 17 42.5
61 120 13 29.0 125 14 33.0 120 16 43.0

56 70 11 70.0 60 10 75.5 50 9 80.0
57 60 12 71.0 62 11 78.0 45 10 83.5
77 62 11 65.0 55 10 74.5 43 9 78.0
79 73 13 76.5 60 10 80.0 47 8 83.0
80 60 12 77.0 54 10 81.0 39 8 82.0

6.OMA 8.0mA

45 100 15 53.0 88 14 60.5
47 70 13 58.0 50 12 63.0
48 100 16 46.0 80 14 54.5
60 100 16 46.5 79 15 51.5
61 95 15 52.0 81 14 57.0

56 17 4.2 83.5
57 13 2.8 87.0
77 13 3.4 80.5
79 12 3.5 84.0
80 11 2.6 84.0
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EXCESS NOISE-DRAIN CURRENT DATA FOR DDO7P MOSFETS (7/1 7/73)

NOISE

UNIT NO.

VOLTAGE 	 IN 	 ,VOLTS 	 AT 	 INDICATED DRAIN 	 CURRENTS

	

AND SPECIFIED 	 FREQUENCIES

0.5MA 	 1.0mA 	 1.5mA

1 0Hz 	 1 KHz 	 -VDS 	 1 0Hz 	 1 KHz 	 -VDS 	 1 0Hz 	 1 KHz 	 -VDS

45
47

90 	 45 	 22.5 	 145 	 90
*UNIT 	 FAILED 	 AFTER 	 BIAS 	 AT

32.0 	 180 	 110
130±5 ° C FOR 500

36.0
HOURS

48 60 50 7.0 140 110 18.5 180 140 26.0
60 100 80 23.0 170 130 29.0 200 140 31.0
61 60 50 16.0 100 80 24.5 120 90 30.0

56 PO 60 39.5 130 100 59.0 180 140 69.0
57 80 60 38.0 120 100 68.0 160 130 73.5
77 60 45 23.5 140 110 45.0 180 140 57.0
79 60 45 36.0 140 100 61.5 180 130 71.0
80 80 60 47.0 140 110 68.0 190 160 75.0

2.OMA 3.0mA 4.OMA

45 210 120 39.0 220 130 44.5 225 145 49.5
47 * * * * * * * * *
48 210 160 30.0 250 180 37.0 270 200 40.0
60 210 160 34.0 225 170 38.0 230 185 42.0
61 130 100 33.0 140 110 38.0 130 100 44.0

56 210 160 73.0 230 190 78.5 140 110 81.5
57 200 160 76.5 210 170 79.0 90 80 83.0
77 210 150 65.0 240 180 74.0 200 100 77.0
79 200 160 76.5 230 180 80.0 130 90 82.0
80 210 150 78.0 200 150 80.0 110 100 81.5

6.OMA 8.OMA

45 205 100 54.0 190 90 63.0
47 * * * *
48 240 170 46.5 200 140 55.0
60 240 190 46.0 200 110 50.5
61 120 90 51.0 90 70 59.0

56 32 16 82.0
57 24 15 84.0
77 26 19 79.0
79 22 18 83.0
80 32 17 83.5
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EXCESS NOISE-DRAIN CURRENT DATA FOR DDO8K MOSFETS (6/25/73)

	NOISE	 VOLTAGE 	 IN
AND

0.5mA

	

UNIT NO. 	 10Hz 	 1KHz

jaoLTs 	 AT 	 INDICATED DRAIN 	 CURRENTS

	

SPECIFIED 	 FREQUENCIES

1.0mA 	 1.5mA

--VDS 	 10Hz 	 1KHz 	 -VDS 	 10Hz 	 1KHz 	 - VDS

102 55 6.4 0.60 75 14 23.0 110 17 43.0
104 30 5.2 1.00 56 6.8 14.5 71 11 27.0
105 50 4.8 5.00 71 9.5 28.0 82 13 46.5
114 36 4.4 7.50 60 9.3 64.0 64 12 69.0
120 55 4.7 18.0 80 9.3 62.0 110 12 73.0

