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ABS'IRACT

ìVlo a or: e^-h ^G ù -^ ^ ! ì- ^ -r¡.¡çaùurement method.s of JuncËion tenrperature for
'che triod-e Junctron translstor, such as the srritchlng
methods ancr the contrnuous nethod.s, are d.escrrbed and.

d.1 scussed_.

A svieep method. uslng a sr^reep cLrcutt of full_
Ìrlave recÈlfled. stnusoicial puises ls proposeo" Junctl0n
temperature varratron durLng the sureep perlod is mathe-
matlcall-y anaLyzeð,o

I{easurenents of the Junctl0n temperatu_re o1 a
sillcon iranslstor were performed. ernployrng both the
sTdeep method- and. the contlnùous method., una tn" resurts
wefe ggmpared"
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ITiiTP,ODUCÎI Oi\T

Translstot's are lnherently'uernperature sensliive cj.eviceso

Thelr operablon l-s greatiy ¿rffectecl by the junction tenperature.
liar,'ing fuI1¡r recognized. the importance of an a,cct)Ta--ve d.eterlnlna-
tion of such a proper-r,y, nany measurement method.s have been pro-
posed.. Ilowevero up to the present -r,lme , great d.ifferences stll1
exist anong the results obtalned. frorn the exlsbing iletho¿.sl'É

Even those values accepted. as the stand.ard. ones are regard-ed. as
'being optimlstt"?'3 Furì,her exploration in the d.evelo.oinent of
a rûore satlsfaciory neihod- of measurernent seems necessarye

The existlng measuring method.s take advantage of the îacï
that the iransistor is itself an electrtcal therrnometero Some

eie:ctrical parameters of þ]ne translstoro u.nd-er cerialn cond.l-
tions, vary d.irecily r,vlth the jrinction .bemperatu-reo A transls-
Èor parameter l¡hlch can be measured ancl used- to ind.lcate the
jtinctlon tenperature is called a ternperature sensitlve paramebero

abbreviated TSP.

As 1s l^¡el} knorrrno the collector reverse saturation cur_
rent r", the lntrlnsic e¡aitter-base forward-blased. vortage våa,
anC -Ûhe lntrinslc continon-base short circult in.out imped-ance hi.¡
shor'ü ceflnite varlatlons rvlbh the junctlon temperatütêe rs

Lhe bibliography"
the reference nunber ás l sted- ln';t The numeral d.enotés
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incre¿rses e-'{ponentlally i,¡ith Junction ,;enpe?atv-tei V;, has a

nega.tive iernperacure coeff ic.ieni of appro*r.ot"iy -rtio -2"5
emv/vC; aird. hiU j.s directl-y pro-cortiona]- io junctton te;oÌ:era.-

UL(I ç o

Iir practtcal neesitreril.ents u hor,Iever o second- ord-er

effects may pred-oninate rr'hen the aplrlied- elec-r,rlcal stresses

(Uias voJ-tages or blas currents ) are laLrge. Ihe Leaxage cur-

rerrt raay r^ask the reverse-biased- saturat-Lon current Isi the

transr¡erse r¡ol-io.ge d.rop across the base region ( tfre Þrodriet
of base cnrreni 13 and. d-oc. base reslstance frg) nay over-

shad.ovs the intrinsi" VåU; aird- the incre¡¡.ental base resistance

ri may constitute a large portion of the neasured. extrinsLc
inpnt lnped.ance hib. Henceo in ord.er to assure thrat second-

ord-er effecbs are negllgibJ-y smal}u the measured. parameter

shou.l-d. fa].l vrlthln the values estinrated from theoretica].

consid erailons

F\rrthermore, d.urlng the neasureroent of junction tem-

perature, the applied el-ectrlcal stress nusi be varied (as

descrlbed in the next paragraph) . An electrical parame-r,er

of a transistor, besides its rel-ationship lvith junction tem-

pera.tu-re TJ, 1s inevitabiy infl-uenced by the varlatton of the

ap-cl-lecì electrlcal stress" If ihe translstor und.er test ls
connected- Ln a cornmon-base configuraiion, e d.cu c.onstant

erriitter current Ig is injected., a.rrC. a d..c. reverse-biased.

consrant collector voltage VCts is applled-, the TSP is Nhen

a functlon of I¡, Vç3 i;.tiå T;, o? ,ISP = f(IA, VCE, T¡-)n

'lYte i-i sslpa.clon of elecirical iror,ier lnslcle the transistoro
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(approxinta'cely equal to \rçgl¡) , wil'ì cause T, to rlse.
T hereforero tl're lSP is af fected b;r botÌr d-irec'¿ efectrical
eff ects and ind.lrect tirerrn¿ri effects of the applied electrlc¿*l
stress" iteasuz'ing tech.niqrles ni;ts'ü be d-evised. such that i,he

eiectrical effects of tire electrlca1 stresfl ofl the TS.ir can lre

irept cons'úant irìren -¡,lte elecirical stress ls veriecì. In the

follor^¡ing iescrlpllon of tire rneasurenent princlpJ-e, -r,he TSP

vrl]1 be assumeci to be capable of ln.d-icating T". The measurlng

technio.ues r,r1]1 be d.lscussed. ln d.etalt in the follor,ring

cha¡:ters "

I'iefhod.s for the measurenent of T, undez' cond_itions of

thermal equllibriun falI lnto tr,¡o ca.tegories, the constant
t,juncilon teraperature ne'r,hoC- ( or substitutlon ¡rethod.4'5) and.

the constant reference temperature ¡ietf,o¿Í' These two rnetliod.s

a.îe d.escribed. as f ollotn¡-s:

(a) The constant iuncLlon tenrpera-r,ure rc.ethod..

Tì'tis netho,i. ls j¡ased. on the concept of thermal resisùance,

9o of a iransistor. The therrnal reslstance of a translstor is
deflned. as '¿he effectj-r,'e junction ternperature rise per unlt
poi\rer d.isslroation above the ternperainre of a statec er-ternal

2;-rreference ¡rolnt uncier conCltlons of thernal. equil-i-brlunl

Therrial- equllibriu¡a has been reached betr;¡een the
ju.irction and. the external reference point ryhen the d.ifference
of the junctlon tenpe::ature anCoihe external reference bempera-
ture does not change i,¡ith tfuneoe
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'l'his d-efinii;ion nay be

ô.
"J.L -

in rno-bhenatlcal f orin as:êvl-.þê <- o ¿.l

t--- ¿ *.i.1

¡ o (t"l)
P

wlreie ît is Lhe junctj-on Lemperature of el-the:' t,he jurrc,cl_cn

betrveen col-}ec'r,or and- base or i;he junct,ion beiween

enibter and base ?

TB is the reference temperatu-re neasured- er, a specif ied.

reference point outsl<ie the translstor under tesb"

fR may be TA, the ambient terrperature; or n:.y be TC,

the tr¿rnsistor cese iemperaturee

P is the electrical por,,ier cissipated- at the junction
of the transistor, p i:: approx.irnately equal to the

rneasurable el_ectricaÌ ope::atLrtg polrer appliea to
the Ëest transi sior¡

0O is tire therrna.l resistance betr¿¡een the junction and.

the specifled. reference noint d.eter*ined. u.nd.er

con<ii-tions of ihêrnal egul-libriumo 0.¡.g nay be 0JA,

the therrnal resistance betvreen Junclion and the

anblenË thermal reference poinËu o? it nay be 0JCo

i;lne thernal- reslstance belween Junctlon and. the

case of tl-re transistorÏ

'r+ Hereaf tet;,
case of the Ëransísiore o



of'

or

Tireref ore, bhe junction tenperature îJ can be ojrtalned.

f ron the f ol-lor,.ring relatlonshlp:
titJ 

= FO.IR -l TA soce e ooooccoe coc.ce e ¿o (l_"2)

r¡-- 
- 

i)ê*^ ^t ñÀ oo.cce occ..coce ôce ecco ('t"2a)*J = *"Jå -,- -À o o. c c e o c c..

TJ = PO,¡C + Tc ce coec.ccô ccce coo (1.2b)

I¡ro¡n equaiion (L"?a), lt can be seen EYtai. T¿- coil.prises tv¡o

coieponents, T^ and. (PoJA) " lA. ls d-ue to tire exteriral a':bïent

tliernal sfress" (POJ-a) ls d.ue to the lnternal- tnernaL sùress

l¡hicl: resulùs fro¡r ihe applled. electrical stresses" Varying

the external electrical- and tl¡1er¡¡g.L stresses at a corrstan''c T"

value as lnd-icated- by bhe rneasured. TSP' ê¡-o can be d-eiermined..

Îi'te neasurenent of the thernal reslstance is carrled.

oui by pJ-arclng the test translstor Lrt a ternperature conì;rolLed

envlron¡rent ( e. g. o àÐ- oven) " the l;emperature of bhe ref erence

poinù 1'o Is then adjusted. by reguLatLn6 -r,he ten^oerature

controlled. enviror¡inento At the same ti¡le , àfl ad justable

elecËrlcal por-ier P is also app1ied." 'rhe juncùlon tellpereture

1'J is thus lnd.icated. by the TSP measu.red..

Tire measurernent procedure consists of two steps" P and.

T- âxe first set at ari¡itrary values P1 and. Tg, withln ihe

operabing ]iraitations of the best translscor. The TSP'whi.ch

is -v:ne'rl, neasured. and- d.enoted- as (fSf)1 will ind.icate the

junciion tenperature !;r.

TJl = Ptê,¡n + lgl ee .e ..o.ôr.oóee e e .ce (1,3)



i) is ihen

ral sed" ) to
;rrq'1 r*q i .naÀ
!!á+¿¡ vøJ-IvV_

|i'.heref ot'e,

increased. (or red-uceC) to PZ, a.n_

T,?^, slich tl:at '¿lie ueaslr-reiî.ent of^'¿

aL the sane vel-ue as ( tSf ),, l. e "

6

ÎF 1s -l-or,,rered ( or
(rse¡, is

, ( TSP) ., = ( tst') ,.

fì1 m
-rJ'l -¿/>

¿L

ancl 'IJ? = P20¿g + T¡^ o ô c o e e

can thus beThe bhernal reslstance O.fR

me¿rsured. quantitie s s

oJR =
Tnz Tnt ÀTa

. c . o e . . e . c ( l" 6)Pl - P? ¿.P

Tire junction tentperature und.e¡' cond.itlons of thez'¡aal

equilibriurn can then be calculated- fro¡r the knor^iled-ge of the

eleciricar operatlng por^rer P, the reference tenperaïu_re TR

and- 0¡:i1 deterniined. by the above rî€âsl'rr€uteni, provicled. -u1ßat

0¡'g i.s a constant o or at least Lhai- the varta'cton of 0;3 ls
snalr wlth the varlarion of ihe applled. el-ectrical and.

Nherual- stresse s o

(b) The constant reference ternperature ¡aethod..

In this method-, the i;est transistor ls placeC ln a

teraperature controlled enúironrsent, and- eJ.ectrical por,rrer ts
appl-led. to the tes*,, transistor as ln the case of the constant
junction temperature raetl:rod.. The TSP is measured. to ind.lcate
junction ternperatureu The rceasurement procedure conslsts of
t','¡o ste;os.

¡. o c c (1.4)

,ccos (I"5)

d.eternined. from tìre
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iu ihe f irst step, er const¿:nt electr'lcal s;tress of srle,fl

slze is a5;plied to the 'cest .transistor. s:-nce -tjre el ectyJ_cel

st::ess in-r.ï"ocurces ¿r negligibl-y emal I thern¿rl- eff ect, t.]re

::ef e¡'ence 'benipe::aitnre ( in this ce-se ' the sane as ttre -,,eia-

perature of the Lemperature coirtrolleo environ¡ueni) csn be

talcen as the .JÌr of the test iransistor. and, a ca.iibra¡,ion curveJ

of T, againsl the neasurecl TSP can be ¡rio-uiecì"

In ihe secozrd. stepu -,.he tes¡t transistor ls o peraieci

u¡'rd-er e"ì ectrj-ca.i ¿Lr-ro ti'ierrnal stresses v¡lthin the rânge of the
translstor. The TSP is then raeasured.. The junction ten-

-cerature T, for these op,eratin¡3 cond-i,clons can be lnferred_

froni -r,he measured- lSP of the second. step using the callbration
curve of the first sLep.

