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ABSTRACT

Neasurement methods of Junction temperature for
the triode junction transistor, such as the switching
methods and the continuous methods, are described and
discussed,

A sweep method using a Sweep circult of full-
wave rectified sinusoidal pﬁlses is proposed. Junction
temperature variation during the sweep period is mathe-
matically analyzed.

Measurements of the Junction temperature of sz
silicon transistor were performed employing both the

sweep method and the continﬁous_method, and the results

were compared.
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CHAPTER I
INTRODUCTION

Transistors are inherently temperature sensitive devices,
Thelr operation is greatly affectad by the junction temperature.
Having fully recognized the importance of an accurate determina-
tion of such a property, many measurement methods have been DLO=
posed. IHowever, up to the present time, great differences still

. . . 1
exist among the results obtained from the exlsting methodss

e

,

Even those values accepted as the standard ones are regarded as
being optimistic?’3 Further exploration in the development of
& more satisfactory method of measurement seens Nnecessary.

The existing measuring methods take advantage of the fact
that the transistor is itself an electrical thermometer. Some
electrical parameters of the transistor, under certain condi-
tlons, very directly with the junction temperature. A transis-
Tor parameter which can be measured and used to indicate the
junction temperature is called & temperature sensitive raraneter,
abbreviated TSP,

As 1s well known, the collector reverse saturation cur-
rent Ig, the intrinsic emitter-base forward-biased voltasms VgB,

. I . P s . I
and the intrinsic common-base short circuit inpout impedance hib

show deflnite variations with the junction temperature. IS

* The numeral denotes the reference number as Listed in
the bibliography.



increases exponentially with Jjunction tenperature; V;B has a
nezative Temperature coefficient of approxinmately -2 to -2.5
mv/9C; and h;b is directly proportional to junction temvdera-
Ture,

In practical measurenents, however, second order

effects may predominate when the applied electrical stresses

o
B

~—~

bias vqltages or bias currents) e larze. The leakage cur-
rent may mask the reverse-blased saturation current Ig; the
transverse voltage drop across the base region (the product
of base current Iy and d.c. base resistance By) may over-
shadow the intrinSiQ,VQB; and the incremental base resistance
rg may constitute a larze portion of the measured extrinsic
input 1lmpedance hibo Hence, in order to assure that second
order effects are negligibly small, the measured paraneter
should fall within the values estimated from theoretical
conslderations.

Fufthermore, during the measureuent of juhction tenm-
perature, the applied electrical stress nust be varied (as
described in the next paragraph)° An electrical parameter
of a transistor, besides its relationship with junction tem-
perature TJ, is inevitably influenced by the varization of the
apolied electrical stress. If the transistor under test is
connected in a common-base configuration, a d.c. constant
enitter current Ig is injécted, and a d.c. reverse-blased
constant collector voltage VCB‘is applied, the TSP is then
a function of IEQ.VCB and Ty, or TSP = £ (Ig, Vog, Tg)e

The dissipation of electrical power inside the transistor,



(aporoximately equal to VCBIE)° will cause TJ to rise,
herefore, the TSP is affeoted by both direct electrical
effects and indirect thermal effects of the applied electrical
stress., Heasuring techniques must be devised such that the
clectrical effects of the electrical stress on the TSP can be
kept constant when the electrical stress is varied. In the
following descripﬁion'of the measurenent principle, the TSP
will be assumed tTo be capable of indicating Ty. The measuring
teclhnigues will be discussed in detail in the following
chapters.

Hethods for the measurement of TJ under conditions of
thermal equilibrium fall into twé categories, the constant
Junction temperature method (or substitution method”°5) and
the constant reference Temperature meﬁhod?' These two methods

are described as follows:
(a) The constant junction temperature method.

This method is based on the concept of thermel resistance,
g, of a transistor. The thermal resistance of a2 transistor is
defined as the effective Junction temperature rise ver unit
power dissipation above the temperature of a stated external

3%

reference point under conditions of thermal equilibrium.