103 50 5.3 25.0 72 11 57.0 83 12 72.5
109 55 5.5 9.50 80 11 21.0 98 12 30.0
110 55 5.3 20.0 76 10 38.5 92 12 55.5
112 45 5.0 8.00 68 10 24.0 90 13 38.0
121 40 5.2 16.5 67 10 48.5 87 11 64.5

2.OMA 3.OMA 4.OMA

102 130 20 56.0 150 25 65.0 155 24 69.0
104 110 12 30.5 130 15 46.5 145 16 58.0
105 120 17 58.0 140 19 70.0 150 18 73.0
114 100 18 74.5 145 22 76.0 160 21 77.0
120 125 16 75.0 135 17 77.5 130 16 79.0

103 76 12 74.5 49 10 77.0 36 8.2 77.5
109 84 13 38.0 34 11 50.0 22 9.3 57.0
110 110 10 69.0 78 7.9 76.0 60 6.2 77.0
112 100 12 47.0 60 7.1 61.0 30 4.2 70.5
121 95 13 72.0 50 12 77.0 33 10 79.0

6.OMA 8.OMA

102 145 20 75.0 110 17 77.5
104 140 15 70.0 105 14 73.0
105 140 16 75.0 100 13 76.0
114 155 18 78.5 110 16 79.0
120 120 13 79.5 90 11 80.0

103 32 4.7 78.0 43 6.8 78.5
109 15 5.1 65.0 32 7.2 69.0
110 40 4.3 78.5 50 5.8 79.5
112 14 3.9 76.0 27 5.0 76.5
121 12 8.1 80.0 29 8.5 80.0
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EXCESS NOISE-DRAIN CURRENT DATA FOR DDO8K MOSFETS (7/17/73)

NOISE VOLTAGE IN ,VOLTS AT INDICATED DRAIN CURRENTS
AND SPECIFIED FREQUENCIES

UNIT NO.

0.5MA

10Hz 	 1KHz

1.OMA

-VDS 	 10Hz 1KHz 	 -VDS

1.5MA

10Hz 	 1KHz -Vps

102 *UNIT 	 FAILED 	 AFTER 	 BIAS 	 AT 	 130±5°C 	 FOR 	 500 HOURS
104 100 80 5.50 160 130 18.5 210 170 29.5
105 110 100 13.0 200 160 38.0 240 200 51.0
114 130 110 10.5 220 170 66.0 250 190 71.5
120 120 90 34.0 180 110 71.0 220 140 76.0

103 100 90 27.5 180 130 60.0 200 150 72.0
109 100 90 11.0 160 110 22.5 210 150 30.0
110 100 80 23.0 180 160 35.0 220 180 49.0
112 90 55 9.00 170 100 26.0 190 180 38.5
121 100 60 19.0 160 110 50.0 180 140 66.0

2.OMA 3.OMA 4w0mA

102 * * * * * * * *
104 250 200 32.0 300 230 46.0 290 200 57.0
105 270 210 60.5 310 240 70.5 270 230 74.0
114 300 220 78.0 320 230 79.5 280 200 78.0
120 270 200 78.0 240 160 78.5 170 100 79.0

103 180 120 75.0 110 80 77.0 78 55 78.0
109 200 130 39.0 110 75 49.0 41 24 57.5
110 **UNIT DEFECTIVE AT 	 HIGHER DRAIN CURRENTS
112 210 160 46.5 170 100 61.5 90 60 70.0
121 120 90 73.0 100 70 78.0 76 45 79.5

6.OMA 8.OMA

102 * * * * *
104 250 190 71.0 170 140 75.0
105 200 180 76.0 120 80 77.0
114 210 110 79.0 90 50 79.5
120 140 90 79.5 89 65 80.5

103 48 18 80.0 34 12 80.5
109 30 20 69.0 17 16 72.0
110 ** ** ** ** ** **
112 21 19 75.0 18 12 76.0
121 32 22 80.0 22 12 80.5



FIGURE D-1. 	 CURRENT-VOLTAGE CHARACTERISTICS FOR A RELATIVELY LOW NOISE DD07P MOSFET
DRAIN-DIODE BREAKDOWN IS EVIDENT WHEN THE DEVICE IS BIASED IN CUTOFF. 	 UNIT NO. 44.