This neihod may be vler^;ec as a'r iniLLng csse of the

constant Junction terapera.';ure rlethod. jis from equation (1.3),
it ls obrrious Èhat r;, will be approxrrnatery equal lo TRi, if
tire tenperature rlse d-ue to the electrica] por^rer (pro"rn) is
nuci: snal-ler than Tol. 'rherefoï.e, the only d-ifference in the
¡neasuremen| proceoì.ure of the constant Junction ten^oereiiure

¡letìroci- and the consta-nb reference temperaliure meùÌrod. ts that
ln -r,he LaELer case the electrical porver P, ap;oroaches äeroo

anð. ihe o;p can be deterr¡i-nec as fol-lows. rn equatlon (1.6),
Tot = TJI = !iZ, arrc Pl << P2, tiierefore GJB = ¡TJz tor) /PZ,
Dropping ihe nuurerai 2 in the sebscrrpt of each 

"onuotu
T'T Tç

^(Jt-t?ñ ..e oc.e e ...o... (1"7)" Jft - 
Ð 

o 
' 

e t 3 Ó 
' ' 

e o c 
' 

e e 
' 

a . 3 ' i
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'iiilere P ¿in'C T¡ a:'e r'esljecilr¡eìy 'r.ire eleciric:r.i oper.a"TIng í)otrer
u.i:d. i;he Ïeferc:ilce teüipe:.a,.ì;ure r¡.easurecl in the secorrcì step of
'bire rr'rea.sLrrenent .orocecìureo T, es J"ellï,esen.i;er.ì. by the T,sp

:aees,.rrecl. in tlie secoirc s'cep, can be cled-uced. f:coru the T, vs TSp

caiiÌ:ratlon curve as obiaj_n.ed_ ln the firsL step"
In boih ihe consiant juncticn tenperature ¡Lleil:¡od ¿nd. the

const¿:'ni refe::ence tenperatrr-re ¡¡retiiocl, 'bhe electrical- operaiing
*coI^ier P rlu"y be prociuced by either crirect-current or ¡:eriod.icaliy
\ra:,ry1t-t$ el-ecl--r'rcaf s.,llesses, a.ccorCring to ¡ieasuring lechnlcìu-eso
l,r¡iren pericdicaliy vary-ing erectrical stresses are err.r-o1oyed.,

ano-vher tiier¡:c.'l oararreter of r,he translsi;or, the ther¡ral tiine
cc¡l:rtant '¿- niust j:e Lak.en l-nto coüsid.eraiion. r i-s tlie product
cf i,hernal resiste.nce ana thermal ca;oacltarrce cth, i"eo,
z- = 0c¡¡" the tirer¡iat equivalent clrcu-it of the translsior
lilustre.tes the physlcal im.pì-ication of r ln Nhe raeasuring

techüiques.

Equations (I,Za) and. (1.2b) r,ay be repre.senied. by

iliernal- eorulvaleni; clr.cu-i-t ln 1ts elect.rlcaL anal.og form' 'ô
i-n iriirlìre 1.ll T,¡ ls analog.ous to electrlcal potentlal_ at
ihe junctlon, ÎC, electrical potenNlal at ihe case; p,

electricar constant cument source; Tl , el-ectrical cons.bant

voiiage source; and- o, electrical- res.i stance" The static
thern¿l- equivarent circuit shortrn ln !.igure l.l i.s only valid.
f oc tiie iniernal electrl-cal- *oor^¡er dlsslpaiion p constant
r,¡iih respect to -r,j-meo
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Illgure l-"lo Staiic thernai eqlrivalent clrcult of iransistor.

i'ihen P(t) varles l.rlth ilme, the ihernal tlrne constant T
l0affects the tirer'¡ial operatioi,L as lllusiraterl in FiEure 1.2;-

r'¡here C¡C ls bhe theriaal ca,cacLtance betr¡ieen the junciion and.

the sase; and. CCAo ihe ihernal czoa.c:-tance be*,,r,roeri th€ case and.

the anbient environaent. -CJC = O;CC;Ct '(CA = O6¡Cg¿. The

circ'urlt in Flgure L"2 is â }umpecl mod.el of the translstor
ther¡la} equl-øal-enË clrcuitu

A
\̂JCA

C,tc

P(r)

D¡rnamrc i;heriuaL equivalent clrcuLÈ of translstoîuH'a -ì1-^â I ')I ¿ô44.¿ Lø i¿O
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. In pråotical- i.evlces

rcar'ai:reters of ia d.l-sbributed.

';¡re circult shovn: in Fi gu::e

C¡l are 'Eh'eunP.3-

::ey be i:e,oresented

, Ì:oih '3

:ra-l-rr¡a.¡.* vuL¿ v D

fi1 e*-

q nzl

.s -n 17 by

i¿t1i

1)
'-'I t1l. ¡-i

'qlgure I"3" ì{uLtlpie-iunped. theringl equivelent clrcuj-t of
'bransi s'üor e

Durlng the neasurer,1ente if C.c" electrical stresses are

a.oplled. to tìre ies'i; irairslstoru the final junction teraperature

w111 certainl-y be constant rvlth respect io ilme and. lnde1:endeni

o'i T" Iiov¡ever, 1f perlod.1celly varying electrlcaL stresses ere

a^oplled., bhe variation of the Junction temperature i^rith respecb

to tine should. be nelntalne,C" as si¡.?.11 as possLble such thet
therroal equillbriun betr,¡eeì'L -uhe junction and. the external
reference polnt can be established." It can be seen ln Ftgures

\"2 arñ" 1"3, that as P is varyingu ì;he megnitud.e of T lvitl
affeet Lhe varlatlon of TJ during each cyeie of operation, end.

d.eteriaine the accuracy of iire ::esults obtal-ned. by ihe meesuri-ng

iechnique.
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The requlrenen-bs tna'¿ a rleasì;ring technique nust neet

can ihen be su_:unarized. as foljoivs. Firstl¡ru e.n electricaL
pa.ra.rneLer can be se-Lected as a 'isP such tlnat a theoretical
relatlonshlp bet'r,reen the seiected. TSP and. the 'r, can be

forni-ilabed" SecoäCrly, the selec*,eo TSP ¡aust 'be neasurecl

und.er 'úhe cond.ition of tlierma.l equilibrlunr" Tleirdlyn the

selecied- TSP ¡iust be electrlcaLLy lndepend-eni of the varlation
of i'he applled. elecirlcal s'rress. lf a neasuring iechnlqueu

on the basis of either -,,he constani junc'cion tempe::ature metho{

or the consbant reference terrrperature ¡rethod.u can be d-evised.

io ioeet these requl.rements u then the 0;r can be deter¡ained.;

and- hence fhe 'I." und-er therrnal equilibriun can be prec.Lcted."
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STJI TCI{II{G i,]E?HODS

For an electricar .ca:"ameter to be su-ii¿Lbl-e as a TS?,

i1, uust have a definite z.elaiionship i,¡lth the junction ie¡n-
pera1;ur'e. Tlre funci;ionaL relationsh3.p 'oeLl^reen Tsp and. Junc-
ti-on 'Lerope::ature c¿ln be theoreblcarly formulaied- for a suf-
f icientiy snall el-ec'i;rical stresso iIor,¡evern erperlnenì;al
evidence shorry-s i;hat for certaj-n t¡rpes of transis-r,ors wiren

fhe appried- electricar stresses are J-arge, such a rela.blon-
shL;o becomes complicatecr beyond. the theoretical formufatfonlZ
since the rnagnttud-e of junctlon tenperature can onJ_y be

infemed. lnd.lrectry from the c.irect measurenents of Tspu lt
!s necessary Ebat the d.eiermlnatlon of junction temperature
be conductec. lrith' a smau- erectrlcar stress. usually a

translstor ls operated. under a large appried. blas" Therefore,
the deter::ilnailon of the juncbion temperaLure produced. ln such

circumsternce becoaes a d.ellcate pro'blem. For the swrbching
niethodu the problen is deal-t lvibh by using tvro eleci;rical
sources: one of J-arger o;oerating por/Ier for elecirically heating
Ëhe Èest transistor and- the other snall consbant electrical
stress for Èernperature (or TSP) ü.easurefl.ent" A sirritching
d-evice sì'rourd be incLud.ed_ ln the clrcuito to swltch betv¡een
-bhe heating and- measurerrreni; cycres alternatery" .rhe time

iz:.'berval of the heatlng perioc ( por.trer-cn period_) is usually
nuch J-onger 'cnan t rl.at. of iire cooJ-ing pe:'lod. ( poruer-of f period.
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or neesurenent period.)" The TSp is thus neasured. d_url-ng the
polver-off period., or ln the'sititching coollng cycle to ind.ica¡e
i.Ìre jr.rrrctl-on te:lperatltle o

t) 'r/-ø.L L'!L-LI ù4, Stanrla Rectai Lar Porve *Dl"r-ises i,iethod

The swltciling nethoå has been adopied. as a iltr-l tary
/standa.rdi This method l-s also recorurended in Gates and.

Johnsones r.¡orl< sponsored- by the El-ectronic rnd.usiries
6Associa.fion. The lsP proposed" a:ne enlt¡er-to-base forvrard.-

biased- voltage vgnff collector-to-base forward_-blased_ voltage
vcgio arrd collector-cutoff-current rc¡o. The measuring

circults uslng Vnnf , VCB' u and. IrgO as TSp are shov¡n

respecflvely in Figures Z"La, Z"Lb, ancl Z.Lco

In Figures Z"Le, ?.Lbo and. Z.Lc, switches S, and" SZo

ganged. together' g.Te swltched alternabeLy between thelr
res.pecfive heaþ posltlons Il1 and_ H, and. thelr resi>eciive
neasure¡rent posltions l{¡ and. I,LZ.

When the swltches are ln thelr respectlve heat positions
for a heat lnterval of -r,ine tono the circuit corrnection 1s the
Game for elther v6g¡e oï vc¡ro or rcgo used as a T,sp. ,a. test
tz'ansisior is connected in a common-base conflg.r"rtio^.
Electrical heatlil.g ;cower whlch is applied. to the iest transi-
sto:: is prod.uced. by a forv¡ard.-biased" e¡nitter currenl frov;tng
into the enltter from a d.oco cons-r,ant current source and_ e

reverse-blased. collector voltage of a d.oco consbant vo]tage
so'Llrce applied. across collector and, base, lhe juncùion
temperaiure rlse above the externaL reference tenperature ls
eaused by the electrlcal heating power appl-led. durlng toÌ1"
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Figure 2.lb" I'feasurLng clrcuit of sr¡ritclling nethod
usirlE Vgg¡ as TSP"

';i'TUT end- TCE in Figu::e Z"ie anij. in all !-igures irereaf|er
stand. for ii:.e abbrevia'ÇLot! of Transisi;oz' Under. lest and.
Tenperature Contrcl-led. Envlroff4ent respectively. -
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i{easuring circuit oî swi-r,ching nethod.
uslng iar. as 'ISP"

t'fhen svüitches ate ln thelr respeciive raeasurement

positions f or a measureroent lnterval ., tlrne ùoff n the
electrlcaL heaiing power is cut offo e snar] d_.cu constanL
voltage .or currenL source for measurem-ênt purposes ls ap;olied.

ta the ùest translstor. when ve3r (or vaur) is usec as a TS;D?

as shown 1-n Fig'ure 2"1a (or Flguz.e 2.1b), the corlecton
(o:c emltier') is o;oen-clrculted., anð, a s¡ealI forward.-biased.

emitter (or collector) current ls injecteC lnto the emitter
(or coltector) fro¡c the current source for neasurement

purposes" Vggf (or Vag-) f s read_ by a d.etector (e.g. u ayL

lrigure ?."Lc.
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oscilloscoile ) connec'i;ed- across Lhe enriilter (or collector) and.

t)re base. l,Jhen ïCgO 1s used- es e TSP as sho',,r¡1 J-n "qlgure Z"1-c,

the e:ll-"ter is olren-c1,rcu-ited, a srria-'l l- r'errerse-blased vo1-tage

of the vo]-i;aEe sori:rce for neasureüeri-t iJúlì)oses is acp'lied- acioss

i;he col-lector eircf i:he l¡sr.sc to eL-crìÊo rc¡o to flov¡" rctro lg

::ea-Cr. as a vol-tage d-rop across a sensing resisior tt= by a

d-etector"

' As the el-eciri caT heaLing povier ls turned. on and. of f

aLietntztely, a tsequence of rectangu-iar electric¿r] porlrer pulses

of average porrer P"-rS is thus fornecl and is applied to the

test iransistor. Pr,rg inay be va-ti-ecl by varying the electrical

heating iror{er source (elther tne vo}iage or the current source),

The test transistor es shol,.rn ln llLgures 2"!a, ?.Lb and,Z"Lc ls
placed- tn a temperaiure controlled. envlronrnent, the temperature

of '¡ihicLr 1s ad-justable" tsy varying lp anCL t.r"u OJB (= afp/At.rU)

can fhen l¡e deternined. accord-InE to the l:reasurement proceC.ures

of t,he constanù junc'bion teiaperaiure metl'ioci or the const¿lnt

reference temperature methoÖ as fu1ly d-escribed ln Chapter I"