3

Thermal eguilibrium has been reached between the
“junction and the external reference point when the difference
of tThe junction btemperature and_ the external reference tempera-
ture does not change with timeo8




This definition may be expressed in mathematical form as:

m m

L7 J.B

P

@ @ O 6 0 Q0000 OO QTG e 6O E O DO (101)

€yp =

where TJ is the junction Temperature of either the juncticn
between collector and base or the junction between
emitter and base,
TR 1s the reference temperature measured at a specified
reference point outside the transistor under test.
Ty may be Tp, the ambient temperature; or may be Tqa,

The transistor case temperature,

7]

P is the electrical povier dissipated at the junction
of The transistor, P iz approximately equal to the
measurable electrical operating power applied to
the test transistor,

@JB is the thermal resisténce betweén the junction and
the specified reference point determined under
conditions of thermal equilibrium. O3 may be 35,
the thermal resistance between junction and the
amblent thermal reference point, or it may be @cs
The thermal resistance between junction and the

&
case of the transistors

<

* Hereafter, 'the case’ stands specificalliy for ‘the
case of the transistorf. '
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Therefore, The Jjunction Temperature TJ can be obtained

O

<r

from the following relationship:

m

LJ:P@JH ‘5’TR % © 0 0000006000008 GG O &G (102)

or TJ:‘.P@J.A.. -+ -'-& O 0 @ GG O000COGE O E O OC6EOOGO UGS (loza)
Or TJ‘ =P6JC+TC O O 6 6 9 0 ® 6 0 9 O G O 9 G 00 O O O O G (l@zb)
Prom equation (l.22), it can be seen that TJ comprises two

he external awmbient

ct

components, T, and (Poy;). T, is due to
thermal stress. (P@JA) i1s due to the internal thermal strecss
which results from the applied éleotrical stresses. Varying
the external electrical and thermal stresses at a constant TJ
valve as indicated by the measured 1SP, GJA can be deternined,

The measurement of the thermal resistance is carried
out by placing the test trénsistor in a temperature controlled
environment (e.g., an oven). The temperature of the reference
point TR is then adjusted by rezulating the temperature
controlled environment. At the same time, an adjustable‘
electrical power P is also applied. The junction temperature
TJ is thus indicated by the TSP measured,

The measurement procedure consists of two steps. P and
Ty are filrst set at arbitrary values Pq and TRl within the
overating limitations of the test transistor. The TSP which
is then measured and denoted as (TSP)y will indicate the
Junction temperature TJla

TJ1=P19JR+TR]- 9Ve’ooocoso-oo¢o¢ooooo (193)



P ig then increased (or reduced) to P,

4?
raised) to TRZ9 such that the measurement of (TSP)2 is
maintained at the same value asg (ToP)l, i.e., (15?)1 = (T"R)zo
Therefore,

PRI 8 1)
and TJZ = POy TRZ ceceocssccsseccscsvevsascs (Llo5)
The thermal reslistance eJR can‘thus be determined from the
measured quantities:

TBZ s THl . ATR
@Jaz = © 05 606060900606 0s6e609 (106)
Pp - P AP

The junction temperature under conditions of thermal
equilibrium can then be caleulated from the knowledge of the
electrical operating powexr P, the reference temperature Tn
and @jg determined by the above measurement, provided that
GJR is a constant, or at least that the variation of O is
small with the variation of the applied electrical and

thermal stresses.

(b) The constant reference temperature method.

In this method, .the test transistor is placed in a
temperature controlled environment, and electrical power is
applied to the test transistor as in the case of the constant
Junction temperature method. The TSP is measured to indicate

Junction temperature. The measurement procedure consists of

tvic steps.



reference Temperature (in this case, the same as the ten-

taken as the TJ of the test transistor and 2 calibration curve

In the second step, the test transistor is operated

R
o)

=

nd thermal stresses within the range of the

o

s
'

o
-
o

vnder electric
transistor. The TSP is then measured. The junction tem-
serature TJ for theseboperating conditions can be inferred
from the measured TSP of the second step using the calibration
curve of the first step.