FIGURE D-2. CURRENT-VOLTAGE CHARACTERISTICS FOR A RELATIVELY HIGH NOISE DD07P MOSFET
HIGH SATURATION DRAIN CONDUCTANCE AND EVIDENCE OF DRAIN PUNCH-THROUGH WERE TYPICAL OF
SUCH HIGH NOISE TRANSISTORS. UNIT NO. 69.



APPENDIX E

DRAIN LEAKAGE CURRENT MEASUREMENTS 

DEFINITION OF I DSS

THE SHORT-CIRCUIT DRAIN LEAKAGE CURRENT, I DSS , OF P-

CHANNEL ENHANCEMENT MOSFET's IS DEFINED AT V DS =-10 VOLTS

AND VGS = V SSUB = 0 VOLTS. IT IS A MEASURE OF THE LEAKAGE

AROUND THE ENTIRE DRAIN-TO-SUBSTRATE P-N JUNCTION AND IS

USUALLY NO MORE THAN A FEW NANOAMPERES (10 -9 AMPERES) IN

MOST ENHANCEMENT-MODE DEVICES.

EXPERIMENTAL METHOD 

IN ORDER TO ASSESS THE POSSIBLE EFFECTS OF DRAIN LEAK-

AGE ON THE SATURATION I-V CHARACTERISTICS OF P-CHANNEL EN-

HANCEMENT MOSFET's AND IN ORDER TO CORRELATE THIS LEAKAGE

WITH CHANGES IN THE SURFACE-STATE DENSITY AND OTHER CHARAC-

TERISTICS OF THE S1 -S1 O2 INTERFACE MEASUREMENTS OF I DSS

WERE CONDUCTED ON ALL UNITS LIFE-TESTED FOR THRESHOLD VOL-

TAGE DRIFT, BOTH BEFORE AND AFTER BIAS AT 130±5 ° C FOR 500

HOURS.

FIGURE E-1 SHOWS A SIMPLIFIED SCHEMATIC OF THE GENERAL 

RADIO TYPE 1230-A DC AMPLIFIER AND ELECTROMETER WHICH WAS

USED TO MEASURE I DSS FOR THE UNITS TESTED. THE INSTRUMENT

CONSISTED OF VARIABLE RESISTORS R A (ADJUSTABLE FROM 10 4 TO

1011	OHMS IN EIGHT ORDERS OF MAGNITUDE) AND RB(PRESET FOR

VOLTAGE MEASUREMENTS) AND ELECTROMETER TUBE V 1 CONNECTED AS



FIGURE E-1. 	 SIMPLIFIED SCHEMATIC OF A GENERAL RADIO TYPE
1230—A DC AMPLIFIER AND ELECTROMETER AND EXTERNAL DC SUP-
PLY USED TO MEASURE I DSS OF P-CHANNEL ENHANCEMENT MOSFET's.
TUBE V1 WAS CONNECTED AS A THREE-STAGE, DIRECT-COUPLED,
VOLTAGE AMPLIFIER WHICH, DUE TO THE COMMON-CATHODE CON- 14
FIGURATION, PROVIDED AN INPUT RESISTANCE GREATER THAN 1014
OHMS AND WHICH DROVE METER Ml. 	 DUE TO THE EXTREMELY HIGH
TRANSCONDUCTANCE OF THE ELECTROMETER AMPLIFIER, VOLTAGE
VARIATIONS ACROSS R A (ADJUSTABLE BETWEEN 10 4 AND 1011Ω).
PRODUCED ESSENTIALLY IDENTICAL VARIATIONS ACROSS RB. THE
LEAKAGE CURRENT PRODUCED A POTENTIAL DROP ACROSS TERMINALS
1 AND 2 AND WAS FOUND TO BE (E 1-E2)/RA .
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A THREE-STAGE, DIRECT-COUPLED, CATHODE-FOLLOWER WHICH

DROVE A 1mA METER AND WHICH PROVIDED AN INPUT RESISTANCE

GREATER THAN 10 14 OHMS (OPEN-GRID). TUBE V 1 WAS TREATED

WITH GENERAL ELECTRIC DRI-FILM SC-87 AND ALL INSULATION

WAS TEFLON FOR LOW LEAKAGE. A SPECIAL SHIELDED ENCLOSURE

WAS USED TO COVER THE TEST JIG AND ALL MEASUREMENTS WERE

CONDUCTED WITHIN A SHIELDED ROOM AT A TEMPERATURE OF 25±5°C

WITH NOT MORE THAN 30% HUMIDITY.