The average ;ooù,er t o* of the electrical heablng po-r,rer

pul-ses ls equal to (VAgIg + Vggiç), where VEB' IBo VCE, and Ig

are respectlvely the average values of the forv,'ard-biased.

eu:.lt'cer-to-base vol'bageo eraitùer current, reverse-blased.

collecior-to-base voltage, and- collector currenL as neasured

by the neters shoiq'n ln Figures 2.!a, 2"1b anð- Z.Lc. TO raats be

measui'ed by a thei'nocouple or any *r,€rûpo1,9.ture-sensi-Ëlr¡e d-evice"
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TSF (Ve¡f , VCBf , oÍ ICAO) r,;hlcir indicaies TJ ls ree.cL tnstan-
'i,aneousJy a:lJ the starì; of the ileasnreinent lirterval.

rls specified. in the nl'litary staücre-rdÇ the d-uty cycle'"

should be as large as possibleu ioe., to^ --> tofr-, and, che

t^oo shcul-d. be ¡¡,uch shortex' iiran the tirerua-1 resÐot1ss tine'r+¿r-(JI J-

of fhe test transisNor, such tl:ai ihe 'cher::a.l eci"r.:J-1brir_rn

i,¡1}i be z'eeched d.urii:g wizol-e cifcle of operationo ioeo,
( T; Tn) = ccns'bã.ylJo Furthertrore, a snal-l d.. c. voltage
is useo for the ¡reasi:renent of TSP du::Ing toff " The TSP

thus lnaicates 'Lhe T- and- is el ec'riîica.try lnd.ependent. of -uhe

varlai;ion of the electrlce"i s-tress for. heatlng pu.rposes"

The measurinE 'cechnique of the siviiching roethocl therefore
satlsfies the requiremen-is as nentioned. tn 1;he last paragraph

of Chapter I"

1?^142.2 Sinusolga]_Fguer Sulses ]çie:bhgê*r'-

The neasureinen'c ¡:r.lnclpie of 'chis netìiod. is tìre sar,le as

t]nar of the nllita::y standard nethod_u excepi; t,hat Curing ihe
-úon, sLliusold¿ii poweit ^oulses, i nsiead. of rec'Langular po-.+er

pulses, are applied. l,o a uest ir.airslstor. Therefore, the

neasuring ci::cults for il:e 'nilitary stand-ard. nethoc, siroi¡:r ln

'rt the CLutiy cyc-ì-e of a seq'Lience of reeianguiar pu-ises is
equal- to ton/ (ion * tof f ) .

'l!+i" rlile 'Uhernal ltesponse tirne of e test irairsisior is
Cefl-neå as the ti-¡¡e rec]ali.aCr fc¡" the jr-il:ction of the i,eslj;:':;.::sÌ st.o;' to -e':,ch )ûin ot' t;ll, îi-naL r,"¿":ìLie of ju.nctlon
'ieillre::iiïu;:e ol:l!,r.í::..r foil.cliini: ap¡:iica-bio:ir of .:t stçl> f¿nction
of ,lOr.,,?Ci {.iisÞ L}:i'tlO:: Unce: gitùc:--1e,a cc::å- ;ioi1s 

" 
Z
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Fignres 2.1-a, 2.'lb and- ?"\c e¿,"n also 'be used. for 'ihr¿ ¡reasurement

in the sirrusoi Cal ilor,.relt ou_] ses rne¿hoq.

Since in 'cìre sinu.soicL:¿i porrrGï pui-ses ilethod., ei cond.1'bion

of thelilra.l ecrr-Lllibriun is mainNained by a.ppiyinE a sequ.ence of
sinusoid-al- povler Þu'ì ses of average po'i,^rer P*rr., the d.e'Lerrrir:¡.tion

of 0;n (= at3,/lP*rg) c¿in be carriecl oub b¡r 6ir4¡l6ytr¡c. ihe-sane
neasure¡nenb p::oced_ures as descrlbed. in the nilltary stand.ard.

meihod-"

2,3 Di,s cuF Fioir

In ihe d.er¡elopnent of swi'Lchi-ng r¡ethocls Lne voJ-'cage C.ro;o

âcross ihe fort^¡ard.-b1¿r-sed- junciion has been grad.ually accepted_

as the mosi u.seful- TSP îor bo'ch gernanlun anC. silicon ¿evtcesÍ
rcEo has been d.isregarcled. as a TsPo especially for sll-ieon
transistors u because ì eakage current of sl-11con iransis'i:ors
varles ln an unp:'ed-ictable ne-nner ¡¡ith respect to ten-oerat,*"u*5

In the d-escri,otion of the sr,llichiirg metiLod-so the end of
the heat period. and- the siart of the neasurernent period. are

assumed- to occur at the sane Í-nstant. rn the practical
neasureilients u on-ancl-off sr,¡itching of electrica.l power r,¡llI
procluce electricaL Lransients" ll'he basic prernise of tire

sviiichlng nêtìtocìs is thai t,here r,vi}l be no appreciable cooling
d-u.ring the lnterval of the electr.icaT tvansient imnrec_iatery

afl;er rlhe heatj-ng po?.rer ts s'r^.li't,ched. off " The argumeni is
that i;he 'r!âgnLtude of -i;he therrnar time cons|ant is usu_alIy



10"r/+"1óli':. the or,i.er of ¡nil-liseconri.s, '

Ig

r¡irile ihe d-urali-on of the

el-ec-uz'icalL transient is usu.:rJ-iy louch silal-Ier, So erny ::aasking

ef f ¿ct of the el-ec-r.r'ical transient r,¡ou.l-ci ind.uce no sericus
el:':ror in ihe neasu-reinen-i, d-uring the cooling cyc1e. Iioiirever,

eccord.l-nE 
"rô 

sctnâ e;c1:erilnenters , t'ne therrna,l. iilrie constant is
1 7,18in t[re ord-er of nicroseconds. One :rranufaciurer s'i;a-tes that

îor devices wlth long e'l ectrlcal transient cnetacta-rlstlcs,
accurp-ie ther;¡s.l lieasureneïìts wll1 be d-1ff i".l'ft]9 Furtirernore,

coasld-erin.g iire d.1s-r,ributed" nature of tirer:r8.1 clnayacteristics
of trairsi stors u S'r,rickland. tal¿es a dif f ererri vi ei,¡ of the

1ielec':;rical Eta.nsient problern."- ?he thernai e,quivaleni clrcuit
of ciis'cribu'r;ed. therna.l networks is shor^n: in Figure Z"Z:: there

are n ilren¡a} networks" lihen electrical- heaiing por/rer p is
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= F LOn.F,T¡\ ococooi.ooooÒ.e oe oocoocco¡, (Z.Ic)
r'ì=(m+l) ( ,n n \The juuctlon ienperature ¿¿Ë t=0 is equal to ri f,oo "l Xorrl ,

then ihe juncLion ienpera"úrir:e d.rop at ihe 
"rrd 

t;f' th" .i;i l"r.ul
transierlt r'ritl- i¡e i'Ëg,o. Adniiting the faci thert ihere cculd.

trr= I

be n thermal neiv¡orks v¡itÌr .T of inagnitud.e as 1or,¡ as r¿lcrosecond.s,

sLrtckl-ano, o1:ines ttttzt Ëu* would consbltute only a snall
n )'n= I

-oor';lon of total Z0rr, a*ncl Ehe tenperature d.rop ab the end_ of
fì: i

the e'ìe cirlcaL transLent r,¡ou-ld. 'be negrlgibte" rn an¡r cesee

no reiiabie experLiaenta] d.ata is avail¿rbie for rire period.

i¡:¡aed.iately foiloi;ing ihe porrer .oulse because bhe erecirical
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:Ìnd-'che t:ier;ini effects have no'L yet been secarate,l for thls
)n 2-l

po::'Lioü of i;Ìre cycle""""-: That ls, the anouiit of erî,or
int::crj.u-ced in the nìe.asì.lreìren'; of e d.ue io the ier.perature d-roo

d-urlng the el-ectz'lcsll -t.ransielii lntervel- is uncert¿rino
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COiiITIidÜOUS I'iE1¡i0DS

In 'the switching metircd, the possibl-e error of 1;he

neasured. resuris is cu-e to the coolLieg effect d.r:ring the

eiecirical- transient inter.¿a.l of Niine. To avold_ bhls

coollng ef feci , 'che electrical- heating polrrer must not '¡¡e

lnierruptec!* thus the electi'lcai stresses used- for heating
pLlïposes nusb be sinul-taneousiy uill-1zecL for neasuring the
rnQ Ð

The electrical- st::esses for" heaf;ing puriroses ere

usually of large size. \,jhen a l-ar.ge vaLue of electrical
siresses is applled- to e iest uransistor, the seconc. order

eff ects Ln 'che ueasnred. TSìù may becr:me pred.o,nlnanE, ancl the

fheo::erical relaiionship be'clveen the TSP anC. T, iaay no

longer hol-d irue. Theref ore , llr continuous ¡aethod.s, the

experiiLentaL rîesults uust be verifled. for ilrelr egreenent

i.*1tl: the 'bheorelical values"

Accord-ing to t}'re ¡leasureneni principie of bhe constant
ju.nctlon ienperature nethod. and. -r.he coi:stan'ü reference.

tenperatu::e. ne¡hod-o d.uring the ¡leasurement ihe appLied.

elecùrlea} stress is varlerL frorn one value in the first
iûeesurenent step bo anoiirer val ue ln the second. neasureneni

siep. The pur.Þose oî varylng -bhe electrLca] stress i-s to
r¡ary the iniei'nal thernaL stïesso ?he read.ing of the 'rs.Ð

shoulc Lnd.lcate oniy the v:iriation of the internal thernal-
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s-tïess. üot¡evel, rhe l'a?ie-ulon o'î botir the inr1i-rect Lirernal

eff ec1; and rhe drz'ecf elecLrLca-1 eîf ect of tìre erect.rlcal-

siress r¡l1I ceuse ihe 'ii? To vû-ry. iieasurlng iechnic.ues nusi;

be d.er,'ised- so'uhai eltlrer.bÌre el-ectrical stless is 1^:epi: a'b a

constant value oî the elecLrical effect ot1 f.ire TSP shorrl-d. ì:e

r¡.ucir s¡n¿¡.iler than the indii:ect ther¡r¿¿l eff eci"
In the si,¡i'bchinl4 nethoti-, tìre TSP ls produ.ceci by a sir¿r.Ii

consiant electrical stress, thereby keeptng the el_eeir.ical

ef:Îes'b on the TSF constant" Continrlous raethocls descrLbecl in
-t,lris C'rep'cer are the pu]se inethcd.o the òocu _neihod. and. the

s¡tal} slgnal- nethod" Tn iYye pu.ise ¡aeihod., rectang*lar
eiec-"rical ,oulses of constanr an,.clitude are enplo¡rsfl, x,IaryLng

'r;ire pulse dura-r,ion of the pulses, the ihernal- effeci is varied,
while che electrlcal eff ect is kept cons.Lanto DoCo electr'lcal
s-.,ress is used. in the pulse ine',hod, since d..co elecirical
s'tress 1s a rectangular elecürical puise of lnfinite pulse

d.uratlon. In the d-oco nethod. and ihe sroa]-l signal melhod.u

Lf a test transis'Lor is connected. ln a comnon-base configura-
tion, Vçg is varied. whl}e In is ke.ot constant. The sel-ected-

TS.P must be electrically ind.epend.ent of VaU"

3"L Palse t"Íeì;ìrod.

This neihod- ìr¿rs been developed by Ì{e}son an,L lrr"r"o*}8
r,¡ho have pointed out the -cosslble error d.uz'lng 'cire cooring
period. Ln i-nc: sivitching netiroC, p-t1d ernphasrze thai f,he ;ou'lse
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mei;hocl ls the oi'Ie in l"ihlch the tenperature ls measured- d-uriirg

the heatlng perlocl. one nore feaiure mentlone<i by Nelson and-

Iwerson is tÌrat the d.nco current gain hp6 ls used. as a TSP.

In the ^oulse ¡nethod-e d..c, elecbricat stresses are used-

for heatlng, artð, a sequence of rectangurar electrlcal .culses

is utillzed to callbrate the rel¿-*ticnsìrlp between TSP ancì. T.¡-

oî a test translsbor. Durlng callbrablon, the electrlcal
povrer of the elec-r,rica} .oulses should. be negllgibly small to
avoid. heatlng the test 'cransLstor. Therefore, the pu]se

repeiitlon raie shoulcl be es low as possiblen and the pulse

d.uratlon should- be as short as practlcable" slnce -r,here ls
always an elec'brlcal translent phenomenon durlng off-orr pulsesu

the pulse d.uratlon shouLd be sufflclently long io ensure

negllglble d.istortlon due to electrical capaclrtance effects
ancl the hole storage effect of the test translstor, but' shor!
enough to mlni.'ûlze the temperature rlse durlng the purse-on

perlod."