This method may be viewed as a limiting case of the
constant junction temperéture method. As from equation (1.3),
it is obv;ous that TJl will be approximately equal to TRl’ if
the temperature rise due to the electrical power (PleJR) is

much smaller than Tr Therefore, the only difference in the

: | l e
measuremsnt procedure of the constant junction temperature
method and the constant reference temperature method is that

in the latter case the electrical power Pl approaches zero,

s

S

wnd the 65y can be determined as follows. In equation (1.8),

Tal = .‘.J‘l = TJZ’ and Pl << PZ, therefore @JR = <TJ2 - TRZ)/on
Dropping the numeral 2 in the subscript of each symbol,
T = Tn
J ~a
@JB:‘.‘: 0 % 0 9 6 G ¢ 500 O &AL EEYE O CS (107)

j=
&



where P and Ty are respectbively the electrical operating power
and the reference temperature measured in the second step of

the measurement procedure. TJ as represented by ths TSP

measured 1in the second step, can be deduced from the TJ ve T3P
alibration curve as obt d in the Tirst step.

In both the constant junction temperature method end the

constant reference temperature method, the electrical operating
cower P may be oduced Ly either direct-current or periodically

varying electricel stresses9 according to measuring techniques.

&

When pe d*oaliy V&fVTDA electrical stresses are employed,

¢}

another thermal varameter of th transistor, the thermal tine

s 7T 1lg tThe »pro

s

ceonstant 77 must be taken into consideratio
ef thermal resistance and thermal capacitance Cth’ lees,
T = 6Crpe The thermal equivalent circuit of The transistor

H
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e
®
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hysical implication of % in the regsuring
techniques,
BEquations (l.2a) and (1.2b) may be represented by

Thermal equivalent circuilt. in its electrical analog form

O

in Figure lali TJ is‘analogous to electrical potential at
the jun ction, TC9 electrical potential at the case; P,
electrical const ant current source; TA’ electrical cdnétant
voltage source; and'G, electrical resistance. The static

Thermal equivalent circuit shown in Figure 1.1 ig only valid

b
@ -

2%

1

T

Pt

O

=

internal electrical power dissipation P constant

T
N e

n respect to time.

ot




Figure l.l. Static thermal equivalent circuit of transistor.

When P(t) varies WithAtimeg_the Thermal time constant T
affects the thermal operatiocn as illustratsd in Figure 1°2}O
where CJC i1s the thermal capaclitance betweén the Junction and
the case; and Cpny, the thermal capacltance between the case and
the ambient environment. <o = €5¢CJy¢s Tca = €caCca. The

circult in PFigure 1.2 1s a lumped model of the transistor

thernal equivalent circuite.

Ve Oca
ey F—A/V\”"_7E “d\ﬁV\”ﬁ:'a'
T
| o
Cuc Cea
P() >

R

Figure 1l.2. Dynamic thermal equivalent circult of transistors
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In practical devices, hoth & and Ciy, are thermal
varameters of a distributed nature, and may be rspresented by

. 1L
the circult shown in Figure 1.3%

&g & a, &
o U e, Sca
T "M'/\/ \/\/__4 ”_J\\/ ’\\/\f"’"’ r‘”/\/\/ T T I\\r““i 72
i

Lt

Fisure l.3. iultiple-lumped thermal equivalent clrcult of
transistor.

During the measurement, if d.c. electrical stresses are
applied to'the test transistor, the final Junction temperature
wilill certainly be constant with respect to time and independent
of 7. However, 1f periodically varying electrical stresses are
applied; the variation of the Junction temperature with respect
to time should be maintained asvsmall as possible such that
thermal equillibriunm between the junction and the exterﬂal.
reference polnt can be established. It can be seen in Figures
1.2 and 1.3, that as P is varying, the magnitude of 7 will
affect the variation of TJ during each cycle of operation, and

determine the accuracy of the results obtained by the measuring

(]

chnicu

@

Nel

v )
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The requirements that a measurihg technigue must meet
can then be summarized as follows° Firstly, en electrical
perameter can be selected as a USSP such that a theoretical
relationship between the selected TSP and the TJ can be
formulated. Secondly, the seleoted TSP must be measured
under the condition of thermal equilibrium. Thirdly, the
selected TSP must be electrically independent of the variation
of the applied electrical stress. If a measuring technique,
on the basis of either the constant jﬁnction temperature nmethod
or the constant reference temperature method, can be devised
to meet these requlrement39 then the 855 can be determined;

and hence the-TJ under thermal equilibrium can be predicted.