TWO SIX-VOLT NICKEL-CADMIUM BATTERIES AND A POTENTIO-

METER WERE USED TO PROVIDE THE PROPER DRAIN BIAS. THE

MOSFET UNDER TEST WAS CONNECTED WITH GATE, SOURCE AND SUB-

STRATE TO THE WIPER-ARM OF THE POTENTIOMETER AND WITH THE

DRAIN TO THE TERMINAL 1 VOLTAGE INPUT OF THE METER.

WHEN MEASURING IDSS, THE LEAKAGE CURRENT WHICH FLOWS

DEVELOPS A VOLTAGE ACROSS INPUT RESISTANCE R A . SINCE THE

OVERALL TRANSCONDUCTANCE OF THE ELECTROMETER AMPLIFIER WAS

SO GREAT, ANY VOLTAGE CHANGE ACROSS CATHODE RESISTANCE R B

WAS ESSENTIALLY THE SAME AS THAT ACROSS R A AND WAS READ

DIRECTLY ON THE METER. THE UNKNOWN LEAKAGE CURRENT WAS

THEN FOUND FROM (E 1- E 2 )/R A , WHERE R A WAS ADJUSTED TO PRO

VIDE A LARGE DEFLECTION ON THE 100mV SCALE OF METER M 1 .

DRAIN LEAKAGE CURRENT (I DSS ) MEASUREMENTS FOR TEN TYPE

DDO7P AND TEN TYPE DDO8K MOSFET's IS LISTED ON THE FOLLOWING

PAGES.
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DRAIN LEAKAGE DATA FOR DD07P MOSFET's

I DSS1 	DRAIN LEAKAGE CURRENT AS OF 6/25/73

I DSS2 	DRAIN LEAKAGE CURRENT AS OF 7/17/73

UNIT 	 NO. I DSS1
PA

I DSS2
pA

56 1000 4000

57 1000 4200

77 1100 4300 RELATIVELY 	 LOW 	 NOISE
TRANSISTORS

79 1000 4300

80 900 4100

45 1100 3900

47 1600 4300

48 1000 4000 RELATIVELY 	 HIGH NOISE
TRANSISTORS

60 1200 4200

61 1100 4100
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DRAIN LEAKAGE  DATA FOR DDO8K MOSFET's

I DSS1 	DRAIN LEAKAGE CURRENT AS OF 6/25/73

IDSS2 	DRAIN LEAKAGE CURRENT AS OF 7/17/73

UNIT NO. I DSS1
pA

I DSS2
pA

103 1200 4900

109 1100 4800

110 900 60 A* RELATIVELY 	 LOW 	 NOISE
TRANSISTORS

112 800 4600

121 900 4700

102 1100 .6 A *

104 1600 4600

105 1100 4500 RELATIVELY HIGH NOISE
TRANSISTORS

114 1 600 4400

120 1400 4900

* UNITS 102 AND 110 FAILED DURING BIAS
AT 130±5°C FOR 500 HOURS.



FIGURE F-1. PHOTOGRAPH SHOWING THE PRINCIPAL INSTRUMENTS
USED IN THIS RESEARCH. AT CENTER ON TOP: DIGITAL MULTI-
METER (FLUKE, MODEL 8000-A) AND ELECTRONIC VOLTMETER
(GENERAL RADIO, TYPE 1808-A). LEFT TO RIGHT: TRANSISTOR
CURVE TRACER (TETRONIX, TYPE 527 WITH ADAPTOR FOR P-CHAN-
NEL MOS TRANSISTORS AND SHOWING TYPICAL CURRENT-VOLTAGE
CHARACTERISTICS ON SCREEN); DC AMPLIFIER AND ELECTROMETER
(GENERAL RADIO, TYPE 1230-A WITH SHIELDED ENCLOSURE AND
TEST JIG NOT VISIBLE); AND DIODE NOISE ANALYZER (QUAN-TECH
LABORATORIES, MODEL 327. FRONT, AT CENTER: VARIABLE BIAS
POTENTIOMETER FOR GATE CIRCUIT.
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