The neasure¡oent circults ln Flgure J.La anð. J"}b are

sho'lrn for illustratlon of the measurement .orocedure of the

pulse raethod." The clrcults 4ay be connected. ln co,"nmon-base

conf lgura'r,lon. For thq coinnron-e¡rlbter conf l gura-r,lon shorvn

ln F1-gure s J. 1a and. 3 " }b , the d . c. source nay be applled_

across collector and. emttter. Ttio s¡rnchronlzed. purse por.,rer

sources may be used. instead. of one d.c. source ancl one pulse

source" LFE ls used as the TSP by l$elson and" I¡nrersono Other



electrlcal parameters rnay also be usecl as the TSp

clrcuit arrenßeueilt.
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accord.ing lto

The neasuremenL proced.ure ls d.escrtbed. as folrov¡s"
There are br¿ro measurement steps, the test translstor ls connected.
in a cou1..non-erqltber conflguration ln bo.üh steps and. huu ls
used as the TSP' since hFE = Tc/r.B, ayrÒ for co¡lnon-enitter
conflguration rg ls kepù constanb, therefore, rc ls actualry
used as the TSP.

Flgure J"}a. Ivleasureinent clrcirib of the pulse raeihod.
( Ftrst rneasurenent step) 

"

1Tc€
I

I

l, I
:ôY ,?s

I

i'leasurenent circult
t^
{r tjecono. rieasui'enent

of the pulse nebhod.
s'bep)"

Pu¿;Êa I
Cc.u-+-¿q,,¡7 ¡

cu/?fr€ì/r' i

"spø.i'¡.*.' i

Flgure 3,lb"
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rn the flrst step, the licasuremenN c!rci;.1-'u is shoi,¡n in

Figure 3.la, .a i..c. base cu.rrei:t tuu" floi¡rs from a r1.c"

constant current source j-nto ihe b¿rse of a test i¿ranslsior,
and a c"c. col-lector voltage vç3 of e. ri_.c. cojlstarL-v voL.bage

sor-l?ce is aoplled. throrigl: a sensing reslstor R" ecross tÌ.le
coliector and. the emltter. The d..c. electrlca.l heating poiuero

P, applied to i,he test translstor is approxlnately eo^ua1- to
(VCgICa") " The d-.c. colLecior current ICd." is read_ as a
voltage droi: (Ia¿"R=) ¿rcross the sensing :.esis,;or R" by an

oscilloscope. The (rca"R") arop shoul-d- be nuch s¡nal]er ihan
VCE" The test trairslstor is pl-aced ln a temperatui'e coniroll ed.

envl:'oiuent, the 'Lem,oeratu:ce of which is lcept aE a consuani

value, usually the rooiû. ten_oerature. T/a and_ ,In are ioeasurecl.

rn the second. step, ihe measurlng clrculi as sirovm ln
Flgure 3"Ib ls the sarne as thai in the flrst step, except

EhaE the d."c. constant currenL source ls re¡:laced by a pulsed.

consianb curreni sorlrce. A _oulsed. base current of peak val-ue

tun is flowlng fron the curreirt scurce to the base; a pulsed_

collector current of peak value rg.,, will then frov¡ through R".

IBr, ls i<e¡ct at a value equal- to IBO""e l.€.e IBp - IBdo"

vca in the second. step ls also equal to r,/gp in the frr.st stelÐ"

l,Jhen the telnperature of the teir,oerature controlled- environnent

is fir:'l s.t room tero.oeratìtres Lhe value of Ig^ r,rrill be smalier
P

-vlrevr -v'haþ of tau" measured. in ihe f irst step. The tenperalure
of the. tem.oera-,,ure conürollecr environnent is then raised.,

unLil ðhe varue of rg* lncreases üp bo the sarae value as r^ c-.i'J udc
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The pulse Þower is negilglb'ly snra.'t1, therefore? the lenperature
of the teaperature contz'ol-l-ed. enrrlronilent ts the sal¡re es the
junc'bion tenl:era|ure TJ"

slnce ta, = ICd,"' IB.(r = i?,d.", anù (Vcn ln first step)

= (vg6 in second. s.bep) u the:'efore, the electrical eff ects àre
the same irr both sLe.oso rgu Nhe TSp, lkren indlcates ùhe

tliernal eff ects, loe", the T¿." Slnce tan = ta.", the TJ

rneasnrecl Ln the secorrd. step shou] o be equal to ( po.l¿ +- T¿)

olr (PO¡c + Tg), v¡here P, T,, and Ta are neasured. in the f lrst
sfep. OJ¡t o:: 6¡-ç ls ihus deterulnecl"

lsty posslble emor iü the .ourse rneiho<i ls d_ue to ¿ln

inltJ-¿rL er(,oonential jurrctlorr terirper,airrre rise d_ur!_ng ihe
eiectrlc¿'..1 transl-ent perlod, when an electrical p,urse 1_s applied.
Äs cou-l-d be seen fr^o¡rr r'lgur'es 1"2 anð, ?"zo bhe initl¿rl
tem.oerature rise <iurlng the eiectrrcal transient perlod.. t"
c.epends upon (tu/r) and o" Fron the d.iscussion in chapler rr,
the lnitlal tenipera.ttrre o'.rop cì.urLn6 the electrlcal translent

^oeriod. i.n the sl'Jliciring meiJ.od has exactly the sane relatlon-
sirip r^iiih (te/'r) and. o. The argurnen'bs for or agalnst the

st,r!tching method a-ppIy equall¡r weii to the ¡:ulse nethod.

Slnce in the experlraen'r,al resul-ts u the electrlcal transient
iaasi';s ihe thermal- behaviour Ì^ihen a pov¡er pulse is sn'itched

oi'i. or of f ,. the araount of error inirod.ucea in the measu-renent

of I of the i:ulse ¡aeihod i{iii be as uncertaln as in ihe
sr+iiching neil,od.e
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D"C" I'iethoci

As cLecl-uced. fron the lrrlnciple of ihe pulse ne'i;hocì, ijeicl,)
22

d.eviseci the d.. e" ¡nethoclo In 3el_ch0 s inethod_r aì1_l¡r d.. c. sources

cir€ r'ecluii'ed. Either fori'lard enitter-to-base d-"co voltage V¡3

or sùaiic 'r.ralu.e of tlie coriillì.on-enil'cter for',^¡a-rd. cu.rr.eirt t:'ansf e:r

re.Eto hFE is talcen as ihe TSP. rn a neasurenent circul'b of

coni:non-base eonfigurati-on, Ip, insteaC of hF.E, is acLlt.ally useci

as tlre TSP, since hFÐ = Tç/fg: (consilan+-)/tU"

--- I,
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I
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I

I
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Figure 3.2" iuieasurement circu.it of d.c" method"

The measurenent circuit of the d-"c. methocL ls shov,rn i-n

i¡lgure 3"2. A test tr¿lnslstor is corrnectecl Lrt e. coÍ¡¡oh-be.se

conîlguratton, and. .olaced- Ln a. ten-oerature control-Ied. environ-
nent. ir.n erqltter current 16 fl-ows frorn a C."c. e.onstant current
source in¡o the einitter" anð. a d-.c" collector voltage of a

d.c. coirstant volta¡ge source is app1ied across the co]]ecbor
ena the base" irÍeters shor^¡n ln illgure ]"2 measure tire d..c,

rralues of Ig, Vn¡, IB, VCB, and- Ig respectlveL¡r" IB or V¡g

TCEt

I

I
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I

I
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is useo as the TSP" The etecirlcal Ìreating pol,rÊr is equeil_ to
(v'fgl¡ + Vç¡Iç); anå is a.cprcxiraa'cetI eqr.ral to (VCBIC), if
VCB T.t VEB. T, or Ta can be ineasured_ b]r a -the::crocoripte or
a.ny tenj)eratul:e sensitlve d.evice"

Slnce TR (T¿ o:: Tg) can be varLed. by va:cylng bhe

temperature of 'Lhe temperairtre controlled. environnent o ancl

the d.oco e'lect:r'lcal- heating povrer P can 'oe varied- 'by varying
the t/cB, O.rn (= 

^TR,/AP) 
can thus be d.etermined. ln accord-ance

v¡j-th the neasurenent procec-ures <i.escrlbed. in chai:te-r r 
"

the TSP (vnB or rg) r,vLIl ind.lcaie the TJ, provrd.ed. tnat
the TSP ls electricall-y ind-epend-ent of bhe varlation of vcts,

and ilnat a iheoretical relatioieship betv,reen lhe 'fSP and- the fJ
can be formul-ated-. The thernal equlllbrium ls malntained. d.uring

the neasureineni of the 'ISF; as d.oc. potrer ts applied-" Therefore,
the requiremenbs for a neaéurlng technrque are fulfllled."
IU is alvra¡is liept cons'cant, âs all ?SP avallable a-le eh,trically
d.eirend-ent on IB"

3.3 Sraall-Si.qnal- Itie!ho4

In Gates and. JohnsonBs worlif tau neasurement d.urlng the

cooling cycle r,¡ith VCgf a.s TSP ls recorî¡mend-ed-" In recogniiion
of tìre fact that' h16 Is electricalJ-y ind.epend.ent of v^"u the

coniinuous me|hod. has also been mentloned. lr'ith h. O as the TSP"

An 1000-,rÌz osclllator is usec for the measurernent of hl¡u the

-orlnclple of operation ls exactly the sain'e as the d..co meb¡od_"
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aE a fixed. value du-rlng the neasurenent. If BZ tt hlbo then

u2 tr2

=T x \r2 = (constant) * u.o
u1

tsZ + hib

r,rhere v.r and. R,, are kept aN constant values to give an alnostt¿

âoc" constant curuent sourceo hlb wll} thus be d.lrect1y

proportlonal to vr" The meâsurement proced.ure is ld-entlc¿r1

l,¡lih that ln F.eicirss rnethoo.'.

The lmportance of thls method. l1es ln lts physical

i¡n,olication. t¡Iith a d-.co source io ralse the junction

ten"rperature of the test transistor to a constant value u

tlre e."c. signal serves as a probe to explore the junction

teniperaiure sinultaneously. The a,"c" voltaEe across the

vf

i

I

l

(v"-lv/

b-lgure 3"3" Typlca1 neasu::enent clrculi for small signal
methoC. r^¡ith hr' as TSP"

The test ciz"cult used. by Gates et al is sho'¡m rn Figure

3.3" The capa.citor C blocks the d.oco voltage¡ T¡rhil-e the lnd.uctor

L blocks the l-000 i1z frequency" rE ( seb by R' ancì. Er) renalns

TrÔ.É-l'I;r^ = 
-- 

=.,r- u 
1
-qõ
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enitter ¿ì.ncr the l¡ase ai any ins'úo.nL r^¡iII inoi ca.l¿e bhe junc'i;ion

ienperaùure cau.sed. b;r ihe d."c. erec';rica.] hetrtLnr. rt ccul-c be

visuallzed. theno ilr.at the i¡rsN¿l.i:r¿rneous vaiue of elect:cl-cal

-oa:r'anieter rÉìy be usec to iniil- caie ihe junction +ueflpeïâ-'r,u.ce es

effect-j-\re a-s 'bhe d.oc" value"

^L{'-Lt, Lr r sct_:.ss_r_cn

.'i co¡ej>arlsoil bei';reen ihe pulse nethocl and the d-oco a.¡d_

si¡aIl-signal me-r,hod-s shorts t'tøt, on the for¡ner one lrnposes no

restriction of Vgg ind.epend.ence of TSP. Another distlncblon
betrueen these trr'o inethod.s is that, the p.ulse nethocl applies
ihe pri nclple of the eonsiant ref erence 'vern.oer.ature rrtethoclo

r^ihile the c'co a.nd. small-signal :¡.ethod-s enploy onat of
cons-r,ent junci;ion ienperaLure neùhod."

The constani junctlon te¡rperature ueihod. 1-s a-optlcable

on]y l¡hen ê i-s constant, If 0'var'les t'¡ith 'r,he vari¿itions of
applied. stresses, then O in the ecii-iations (L.3) and. (I,5) ,

obt'ainec. fro¡c. tv¡o neasurenent steps with equal Juitction
temperature, m-rst be replacecl ¡y 0l and 92¡ iosu 6

I n - -\ Þ- a- -r- rF^ Þ^,â ^ -, rn-\rJ =/ Pt0t u" TRI = P2Ø2.',- TEZ,cc.c..e !oco.e .c.eòe . (3.1)

i"latheuatlcally this equation (3"1) r,¡ith tr^¡o unknowns €¡, and. 0e

can not be solved. Therefore, 0 d.eternined. from equation (1.6)

by aesuming Ol = 0z ryIll. result ln error" tr^.lj.th a viev¡ to
esiinating '',,he erïor, the equatlon (3.1) f s re-wrltten in the

foilowin.cJ forni:

Ig(Vgg, + VBg)gL + TRL = Ig(Vgg, + V¡g)02 ¿- TgZ cc¡c. " (j"Z)
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tire change in VUU in the tl¡o r;.eersu::e¡nent steps
v¡Br), iairing Iç = iB, a.nc substl,¿utlng
ruvi", : !c(,¿à,jr .i v¡s), e.nd

IuV¡¡ Z - lc(VCge ,¡ VEB) iirio equation ( I" 6) .