CHAPTER IT
SWITCHING METHODS

For an electrical parameter to be suitable as a 372,

1T must have a definite relationship with the junction tem=-

<

perature. The functional relationship between TSP and Junc-
tion tTemperature can be theoretically formuleted for a suf-—
Ticiently small electrical stress. However, experimental

evidence shows that for certaln types of transistors when

he applied electrical stresses are large, such a relation-
ship becomes complicated beyond the theoretical formulation%z
Since The mégnitude of Jjunction témperature can only be
inferred indirectly from the direct measurements of T3P, it
1s necessary that the determination of junction temperature
be conducted with a small electrical stress. Usually a
trangistor is operated under a large applied bias. Therefore,
the determination of the junction temperature produced in such
ciroumstance becomes a delicate problem. For the switching
method, the problem is dealt with by using two electrical
sources: one of 1arger.operating power for electrically heating
The test transistor and the other small constant electrical-
stress for temperatufe (or ISP) measurement. A switching
device should be included in the circuit, to switch between
The heating and measurement cycles alternatelyo _The time
interval of the heating period (power-cn period) is usually

. v

0

ct
(6

much longer than that

0

cocling period (power-off period
9 -~
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or measurement periocd). - The TSP is thus measursd during the
power-off period, or in the switching cooling cycle to indicate

the Junction temperature,

2.1 Military Stendard (Rectansular Power Pulses Method)

The switching method has been adopted as a military
standardg This method is also recommended in Gates and
Johnson’s work sponsored by the Electronic Industries
ASPOCiationé The TSP proposed are emitter-to-base Torwarde
biased voltage VEBfQ collector-to-base forward-biased voltage
VCBf‘ and collector-cutoff-current ICBO“ The measuring
circuits using VEBfg VCBf° and ICBO as TSP are shouwn
respectively in Figures 2.l1la, 2.1b, and 2.lc.

In Figures 2.la, 2.1b, and 2.lc, switches Sl and 82o
senged together, are switched alternately between their
respective heat positions Hl and H2 and thelr respective

measurement positions M; and My

for a heat interval of tinme tong the circuit connection is the
same for elther VEBf’ or Vaprs or Igpo used as a TSPal'A test
transistor is connected in a common-bace configuration,.
Electrical heating_power which is applizd to the test transi-~
stor is produced by a forward-biased emitter current flowing
into the emitter from a d.c. constant current source and &
reverse-blased collector voltage of 2 d.c. constant voltage
source applied across collector and base. The jupction
temperaturé rise above the exte:nal reference temperature is

caused by the electrical heating power applied during tone
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CONSTANT
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Flgure 2.la. HMeasuring circult of switching method

using Vage as I P,

r.—‘___—}T{:E JL/7

r
©)

l f
e N ;
COMSTAN 7 | ! | ' ! M2 : COMSTANT
CUBREY 7 @ I _ Q/} VOLTAGE
SoyRCE T 32 SOURCE
CHEST) ‘ i HEAT)
! >
Veer
DETECTOR
ConsSizinT

L /?J: \/7-.»&‘/«\
CATEASUICELTE "’7:)

Figure 2.1b. Heasuring circult of switching method
using Vgpe as TSP,

* 0T and TCE in Figure 2.1z and in all Figures hereafter
stand for the abbreviation of Transistor Under Test and
LTemperature Controlled Eavironment respectively.
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Figure 2.lc. Measuring circuit of switching nethod
. K heed m D -
using lCBO as TSP,

When switches are in thelr respective measuremsnt
positions for a measurement interval of time toff’ the
electrical heating power is cut off, a small d.c. constant

voltage or current source for measurement purposes is applied

‘to the test transistor. When Ve (or vCBf) is used a2s a TSP,

as shown in Figure'ZQla‘(or Figure 2.1b), the collector
(or emitter) is’open—oirouited, and a small forward-biased
enitter (or collector) current is injected into the emitter

(or collector) from the current source for measurensnt

purposes. Vema (07 Vana) is read by a detector (e.g., an
. .LJBl Cﬁ& .



oscilloscope) connected across the emitter (or collector) zand

the base. When ICBO is used as a 18P as shown in Pigure 2.1lc,
n

1952

the emitter is oven-~clrcuited, a small reverse-blased voltape

of the voltage sgource for measurenent Turposes ig applied across

v
-

the collector and the base Lo cauge L to flow. is

“CE

I
CEOQ
read as a voltage drop across a sensing resistor RS by a

detector.