AO1Z o 82 ls then d.ertved. as f ollov¡s:
fnl¿Rc 
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Prl
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^A- ^| À a"L¿
iPcPr\À

I
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io
I
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6ù

( j.)a)

\,
I

Iï AVrcl1þl

)
(3.3b)

deterrnlned. Í'ron ecluatS-on (1"
vc¡t - vn¡

Ycnz - vcBl

rt could- bhus be seen, in ùhe d-oco an.ð. snall-slgna1
t¡reti:ocs o lf o is noL e. constant, vctsl shou]d_ be rnacle as sm,erl

as ;oossibleu or the d.ifference of vçF,, and. vg3r bu kept as

1ar,,-1:e a.s practtcabte. rn ord.er to ascertain 1,us consiancy,
g should- be d-etermlned. for several values of vgg using a flxed.
value of tE. rn the pulse rrethod., s;lnce 'che pu.lse power l_s

nruclr small-er than the d.uc. poÌ\rer c-isslpatioi: (pl .. pe ln (j.3a))
the error d.ue to the vartation of 0ls negligibly s-malr"

rn a conparlson of the sr'¡itching nethocl a.na Ëhe d_.c.

¡ieì;hod. u the Lati-er has a def lnite advantage of erlnrirrating
the .orobabie error c.ue to coollng eff ect, but presents trre
clfflculty ln selectlng a TSP iuhich cair lnd.lcate exactlJr the
tJ"

rf o of a test transistor is a constant, then the d.oco

nieihod. wl--Ì1 be quiie sa-r,lsfac'Lo:.y for iÌre rûeesÌr.rernent of e,

by ap-clyin8 sne,'ì1 electrl-cal- silesse sc l{or,vever, -r,he variations
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of 0 wlih eï-ber:::ial- el-ecirical s'¿-¿'esses i'Ìár.\¡e been re¡or'ced- by
I ? ta. ,>l: .(

e;':perirlentersî ' J ' "'r 2;'^? '¿ r-) I'fot spo'i;s produced. l-rrsicie ihe

iransi-stoz'are consicÌerecL to be thc cause of the varie-"ionÍi of
olÐ';u 'Jlìteref ore, the jcnolllecge of tÌre val-u.e of ô u-nd-er the

opera.tion of large electrical stresses 1s 1'.',Þoriant.

iioi^ierrer, Ì^iher1 elecirical siresses are larg;e, seconcl

or'Crer effecLs of a selecteC TSP rne"y be precìo:'.rinà?,+vu üno-ei' su-ch

cond-iiion, the theoret,j-cal rel-ations):ip ì:etr,;een the 'JSP and the

T-r c¿"n not be fornulated-; conseguentl¡ro âfl error of an uncertalnd

amou.nt 1v111 be inLrod.uced. in the measureneirb of ø "
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SirEEp i{Í,fi{OD

jrs ¿ì f'es;t:-lt of exairiinin.,,3 iyie e:risiins ilethocl.s, it ca* be
seen tliat t¡re sivitching rrethod introd.uces ân error in Lhe

'errsiìr'ernenf lr<'-=su.'ìts clue to the coollng effect; en{ì. th¿;i 1n the
cor-r'tii-ruous ¡lethocÌ ihe apiflicatlon of a. large electrlcar stress
ti:ày lnv¿irlclate tne theoretlcal rela.tionship of a Tsp r¡:-ih r¡."
To overcoae the above r:eaknesses Ln the exr-sting nethod"s, the
a.u'chor proposes in this cnaptet a si,reep nethod., j.n which u_nd_er

tne tirer;naL. equtlibr'iunr the TSP is raeasured. ryhen the e-ìectrical
stress of sinusold-ai pulses ls at a sroall- lnstanùaneolrs valueo

4..l- F.rr-pci-þle_S¡f th.e l,letÌre4

The ¡ceasurrirg iechnique of vrsuarry displaying a fanrly
of c.lra.racterlstlc curves of .a tz,anslstor on a CRO (caihode -ray

oscir]oscope) screen h¿¿s been ad.o;oted. as e staiidard ,netnoa??
usr-rally thls is done (e..g. o îor a cofiix.on-enitter conflguraùion)
bJr appLylng harf-tr'ave or ful}-rveve rectlfied 60-]';-z sinusoldal
pulses as a const¿¿nt vo3-tage sou.j:ce across collector a.nci emliter,
e'nd stair-case ^oulses as a ,constanL curreni soulrce throu.3:h base
a'nd emltter' circults for d.isplaying a singl-e contour curve heve
also b*^en deslgned- for 'che nteasurenent of electrlca.l ;oaramete:,s
of translutors? rhe circriits of ¿¿ sing^re-c,¿rve trace=, are
essen-r,1a-11y the sene e-s tht:t, of ihe tracey for dlsplaying a
faiiillJ¡ of cuÌ'ves, excepc the.t e d-,cn c.onstant curyent source,
lnsiead. of sbair-câse .Ðulses, 1s used."
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îÌre circu-i-t of a single-cu-rve tracer ',^¡as ri-sed. for tne

sr¡r€êP ineiÌrod.. The ful-l--r,¡a"rre reciified- slnu-soloa} pu]ses T¡re:re

used for che foJ-loiting t¡,;o .Ðurposes. ¡lirst, bãsed. u_pon the

principl-e of the sinusoidal porver ¡:u1ses ¡riethod. in Cha-o'cer II ,

these sinusoicLal pulses iogether v¡lth a d-.cn constant cnrrent

source generate a consfant juuctlon bein-oeri'.tlire T, in the test
tr¿;Lnsistor" The cond.Lù1on of therrr,al equiiibriu¡r is thus

estabiisheC" Secorldly, accord.i:r.g to the princlple of the

snail signal raethod- in Chapter IIi, àrr insLantal'Leous TSP can

be used. ro ind.lcate tire TJ" As a stiali i.nstantaneous value

can a\ways be pre-selected for sinusoldal pulses of all
peak val-ues o a TSP can then be neasured. ai this pre-seiected-

s:",:e.11 valueu and ls 1nd_ependent of the variation of the peak

value" Consequentlyo the requirenenis of e measuring

iech'^nlc*ue are fulfillecl" êJR (= A'i-p/lPr.rg) can thus be

d.eterinLned. accord.ing to t'rrc rneasurenent proced.ures as

d.escribed ln Chapte:i' I ø

4.. 2 Thg::iria]_$ngrly.si=s

l\ mathernatical analysis on 'Uenperaiure varlatlon d-uring

iire svlee*o period- 1s to be nad.e r^rlth the fo] lov¡lnð assutptions:

1) V. are sinusold.al pulses of period k and. peak value Ve._c. vp'

?) Ig and T¿ re:aain at consiant value, and.

^\3) electrical charge storage and. electrical capaclËalrce effecbs

ao no'i; exlste
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Ì''i:.thr:n:-r,iical cie::ivaf :i-cir of 'à sin3ie lunjred. 'thernal rLz-v-

ir()rlr .slloi,"iL !n I'i3:.1-fe L"2 is r,lo::.lied oli'L " lrrom the tìie¡;,,3¡1

ecilri-virleni cilcuitu iìre r'oiioi^iilig zquatLc'n c¡:r: be obtaiired
by aira"icgy:

ÀT(,r) a(AT(r))
P(i)

â ,¡{-

r.ihÐre AT(t) = rr{t) Tg.,

thei'ef ole,
r / ' rñl . \e(^î(i)) i 0

CtT'r
'IhLs equaticn (4.2) can be solved_ b;r

iransforrn, wi'bh iniilal- condilioie AT

¿ô90, â";:I q ìv_ \ p /

Ar'(s) - --- eo.¡..oosoo.c,Ò...Ò (4.4)
sr+1

rli
I V^ _I¡slnrr.rt exp( -st )Atr¡irere P(s) = -'0 -I?-" - -- -I - exp(-lcs)

cÐ I + erp(-ts¡
f)-- r-o -i -lr--r ; . (4"5)

rrhere (ù = x/k, Pp = U"n=rc

Sul¡stltuting eo,uaiion (4"5) tnto (4.i|) ,

cÐ I l- 4- exlr(-:<s)

^1(s) = OeO x -V--T x æ rc ---==2 + ,¿2 sc d¡ I L exp(-t<s)

ap-olying ihe Laplace

_n
! v,
t¡=U
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If fhe:ce ¿i.re i"l,anf iherm,el netr^¡oz.lis , *,,!).er,

r¡Ð-S^.rn
'Javs = 'av:fr=lol-Ì * ri''.

= PavSototai * Tr,}. oocoêoooce ose.cocooccqce óooe . (4"10)

I¡ihen ? is very ni-icj: lzirgsy than 1c, t.he second. te:.n oir

tlre right-hanC. sLo.e of -i;ne equ.ation (!+"? ) vanlshes, the flrsb
term approaches to z/tf,

?

-tif* 
A1'(t) = -1 

PnO e o.e ee oe o.6ccesc¡e e oce ¡ceee (4."1L)

This lnClcai;es tha.i AT ls a constant (i.e" 1nd_epend.ent of tlme),
and. ap;o::oaches the average value T.. e

"avg
If ? is very short as con:.pared. r.iith ku -i;hen the first

t'etm vanishesn the seeond- term ap.oroaches sino:t o artd

*lå30 ^T(t) 
= PoesLruoÞ oocooococe cceccroo.cec.ce . (4.I2)

The temperatur'e thus vai'ies in phase l,,rtih V"c a.nd the cond.ition
of thermal equS-librirr¡i r¡¡ill no'¿ be satLsfied.,

From equaÈions (AL"I"I) and. (Ly"IZ), it can be seen that
the teir:perature v¿'.rlation cluring tne sr\reep cycle could. be

red.uced. by increaslng the freo.uency of the sinusold.aì_ pulses.

rn the above analyslsu vc is assumed. Ëo be a seoru.ence

of sinusol-d-al 1:ulses and Ig ls a constanE o such tlna9

P(t) =vc(t)ra=v"*I,.sLnaft. (O'<t<k)pv
The sarn.e arøLyttcal resuli '¡ll1 be obtainedru lf

?(t) =vclc(b) -vgl.^slnoto (o<tçlc)
P

1oê. e â. seo,uence of sinusoid.al pulses ls inserted. into e¡nitter
and. base, vrhile a d-"c. constant voltage is appiLecl across

coliector and. basec
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)+"3 I'ie'¿hodg gf_i'iea.sgrensgi:

The prtnciple of ihe neasurerien'u proced.ure is based u^oon

'inet of the constanu ;uüc'cion teinperatäre nethcd-" Suppcse Lhat,

l:-...". be tal<en as a TSP, the tesi tr.ansls:tor is connected. i'n af -EJ

coIìlJ¡on-emitter conflgurablcn" A consian-r, d.ocn cnrren'b Ig is
ln jecf ed- lnto the base n and_ full-wave sinusoid.al pulses of
peali val-ue V"n are applled. ecross the collector anC. the emitber"

The test clrcitiË is shown ln Figure 4o1"

Figure &,1" i'feasuremeni circu-it of si,'Íeep ¡rethod.o

The rneasuremeni proced-ure consisis of tv¡o steps:

In ihe first step, iniith V"O = V"pI c àrr arbitrary set of
instanter'r.eous Vcref and. Icref i.¡ithin the aciive region of ihe

cha.raclueristl-c curve is selected- as TsP, and. theiz' values are

recorcled. accord.Lngly. The reference temperature read.lng 1s

Eaken as TR'. Thenu Icroaxl and. I"*irl r"u neasured. to
d.etermlne lcavg' using the expresslonl

J-O:.,RCF ÔF
Jr/,,/¿/-ft2.rÐ1i

,/>uL':.as
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Icr.vgr = (tcna]:l * I"rr1.r¡) / z ooe oøooooccøoô (+'L))

in sr;ep (2"a), '.+ith V"o value red.u.cecl fz'oi¡. V"p' io VcpZ,

t}:e curve r'¡11-1 þe seen d.ropiri-ng due to red.uced poi.ier dlssipatLon"

In o'¿her i,¡o::d-so lcref r corresponciing to the same Vs-¿¡ as

pre-sel-ected. ln the flrst stepo tiil-1 d.ecrease to another value.

;ls a reference poini, Vcref so shosen shou]d" be l-ess than boih

Vao1 ancì V"o,, "LL

In step (2.1¡), the teraperature 1s raised. e:<ternally unti-i
the I"r.f read3-ng equals the origi-na'i value as in the first step.

the readings of TnZ, Tco.ax, and. Tcnln' are r,alr-en at th.e sene ilme.'

ThLs measurern.ent proceaure is l-llustrated. tn Figure 4,2

l+i-úh a solid- line as the charac'seri stlc curve ¡¡easu-red. in the

first step¡ .a d-ash line, in step (Z"a) " The cYøyac'ceristic curve

Beasured. 1n siep ( Z"b) , which ls d.raw.r Ln a heavy solld. line z

coincld.es r'¡ith þYwt part ln the first step"

I

I

ì¿
I

I

I

I

I

I

I

- -,,4ë-
':¿

'l
I

I

ïc
tc^"*il
lcn,o* rL

,-ltc.of i-*t-
Lgrin ,'[

I

t,
lÍ
lf

Jçr.n,a^r.l

Flgure l+12.

vcro¡ uç", vro,

Typlcal charac|eristlc
the st,reep rqethod-.

LC

curve cllsplay of
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'Ihe avei'age poÌ/Ier d.issi-oatlon l^ii1I be appro:liina..tel-y:

,DaVS = l,iyÏgrTcevg cocqo rcooccoo (l!.:.4)

'JÌre therr¡aj resis'tance can ihus be calcula'r;eci:
rlr¡ ^ - T¡-
- :-.') - -11 i

i'' n Z V^ -:re"¡e;i - 'avl7 -p-i Caî.r3L

'uhe slo-oe of the characteristlc curve is fairIy

2( TRz - TtsI 7( ÁfR

7( T'riz TRl

v e'p2icav62

.ooooe.c (4"t5¡

fLal, then:

c o (4"r6)

_4V€R

of tire' sweep method..

II

@.,ra
2 (Vc-ol- - Vsrr)Ic = 

- 

gooo.co.e .cao

2 (nr/"o ) r"
The circuii coirnection j-n the conruon-ernltter conflguraiLon

as slrcr,.m ln Figure 4.1 is includ.ed- a-s Ð-yL lllus'ûratlon of th,e nea-

surenent principle. the circuit can al-so be connecieci ln common-

b¿:.se configuraiion. In case tina'c hiU ls used- as TSP' a consbant

sirrusoid.al pul-se current is sent ihrongh eraitter ancl base whll-e

a d.,c. consta¡t voltage is applied- on coll-ecior ¿lno 'Þasen

The circuii; of the sr¡reep mefhoCL can be ¡aoclifled. by ad.d.i.ng

a C"c, source in series lvlth lhe sinusoid.al pulse source, às

shorrn in Figrrre 11.3" Îhls nod.ifi"ed- raethod. Ls essen¿i-aIly a

co¡rbinailon of Reichss nethod. ancl the sr^reeþ method-"

l-----
I fuT

- -- i_ _l
-f-

rCc
ç

-Ì--'
V sinot

+

lTcE
I

r,^ -^,r.a,.-uc çu/v.)¿,tl

C¿//èÌE/rT

-Or'¿',, jV, U f VC !. -t ¡ 5 :

iã:":.-,7r:y-*ç**
,So¿/;ì'ci: êf
J,/ilUso/p.4!

Þ/r/ \-Ê C

Figure l*,3, i'lodifled. circult

..CRA
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'Iire C¿ocu source 1s used. to lieep the tr¿uisisior oper'atlng

wi'Lhin its ec-vive reglon" "ùo''¿¡er clissipe.iion in ';iris cese can

be eersily d-erlved- frorn Figuz'e 4"L1" Tl:.e avez'age þoi;eï' d.issi;ca-

tion d.ue to rsinusold-a] pi-rises is¡
rc

irlgure l+"lr|"

P*vgL
? trlz

æ )o v"r 
"d(c'r 

t )

2 ,'tT/2

å jo' 
-(r/cnsinoc)

? ?Tc'ex *

One of ihe posslb] e r/,iaveform of I" vs
in the :aoaified. sl'reeo method."

Z(Tc:mx - rc^i"r) (øt) + rcmin
T

o\t.- t -CiLLyI
)

c¡t

d.(ort )

(
I
I

I
!
i\
ll.\

ã u"n

?
=-V^'À- "p

r,'€
tL

fzltf
ii*rfr, + 

- 
¡fci .e .e ..oce oe coóc.oe e ö.

| /( I\"/
ecco ()+"L?)

'Ihe everage porver d.ue to cl"co voltage is:

Ic*ax + Icmln
Pav¿¿ = vcdc * c e e c oo c c ac c o o a oc 9ce c c a 3 e a ( 4." 18)

iilhe to-r,a] average poiver !s the suin of ,oavgl and. P¿yo2, If

I" vs crrt r,.'aveform l-ool<s lil<e þlnat, 1n !'igure l+"5, rrrhen i" curreni;

1s small and. ihe elecirical collector capacitance effect is
2BpronounceC, there rullI be rro error 1n-r,roC.uced- ln the equ-ation

(4.14.) ln the calcula-r,ion of Frrg (= Vcavglcavg).
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Flgure 4"5" rìnother possible wavef oï'ír of Ic vs cdt
in nod.if ieo svJeep ne*r,hocl"

h,. Lþ irlxoel:tlnênt

The accuracy ln the neasurerÌeni of Eine s'r,.ree'p tietliocl r¡¡a.s

'¿erified. by co::rrparlng its experinlenlcal- resr-liis T,riih 'chose of

t,he d.oco ¡seihod-. The aeasure¡ieni shoula thus be carrled- oub

-v,¡ibhln -r,he restrictiorrs inçrosed. upon the d-.c. ne-r,hod." 'Ibe¿.e-

fore, in the ex.oeriraen-,,, ¿¡. *r,esE translstor of lvhich t/OU (fSe¡

is electrlcaily ind.epen.Jent of Vg6 r^ras selectecf e a.rr.d- a sne,Il

ertiiter cuïrent I, iras applled. An idei:tical experltn.errtal

circuit Éis shor,rr'i in Figure 4" 6 r,¡as useo. f or both sweep and.

d.ocu nethods. The test transisior lr'as conr'l,ectec ln a comlBotl-

base configuratlon" V"" rvas used. as a TSP.

r--*- ----1o,*,

"-----o Ài,/
t(i¡ i-:t

,/i i]J
ì o,

\='¿

Exlierimental setu-o fcr
the sv,reep nethocl wlth

the coraparlson of
the d.o co method-"

!-'igure L,, 
" 6.
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A .si-ì icon tr¿rrLslsior, G.E" t¡ri:e 2N,656, r.rrr3.s tesied" Ir"
'r,'¡âs ke.i:'L constan-L at 9"4 rnø"" TÌre ieni¡rera-ture contr"orl-ed.

ei:vil'o¡lirent i\res a thez'ilrostatical'l y conirol-ied. ov-â11 " The

i:lnperature of ref erence ppint rll r,,Tês rceasu-led at a.n ar-bi -vtàTlf

fixed polnt insicle 'r"he orren by an i:'oi:-consiantan lher,iuocou,irle

by nieans of a poientlo¡rete:'. Rooia tenrperature? read- fro¡n a
gl¿iss ihefinoroeter, was used- as a refefence. VEB ,nrr" read- by

an oscitl-oscope v;lth naxl¡rrurrr vol-trlge sensltlvlty of L sv/cm"

tsoth readlr:gs of VCBd" (of. the d..c. :nethod.) and. \rCBavg (of
the sr'üeep method.) r¡ere taken fron a single D.c. vortineter,
while lhe read.lngs of ta." (of the doco rnethod.) anC Ïar.r.,

"v5(of the sweep rnethod.) fron a sin,gle D.c. nrllrarnneter. vcBd."

and. v¡¡ i'rere boih varied- fron ]"06 volts to l+6 volts ln
ØvÈ5

ste-cs o

'Ihe experlnent i¡¡as cond_ucted. in iv¡o step-s, the f irst
step vras callbration of TSP (vgn) vs T.l; the second step vias

the EêâsüTeÌx.errt of junctlon ten.oeraiure d.ue to lnternal
electrlcal. power dlssi.oation ln terrns of 'ISP (VEB) " During

calj-braLion, t.he junctlon teinpereiLur.e rise, (TJ - Tg), d-ue

to lnf;ernal electricaS- po'r,rer d-tssipationo P, r.r'as estln:¿ted.

es only I.IoC, (r,,'lth IE = 9.4 meo VCB = 1"06 V, VEB = Co 6 y,

and 9;g = ?ZoC/t¡tr; P = (I.Oó+O "6)xg.4 - Lj.6 rnwz (T¡ - Tn) =

7 ZxLJ.6/LOOO - l-, loc ) . Theref o:ce , the measurement procedure

of ihe constant reference tenperature method t¡as follolredo aud.

cal-Lbratlon T^ias ^oroceed-eC wi'¿h, bearlng in rnlnd that the

Junctj-on temoerature d.irectly measured- j-n ihis experlnent r,rlil
be I"loC l-ov¡er then the actual value"
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]-) Ca"l-ibraf i. on

i'lith t/Ca 
=

D ¡:, i -n or; rÌl-- â o .l.ho
-L1

calib::aiion cu.rve

T.f) in niil-llvolts

1.06 V, IE = ) "4 ma,

oven tempe-tatulle i'io.s

of V¡g in ¡riill-volts
was plott,ecl in Fl-g-Lllre

V¡5 ltres calibra'led

v¿:.rlect- ln s"ue*os" The

vs Tç (or appz'cxinaie\y

4,? as a dashed. 1Lne.

?) llieasg.Iement_gi Ju]lglion TsIrpera.lu.rg

?e) i¡r-e3susement_y,stn,q the_D" C " ìrielheÉ

T,.ii'úh IE = i"4 wa., V6pU" vras va¡'ied. from 1"06 V to U6 V

in s'beps" correspond.ing vtu and. tau" val-ues '.,rere recordec.
V6g ln ¡illli.voits agal-nsb VCg." irr volts TÁra.s plotted. as a sol-ld

}lne es shor.Tn in Flgure Ly.?. The experS-nental ò-ata Ï,rere marked.

es srnall triangl-es.

2lo) Ivleaslrr'gnent_Jgin,q- lhe Sv¡eep_lielhgl

Lrii-th IS = 9"t+ rnao Vctsavg wes varled- from 1.06 V to 46 V

!n steps. v.üB at vgg - 1"06 v was taken as an rnstantaneous

TS-Ðo correspond-lng vug and rcavg values riere iaken. vea in
miliivolts vs vcilavg in volts r¡Ias ploibed- as. a soli-d. l-lne as

shor¡n 1-n Flgure l+"7" The ex;cerlmental d.ata vrere ldentl.fled
by means of s¡rall- clrcleso

the D lrra-tion of ihe The rcaL Êesi sts.nce e

0t.t i:t:ll be deterrnined. by using the experlinente'l results
of conl)arison:lnci a ca,'libration cur:\.re, anc is sl-niply the railo
af ihe sJ-opes of Lhe soilci line and rhe dasirecl line in Fi3rìl:e

4.7 tirnes a constarr.t of 1:ro,oortio-rrali';y,

L^
UU
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,\f,1 On
n

A'Ì'l in oC Ái/sg lLV
0tr. =U IL coooe" (4..19)

^P 
1n i,J ,¡rÞ T,l

AV¡6 nv

?Ihere AP - IçAVg¡r

I
AfB in oC 

=
o .o 56 Tnv/oc

x ATR in mv.

{ f:'orr Tabl-e of lron-Consiantan Ther¡toc olrpl"?9 the voltage
poilential i ncrease of tl, e thermocor-rp1e v¡lth the increase of

tenperaiure is A"Q56 vLr/oc, within tire tenperature ïange

froi¿ OoC to lOOoC")

Â.f;1 in rnv

0.C56 m\r/oC
^Vn¡ 

in iav
oJR = e ¡eoÒ. (4.20)

Ig Amp" x
AVC' in V

AVUS 1n mv

(L / 0"056 mv/ol) x (slcpe of d-ashed- li-ne in Figure t+"?)

IC x (slo1>e of solicl ilne in Flgure l+.?)

Frou. the ¡reasurenents, IC = 9 .3 maç and. froia Figure 4"7 ,

ATn ln mv L"7 nv
I l, ar \

e o. e Ð. c. c c c.. e .. c ó o c \+o¿Jl

?o mv

lL( \/1J

X

ÀVäg In mv

ÀVCl3 ln V
¡.....c. (4.22)

ÀVne ln mv 70 mv

therefore, êjB = ?7oc/rt = constan'r.