*  As the electrical heating power is turned on and off

-

alternately, a sequence of rectangular electrical power pulses

of average power P, is thus formed and is applied to the

vg

transistor, Pavm may be varied by varying the electrical
o

ct

tes
heating power source (elther the voltage or the current source).
The test transistor as shown in Figures 2.1a, 2.1lb and 2.lc is

placed in a temperature controllied environment, the temperature

of which is adjustable. By varying TB and P

avgg @JB (: ATR/APav )

g
can Then be determined according to the measurement procedures

of the constant Junction temperature method or the constant
reference tempereture method as fully described in Chapter I.

The averaze power Pa of the electrical heating power

vg
pulses is equal to (Vpglp « VCBIC), where Vgp, Ip, Vep, and Ig
are respectively the average values of the forward-biased
enltter-to-base voltage? ermitter current, reverse-biased
collector-to-base voltage, and collector current as measured

by the meters shown in Figures 2.l1la, 2.1b and 2.1lc. TEvmay be

measured by a thermocouple or any temperature-sensitive device.
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T3P (VEBf9 VCBf° or Icgo) which indicates Ty ls read instan-

Taneously at the start of the measursment interval,

s . s . 2 . 3t
As specified in the militar stanaardf the duty cycle
¥y

should be as large as possible, i.e., ton >> to$ﬁ, and the
4 Lz
Toep Should be much shorter than the thermal response time™

of the Ttest Transistor, such that the thermal scuilivdriun

ig used for the measurement of T3P during tcffo The T3P

thus indicates the TJ and.is eiect?ically independent. of the
varlation of the electrical stress for heating purposes.

The measuring technigue of the switching method therefdre
satisfies the requirements as mentioned in the last paragraph

of Chapter L.

N
L J
1aV)
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I.‘J
o
o
0
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=
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The measurement principle of this method is the sane as
that of the military standard method, except that during the
top, sinusoidal power pulses, instead of rectangular power

transistor. Therefore, the

i

pulses, are applisd to a tes

measuring circults for the;military standard method shown in
%

uty cycle of & sequence of rectansular pulses is
A Py

ton + Torg)s



13

Figures 2.la, 2.1b and 2.lc con also be used for the measurement

Since in the sinusoldal power pulses method, a condition

Dy epplying a seguence of

o

Davgﬂ the determination
of 85p (= ATR/APgyg) can be carried out by employing the same

- L

measurement procedures as described in the military standard

N
<

(W}
=

scussion

3

In the development of switching methods, the voltage dro;

ks -

Q

across the forward-blased junction has been gradually accepted
as the most useful TSP for both germanium and silicon devioes?
ICBO has been disregarded as a TSP, especially for silicon
transistors, because leakage current of silicon transistors
varies in an unpredictéble manner with respect to temperature%S

In the description of the switching methbds, The end of
the heat period and the start of the measurement period are
agsumed to oceur at the sane instanto- In the practical
measureméntsg on~-and-off switching of electrical power will
produce electrical transients. The basic premiée of the
witching methods is that there will be no apprecizble cooling
during the interval of the electrical transient immediately
after the heating power is switched off. The argument 1is

that the mzgnitude of the thermal time constant is usually
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, . . 10,14,16 o , .
inn the order of milli S@COﬂd83 while the duration of the
electrical transient is usually much smzller, so any masking

5

effect of thz electrical transient would induce no serious
error in the measurement during the cooling cycle. However,

according to some experiment the Thermal time constant is

e {-~ (D
-~
]
0]

in the order of mnicroseconds One manufacturer states that

Tfor devices with long electrical transient characteristics,

b= e Y, o 3 i 19 T b
accurate thermal measurements will be difficult, Furthermore,
considering the distributed nature of thermal characteristics

o~

ox

0]

transistors, Strickland takes a different view of the

electrical transient problem. The thermal eguivalent circuit

-

of distributed thermal networks is shown in Figure 2.2% there

.~:

are n thermal networks. When electrical heating power P is

9/ 9) an 9)n 4 va 2 ch
X N —AA A N~ A
U s W M P A
T / ’ | 2 t C;u% c)l-" L—r’"' L'l(}
) L L L [
P < € Nmmfin/ G Cm+2 Co
\\\__,w,;_\wﬂu-~ N~
T, T
—
il
T 7
S .

"IJ

iCU..Le ;.,020 1heI‘L.al e leale vt Circ'u.j.t Oz
[
lstf ! Dd"/ed he_ .u.al ne tWOI‘kS ¢,

“ Figure 2.2 differs from Figurs 103 in no tations,
for clarity in explanation.




suddenly switched off at time © = 0, T. decays exponentially

according to the 727 of each thermal networlk.

N
N (¥
T"‘(t) :PZ@ eXp(‘“"“w) ':" T/\ © 8 00 0 50 %0 S LS D ODOE G (291)
J net i r[t <
n

"
'(’tc) = Pzene:{p(“te/Tn> ‘:" T.o.[l:. LR AR I TR I I I - Y (2019»)

1g the Jjunction temperature a2t the and of the

electrical transient. Thus 7 (t ) not only depends upon =

-

and t_, but also varies directly with &. To evaluate the

3]
-
4

fect of ® on the junctlon temperature drop during the

4
()]

ctrical tramsient period, it 1s assumed that in m of the n

®

LE
thermal networks the 7 of each m thermal network is much largzer

than t,, then equation (2.l2) becomes

T5(te) = P |3 0pexn(-te/ty) = ‘Z@Slexp(-.te/?’n)] 5 Ty
m=i n=uat

0000000000600 080c0 (2olb)

~

for T, >>.t >> T, [n = %-l) (m»Z),eao.gn, m o= 192,°°°,mJ

n .
TJ('te):-PZ@n *f,"T.{‘l ¢ 0 0900 P9 000G LD OO O OO GOS0 DO (? ]..G)

N=(mal) i
s

The Junction temperature at t=0 is equal to P 2.6
raz=| )’) (n+1))

ct

then The junctionl emperature drop at the end of the electrical

v .
transient will be P}8.,. Admitting the fact that there could
mzl " ‘ .

be m thermal networks with 7~ of magnitude as low as microseconds,
Strickland opines that Z:@ would constitute only a small

portion of total ZZ@ and the temperature drop at the end of

iz .
ne electrical transient would be ne gsligible, In any case,
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eliable experimental data is available for the period
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CONTINUOUS METHODS
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In the switching method, the possible error of
measured results is due to the cooling effect during the
Transisnt interval of time. To avoid this

cooling effect, the electrical heating power must not be

‘,..l

interrupted. Thus the electrical stresses used for heating

purposes must be simultaneously utilized for measuring the
TSP,

The electrical stresses for heating purnoses are
usually of large size, When a large value of slectrical

stresses is applied to a test transistor, the second order

O

effects in the measured TSP may become predominant, and the
theoretical relationship between the TSP and TJ may no

nger hold true., Therefore, in continuous methods, the

=)
O
3

experimental results must be verified for their agreement
with the theorebical values.