The Deternl¡r-ztion of Juirctlon Te¡roera

m,^ ^ :--ine ¡unctlon Èeuperature aE any povrer d_issliratlon cor-

rès.condtng to a point on -r,he sol-id. llne rn Figure.4"7 cou-ld- be

read- ôirectly frola the corres-ooniling point on i;]re dasìred. line
rçith the saine Vlg read.ing" :
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The Y¿¡"rl:rf lgn. of I,

ìl^4^-^-ser ore proceed.ing vli--Uh ùhe îieasuienei-rt, f,he consianc y af
Eir'-: d-oco constent cur-rei:i source ï.{as firsi checke,l i,¡}ren ,ciie ,,rCB

sin-irsoldal lru1-ses varleC. coniinuor-.,.s1¿- fz,om l_,0ó V to ?\ V peak"

From the results of meâsuï'ciu.ent by a zero-su-Ðpresslcn meihod.,

r" variatlon clue to ihe varl-ation of vuu was neas,.ired i;o be

2.3 p'a" t'he s'lo.oe oí lnput cnaraci-errst:-c cilrve (t, vs uuo)

lAras measurecL by a^oplying consta.nt sinusoldal_ curreni ^oül-::es
throügh enliter and. base anC a d-oc" consùant r¡oltage source of
70 v on coll-ector and- base" :it rE = g frà, ihe srol:e 

^vdB,/z\r6(or aporoxl¡rately hiu) r^ras neasureà as abou-L 25 ohns" There-
f ore o the vp*t\ai-l-on of vu" cue bo the vayLal-Lon of ïu vias

(2.J pa) T (2J ohns) = c"6o mv. Às avEB,/^Tr:neasured. for the
tesb translstor w¿rs -?"32 nv/oço the !"rror lntrod_uced tn the
ienperature measurenent clue tc thls variation of vu, rvou}j_ be

about 0"O3oC anC v¡as negllgibl-e.

Sullaþiliiy gf Vìr-Ê as a TSE f or T, i,ieasu_remenr_

ayEB,/aTJ obiained. fro¡e the calrbretron curve was a
qonstant, equal to -2.3? rov/oc" This d.ata was close to"the
theoretlca.l calculation of av¡g,/ÂT" for a sll-icon transrstor
as approximatel y -Z mv/oCi Theref ore u V¡.g l_nd.Lcated TJ" To

furiher confirm ihe agreemen! l¡iih the theoretlcal resu-rt, a

siualler current of rE = r me, was sent through ihe eni-tter,
Lv-,/LT.T r.r,as measured as -2,36 mv/oc.;t:7 rr
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'I'jrg C our,t.r-:: 1 s ot:-ei E>i .oe r i inen,ua l- B.e su i -i; s of the SrveeÞ iie'ftrod.

t,¡i'i;h TiT ose_of i;he l)" C,_ lieiþgC

T'¡,¡o ellrves pj ctted froi:i observed_ e;rpei.ineirtal ð.aia of
s'be1: 2a and- 2b i,'¡ere colncicent wiih eecrt other, thereforr-:
oirly a single sorid.'i.ine rnras d.ravrn as seen in ìllgure 1,r"7"

'Il:!s resuli r,'¡ould lead- Lo the su-ggestlon Ehzt the sr^ÍeeÞ methocL

is as effecti-ve as the d_.co me-r,hocl,

iire purpose of this e:rperlnrent trr'as "che comparlson of
ihe er,oerinental resul'bs of the swee.o inethod- with those oí tlre
doco uethod." 'r'herefore, the ¡aeasured. êr* of ihe d_uco meürod_,

(abbrevia'ced- as 0g) u r,'râs taken as a referen.ce value, i"eo u

al'r eccuraLe value wi'r,hout effor. The conr.oaz.ison errorg ggu

in ihe neasured. €ttn of ihe srreep ne-thod-, (abbrevlaied_ as 0g),
as conroared. with 0c r¡¡ill be:

0,* €pU

os
6g

0R
- 1- -_._-- e ce e cco.coe e oo.cce (lþ.Z? )g_

ù

As 0o r,',-as taieen as a reference value lviillout errol:s 0Þ was

eo.ual to the d.eternined. 0;g (?z oc/w) 
" Theref ore o -r,he equatlon

(4"19) on page 4? for 0rO applied. equally wei-I for 0*"

The 0t ltlth ihe comparlson errorso ETg, EVng and. Epo talen into
account ma,J¡ be C.eclu-ced fror¡ equat!.on (4"t9):

ô,'fr ¡. 5Ta

AVn¡ * 6Vce
og= . â c c e o ô Ò e o e c . e o " " " . . " " " . (Lp "24a)

ÀV¡:r -þ áV--.ùÐÀ¡lf
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since a sing]-e c¿-,lLbration cu::ve of 1¡ vs v;3 cl-lrlre r,,ras l¿secì- for
botÌr ¡rre-r,hod.s, therefore tire conoariso¡1. error o-ue to the calj-brg--

tion of Vpg vs T;? (i.e., the cora;o;lrison ercor tn the slone of

aTpy'.:rV¡g) l,Ías zeroo thus,
^aì

r!

^v¡ts
' c c o o o c o e (LP"Z|+A)os=

AÞ -,, Ãp

ÀV-.- -1. álV'-'-
, 
ijt - ri))

Subsbituting equatloils (4"19) and. (4"21Þo) tnto equatlon (It"23),

6P
'i .:- 

-
AP

60-L- ooo.eoô¡e o" (4.25a)
6f¡¡'ì ..- _
avit¡

The laxinum -orobable coraparlson errorâ (sÐ)max r^ri'ì1 ihen be:
'8rt

1 - 
^"(s@)m.e]ç=1-æeoooe.ÔÒecoccoceo.o.ocooo(l+"z5a)

ðveB1+_.-_
o,uua

¡¡here ÐP - IgÐVç¡ * Vg3SIa ee ccÒce ..e e e e côoôe e e e cecc (4"26)

ÀP = ICVC¡ = 9oi x l+5 = l+2A mtrüo

AVAA = /0 nv"

5V530 6VC¡o and. 6Ig vrere estiilaied respectively as 3"5 rw

2 V.r, and- 0,2 TnÐ.c âs r¡iLI 'oe explained- in the follov¡ing paragrapÌrs.

Substitu'Ling the values of VaUo SVCB' IC, ancl SIC lnto eo_uaiion

(4"26), EP can be calculabed. as 29 r1w. Further substliuì;ing
'i;he values of ÀPo 8P, ÀVEB, and S,/Eg lnto ecluatton ()-V,25'o),

þLle ¡naxtrolìrc. coa.oarison effiore (S0) ls -r,hus obtalned. as LL'/",ngli
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i-(':roi i-!r_ Pegel liears!¿rene$!

t) i]r:.ro:r i n Vol-tat:e i'ieasu:'ene:'^'t

iIK II

s cal- e

sc¿¿Le

The instruroei"rt error of the i'îodel B univez.sai Avometer

v¡as ?il oî the lnd-ic¿rtion bet..,reen ful-l-scale and half-
defiectlon, and L'l of 'Lhe ful-l-scaie value bel-o¡¡ Ì.ralf-

used-

taken

deflection"

For Vgg = 46 V, r,¡hi ch l+as the

ln the e::periment, -,,he eruor in
as 2 volts, l.e" EVg¡ = 2 V.

n"ra>:licun value of Vcg

Lhe Vg¡ read-lng was

¿) Errci' j.n Curl'en!. iiegrsureneirg

Tìre milllammeLer usecl for the :neasurenent of I- was

callbrated- as 9"?4 rn at lts ful-I-scale z'eacllng of 10 mai

wÌrlle tìnaL f or l, was callbraied- as 9 "9 lrLao

For Ig = 9 "J rra as neasured. ln tire experiment o ihe

error in the Ig vras bal<en as 0.2 ma, i.e. ôIC - O.Z nta"

úr::or ln V;.p c."s sr TSP in the Indica'i:lon of T.

-

1) Erugl-fp_YEg a.s a_I-SF_dLrg_tg tþe Senrsj-_t1-r¡itJ._of llig gRO

If V63 was z'ead- as 0.ó V (ó00 mv) by uslng -,,he O.L y/cm

scale on the cROo then the maxilaum error due to scale reaclng

couid. be 0"1- V/10, or 10 &v, 1.e", VEB = (600 * lO) ¡rv. Since

l-0 rnv r,;ould l-nd-I cal',e a temperalure d.!f f erence f or the tes-r,

tr.anslstoz' of ( tO rtrv) /(z. jZ 'nv/oC) , or SoC, theref ore, the
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sensitivity of 0.1- \i/cm oî CRù l,i¿rs no'u Ì:i-¡,;h enough fo:: -r,!ie

incr.ic'a,iion of TJ" By sLìppre.ssiinE tlie zero, ti-le J nv/cn volb¿rge

sensl-ti.¡i'¿l¡ ecale ti¿',s lisecì,' :,-nd. ihe íre:":i-l'r'rll¡1 itoss:-b1e e::::'or Cue

to -r,he CBO r,'¡as recucecì ùo (0"5 rav)/(2.32 av/oc) = O "joc. åt/ìIB

due 'i;o +"he C.?O sensl-tivit¡r 1^¡*= tallen as 0.J rnv"

2) Ii'ror i-i:r V,;'¡ âs e. lSP du.e to the Fli¡steresi s t'.ooo

D\:.e to the electrlcal caaacLtance eff ect')t and. the

thernral ca,pacl-tartce ef f ecl,ì:''â d.ui.in,g the sr¡¡eeil cycl e, e.

i:ysteresis loop ln the vuu vs Vgg cha.raclerLstic curve could be

observecr on a cir"o screen d.isplays o.s slçetched ln !'i{!t:i^e ¿j."8"

\ /-v.-D,
I--r- i-

-)¡n,¡ |

jiÇnv 
-t- -

3,'':v ìrl_
I

\- ----\\\
-r--\_*)

IE .= ).Ll nau

VCB = 1"06 ,r ?Qsinot volts,
(nz < ert

I¡i gure ¿{., B .

The Lnstan-r,aneot¿s

1" 0 6 V" I-roin F igure 4. B

there trere double values

l'ras 3 Ìnvu That 1s o the

-l
I l_-- | \./-^o /,06v. ruv: vCü

Tl.? hysteresls loop ln the Vpe-VCe
cnereclerj-sELc curvec

Vg3 IaIaS selected- as a TSP at Vg¡ =

, lor a sin6le-valued. VCB = l-.06 Vo

of VEB, the d-lfference of l,'hlch

verilcal size of Vgg of the

':i The electrical capaciiance
i}:e charging aucl eischar6ing of 'i;he
base ca-oecLf.a"nceáÕ l^riren the ai:oiieC
periodrcall-y"

-;â';i rrhe therr:,al ca'oacLiance effect'j?" This effecf; causes che ietnperature
the s1^ieep cycLe,

eÍfecb J...; large.,ìy due to
electi'i caÌ col-]-ector-'bo-
elec-,,ricai siress varies

1s described. on pege
fluciu.ation d.urlng
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hys'ceresis 1oo1: arN vcg = 'r.06 v ;,^ir'.s 3 ir.vo rn the ,oe¿ìs,.relûent,

tìre lov¡er ve.lue was used- as the TSÌr, ilhe naxirqit¡r er:ror w:r.s teì<ea
rr ¡r , I C -.-- ^-^L:ii *r") nrv" O:. the el'ror in ilre inrìlcatloir of .t;he T¡-wou.irJ. be
...(1 (.n-,\ /(.>-.t,rq )ur ) /,,¿"3?--:1v/OC)o of .iloCo ô./;g ,..,,...S r:Stin:,ted- aS l_"J u.V.

i'io::eove:i:, vrts ve1ïi-ed cir-irin3 ti're s-r,r'GÊp cycr-e. The

d-iîf erence of ihe i_ns b,;.nt¡_¡.neous rra]ue of V¡g t¿:.ken as þhe TSP

and'i;he inLninura val-u.e of V,," d_uring the st!-eep cjrcle w¿rs o-ose:rve.d-

¿'fs 3 i¡vr âs slio-v.¡-n in FLgu¡e i+"8. The causes of -v,.e varLaiion of
V"3 d-urtng the sweep cycJ-e could be ati;ributed. to eit,her ihe
electi'ical capaci-t,ance eff eci, or tkre ther¡nal- ca.paciiance effect,
or tÌre coinbined eff ects of botii. Taklng tìre possll:Le bìrerrnal-

cellacitance effect lnto cons!c1erari1-cn, 6v¡g ,iue to the T¡.

varj.aLion curing the sr,,ree.Ð cycre i,,ras esNi¡rate,l as 1.J mv"

rn this e:r¡;erJ-mentu the electrical capacLtance eff eci
on the hysteresis loop vras 

::"=r-c.ered- to i:e 1:re.coinlnant"
i{ccord-lng to tlre Litere-turu:o the electrlcal- ca.oacitance effect
',vil-I be pronounced. r^¡hen IU is sna1l anri Va" shree.o is large;
v"hil-r: in this experÍmento a snall- ru of 9"U ma ancl a lar,Ee ,/cg

sr{eep of ^oei:.ìr val-ue of zl- v .i^rere used " To jusùlfy iìre above
stateneirt , the auLhor further red_uced. the value of rE to o " 4. ¡aa

suclr that the therna] capacl tance eff ect becane ,ruerTgibru,
(siiece the T¡- risÊ. = (?ZoC/V¡)x(b5V)x(0.4/tOOO+nrp) = 1o 3oC, the
Tt fl-uctuatj-on during ihe swee:c cycle ivas negrlgibr_er) tìre
lrysteresls loop of approxirnately the sanie size as thaE of
I¡ = 9 "4 ma v¡as observed in the V¡A-VC' curve.
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-¿{s couipared with f he _d, c " ;le'chcC, -Lhe si,,,reep nei;hod has

the acr¡anLa.ge of bypa.ssin,3 -r,he cj-fficu.ltj-es involved in ,¡:he

selection of a TS?. rn the si¡ieep nethod, a Tsp is iles'o¡rn-

t¿-"neously neasured at a .ore-sel-ecte,:i- slnal-l- value of .sinursoj-,1erl-

.oulses of ail slzes. The pea]r value of sinusolcal- puises

ieternlnes the magnltud.e of the electrlcal heating Ðor,,ier i..¡hich

causes 'b.he rlse of ihe TJ" the TsP r,¡tIl -r,hus exactLy lnd_icate

fhe 'l'J" In the d.. c. method., the d-o co elecirlcal si,ress serves

d.uar .ou:r:coses of deierinining ihe nagnitu,ì.e of tire eiectrlcal
Þo',,ler and. of neasuring üre TSP" In eonsequetlce, the sel_ec-Ued_

T'S? raust be eiecirica-ll y incle-cend.ent of the var,l¿¿tion of -r,he

d-oc. elecirica] stress, Therefore, in the d."c, uethoc., the

enitte:r cr:::rent is alv;ays irept at a consiant value d.uring the

neasllrementu since the vartatton of ihe emitter current v¡llt
electrlcally aff ect the selecterl T,SP" In ti,e srÂree;o metìrod, ho

surch restrlc-ûlons are ticposed." A constant cur::ent source of
sinusoid-a} pulses can be connecte,å ac.loss the eiritter ¿nd_ the
base, l^ihile a d-"c. consLant '¡olt¿lge source ls connectr:d- across
tÌre co-Llector and. the base" An insiantanegus vn¡ can then be

selected. eê.4 ÎsP at e pre-serected. snall lnstantar1"o'-1= value

of ihe e:nitcer curreni during tìee Ie slreep cycleo

0n tire olher hand-, tire a.oplicabil-ity of the sr^reep inethod-

is lirclted by the existence of z h¡¡sieresls loop in ihe selected.

TSP vs vce sr^reep (or ip svreep) c]naracterlstlc curve, d_ue io
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thc electriceli câ!ittì-clts-nce eff ect ¿',nd the theta'¡21 car-itacita:-nce

iire tiiernal- cap¿iclt¡.nce eff ec'b il1il be forr-rieci vrhcn the charac-
"nf e::isiic cr.rf'ves e:cter:cl into lT i,gì,r ccl,te;. recr:ionsl'' À hysteresis

looir due to i:he eiectrical- cap:lci"iance effecc '¡¡1ì-l ::esul-t i,¡l:eir

à'Lesb tr'¿rnsistor ls operàtea. in the srnall current ¿Lncl La3ge

voliage regiort?B actually, the hysier.esis J-oo1: is alrr,.,ys

present to a greater or' lesser eztent ¿:.s coulcl be observed- lf
the clnatacterlstlc cull\¡e 1s enagnif lecì.e or expend.ed. bI' uslng
lri-,¡;her vol-tage sensi-t,ivit;y sca]e on the CRC, a.nd. by zero-

sr-;tpI-Jresslng the i^;avef orm"

In i:z'inci-ole, Nhe nod.if ieC sÌteep ¡retìrocì can in¡rrove ihe
accuracy of ihe neasuret:ient rgsulis by reducin¿ the electrical
ca^o'¿LcLrú¿trrLce effeci' In the shreep iue'¿hoCr, during the iranslt'ioir
period ( from the end. of one sÍÍeep cycle to the beglnning of the

nex"¿ or:e) o flrst. Ig d.rops from lts uaxinuro value IC*"* to zeTor

then rlses frorn zeTo to rc*r* again. rn oilrer r,¡ord.so ln the

curve of rg vs time t, bhere ere d.lscoirtinulties ln the slope

of the curve at ai = yrit" The ra;oid change of rc d.uring the .

f,ransltlon period cÉàuses the electrical capacltance effect to
be nore pronoun".a?8 rn the nodifrecr s!.üeep method., thå test
translstor is operabed. r¡.,lthln its actlve regiono Ig is
ap'gtoxznø.tery constan'û" Therefor.e, the size of hysteresls
loop d.ue to the electncal ca;oacrtance effect rvlrr be ,r,uch

reiìucec" The a.cc¡)Tacy of ihe nx.easurelrient .+¡il I thus be

inproved. "
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Ftl-z'ther¡rroree siirce the si{eep i¡evefcrn of ihe e-ìectric¿¿l
siress VCB used' in ihe nod.ifiecì sï.,r€êlr ¡ieihod is of sinusoidal-
lulses i'¡j:ich h¿¡.ve a ära;cj-¡ru.rt chai:ige e-t 'che -r,:l.-¿lnsiiion lrerioci
iir :r rlanneir l-ike 'bÌre change of rc in i;l:e sÌr,eei) method. ¿ì.s

d-escribirci in the p::evious p¿r.r¿ìgrerl:h? ihe_r.efore, L,{te e]J:ec'crLceL

capacii¿lnce eff ect wil-I also be proÌ'Lolrnced- ai ihe transition
-'A¿,1)periocl" rn oLl:rer v¡ord.s, in the curve of vau vs t, i)nere ¿¡re

discontlnulties in the slope of the curve e.t øi = TLit, .iumplng
fron -(vn,rr) to +(vno;)'ii rn'here vp is tne peak var-ue oi vcn
sinusoldal pulses. rf -uhese d-lsconiinul,cies in the siope be

eliüinated, the el-ec'crrcal- carpacrbance effec,c l¡1li be iau.ch

reciucecL" Consequ.enti¡r, lt is recoärnencled that aa elec-t:.icai
siress of a si^leep r",i-aveforro .r^ri'r,irout d.iscontinuiti es in its
slope be usecì irr the ruocr.ifj.ed- swee;o nethod." For exanple t ã.yr

electricai stress (vc¡ or rg) of a sinusoldal sou.rce a-nð. a

cì-.c" source r,,rii;h a iraveforn of
Vçp(t) = V¿c + V.slncortu (V¿c = Vp; -oo ( t._< +æ)

or I¡( t) = IU" + Insinr.u;û,, (i¿c = Ipi, -øJ _( t ( 4.oo)

ma¡' be attempted- as bhe sÌdeep in t,ire noaif iec sweep :uethod,
(lvhere v¿" (or r¿") rs the d..co volta¡ge (or c*rrer,É) or the d."c"
sourcen e.nd vo (or ro) is Lhe peaÌ,; value of the sinu"oidai
voltage (or current) of Lhe slnusordal elecirical_ source.)

'ir The
dvcs( t )

nagni-tude
dVpslnort

of the junp of-

= V-atcosc¿t "É

- -Ii ¿":
" h,gg

- -'-\/Y¡^r,'p-,

L.L t/

V'pc".rcosot
Vracr:sCùþ

slope

(n-,'r (
(aN u:'i
(at aí

ic

øt

ded.uced as f olio¡^¡s:

fr'tí, ie od.d-)
(n.;L)ti, n od-d-)"

/ì+
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Since 'Lhe :ilod,ified. sileep äethod is Ln f ac't 'ihe coi:iblna-
ticn of 'b'he cLoco irte-ll:cC ¿:ncì the sl'ieep ineiho,L, its prii-ic.i.pl-e oí
olrci'ri-Li;1-on :lta¡r þs s1¡r¡-ì-siis.r to arir¡a-i-iia.¡¡e, tls is evio.ent f.¡:oit

eciua'uion (Lr.L2), ihe vavia-tion of tenpe.raiu-z'e Cur.itrg the sîreep

cy-cJ-e, ( i.€, e ihe ihe.r:na-l capacitance eff ect, ) is proj)orii or-:al

tc iìre peek por;ier nn of tire sl-nusoid-al pr-ilses, :liso ,che

electrlcrr.'l capacitance effec'L rraries as tire peaK vahr-e of vca
^ô

sinusoidorl- -oursesÍo 'rherefore, the hysteiesi-s effects c¿r-n be

:recluceà by reclucing the peak voliage of the sinu_sol dal pulses
i'¡hi]-e incrensing -bhe d.oco voltage of the CLoc" constant voliage
sol-lf'ce as shoi^nr tn Fi3ure l+,j.
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COi\iCLUSI ON

lrroti the f oregclnE exposltions ¿¿nd cli scu-ssions, it o2.'ît

be seen that the existing methods have both aùvar,r,a-zes and.

d-lsaclv¿'-n-u'rges. rn the swj-tchlng r:ethorì., e. sel-ecte<i- TSP is
rneasured by appl-ying a s¡na}l e'lectrical_ stress to a_ test
i;:'a.nsistor; 'i:herefore, the TSP indicate= TJ exactlyo because

the theoreti car rel-ationshlp beineen the TSP and the TJ can

be for:nula-r,ed. Ilowevero the::e is a possible error in .ühe

s:ritchlng neihod. aue to the transient te:rrperai'r,ure d.::op d.uring

the cooling perlod. Du.e -t,o the uncertainiy of the slze of the

transient teinperature d.ropo a. correspond.ing uncertainty of the

vallo11;y of the sl,.riùching niethod arises (see Sec. 2"4) " On

the o-t her hand.o ln the contl-rruorrs nethod-o a selecteo 'fsP is
neasured. ir¡hen the tnerrsz-l- equtlibrlum is established b¡'

ap;olying d..c. electrical stressesc Hotr,evere tr\rhen the a.oplied

electrlca-l stresses are largeu the second- ord.er effecis may be

pred.oiniitanü Ln a selecied TsP, such that the theoretlcal
relatiónshl;o betr,veen.ihe TSP and. the T, can not be fornul-ated..

T'lrus s à(r uncertaint¡r in ihe erf'or lvill be introd.uced- lþ tire TSP

ls used. to j-nd.icate the TJ" consequenilyo the coarûon short-
comi-ng Ln the exlstlng niethods is d-ue to the fact that the

am.ount of eryor lntrod.uced. ls uncertain"
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In ì;he sldeep neihcd., a se lec-Led TSP i-s neasu::ed. 'r,-iien â.rr

a-Þlll ied. elec'cri-cal st¡'ess of si-nusoidal pur ries is ai a pï"e-

seiect'ed- sin¿l-'Ì lnste¿r'rtaneous val ue, rtiriie the condiiion of
iìrerinal equilibriun is establishecl unCerLhe o¡:eral,ioir oí 'rhe

eieci;iical- si:'ess o¡1 sl-r'rusoid.al- pulses an.d. ¡:. d" c." eiect:.ica]-
sfress. The stieep methoC avoid-s lhe com¡lon shortconing in Lhe

o'clrer trço method-s, irr tl;:-t 1;he error introd.uced ln the sr,íeep

rnethod is rneasurabl-e f rom bhe vertic¿r1 size of the hystez"esls
loop (as expl-ained. in sec" 4.4). The slze of the hysteresis
loop c¿rn fur'thei' be reduced by emproylng the nod.lfied. sr^reep

nethod." The electrical- capaci-tance eff ect upon the hysteresis
-l oo-o can be d:-ninl-shecl by changing the sr^reep i¡ravefora (as

recorruend-ecL in Sec. 4"5), The ther:nal capacita,nce effect Lr.pon

the h]'steresis l-oop can be nrinimized- by increasing i!rc s,,reep

frequency (as reentianed- ln Sec " 4"2) " From the above siatement

¿rnd- the measure:¿ent results in the experlmei:t, the sr^reep method-

1s therefore proposed. to be the niost satisfactory nethod. in the

¡reasurero.ent of 0o
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