According to the measurement principle of the constant
Junction temperature method and the constant reference.
temperature method, duriang the mesasurement the zapplied
electrical stress is varied from one value in the first
mneasurement step to another value in the second measurement
steps The purpose of varyinzg the electrical stress is to

mamn

vary Tthe internal thermal stress. Th the T3E

3
¢}

3
[0}
{©
Q4
‘,4!1
i3
5]
(o]
XN

should indicate only the variation of The internal thermal




stress. daowever, the variation of both the indirect thermal
efTfect and the direct electrical effect of the electrical
gtress will cause the TSP to vary. IHeasuring technigues mush

constant value or the electrical effect on the TSP should be

4,

mich snzllery than the indirect thermal effect.

constant electrical stress, thereby keeping the z2lectrical

e

n the T3P constant. Conbinuocus methods described in

]

Q

sffecy

(

this Chapter are the pulse method, the d.c. method and the
small signal method. In the pulse method, rectangular
electrical pulses of constant amplitude are employed. Varying
The pulse duration of the pulses, the thermal effect is varied,
wnile the electrical effect is Xept constant. D.C. elesctrical
stress 1s used in the pulse method, since d.c. =lectrical
stress 1s a rectanzular electrical pulse of infinite vulse
duration. In tﬁe d.co method and the small signgl method,

if a test translistor is connected in a common-base configura-
tion, Vgp is varied while I is kept constant. The selscted

T3P must be electrically independent of Voge

3.1 Pulse Method

18

This method nas been devsloved by Nelson and Iwerson,
who have pointed out the possible error during the cooling

“ Y £

period in the switching method, and emphasize that the pulse
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metnod is the one in which the temperature is measursd during
The heating period. One more feature mentioned by Nelson and
Ilwerson is that the d.c. current szin hep is used as a T3P,

In the pulse method, d.c. celectrical stresses are ussd
for heating, and a sequence of rectangular electrical pulses
1s utilized to calibrate the relationship between TSP and T3
of a test transistor. During calibration, the electrical
power of The electrical pulses should be negligibly small to
avold heating the test transistor. Therefore, the vulse
repetition rate should be as low as possible, and the pulse
duration should be as short as practicable. Since thers is
always an electrical transient phenomenon during off-on pulses,.
the pulse duration should be sufficiently long to ensure
negligible diétortion due to electrical capacitance effects
and the hole storage effect of the test transistor, but short
enouzh to -minimize the temperature rise during the pulse-on
period,.

The measurement circuits in Figure 3.la and 3.1b are
shown for illustratlon of the measurement procedure of the
pulse method. The circuits may be qonnected in common-base
configuration. For the common-emitter configuration shown
in Figures-B.la and 3.1b, the d.c. source may be applied
across collector and emitter; Two synchronized pulse power
sources may be used instead of one d.c. source and one pulse

source. hFE 1s used as the TSP by Nelson and Iwerson. Other
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electrical parameters may also be used as the TSP according %o

circuit arrangement.

The measurement procedure is described as follows.
There are two measurement steps, the test transistor is connected
in a common-cmitter configuration in both steps and Npe is
used as the T3P. Since hps = In/Ig, and for common-emitter
configuration IB 1s kept constant, therefore, IC is actually

used as the T3P.

[ oc conszany D¢ cormnr
CORRINT VOLTAGSE
SCLRCE SOURCE
PO
';?&;} o g"' :. =
|  GEEE——e
S Il
' I et %Rs " COPE

' Figure 3.la. Measurement circuit of the pulse method
(First measurement step).

__n-_é..
:SS
N

=AY PO T B DC CONSTANT
CONSTINT : VOLTAGE
CURRENT ; SOURCE
SOURCE Ves
Lap —O l
I l<p SCOPE |
PV S 0

Figure 3.1b. HNMeasurement circuit of the pulse method
(Second measurement step).
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In the first step, the measurement circuilt is shown in

Figure 3.la, a2 d.c. base current flows from 2 d.c.

]
o

dc

constant current source into the base of a test transistor,

©

and a d.c. collector voltage Vpp of a d.c. constant voltagze
source 1is avplied through a sensing resistor By across the
collector and the emitter. The d.c. elzctrical heating power,
P, applied to the test transistor is approximately equal to

(VCEICdc)a The d.c. collector current chc is read as a
t

<
O
}_.J
v
3]
0]
s

Toy (ICdoRs) across the sensing resistor Rg by an

oscllloscope. The (Ig;,Rg) drop should be much smaller than

Vogpe The test transistor is placed in a temperature controlled

environmnent, the temperature of which is kept at a constant

value, usually the room temperature. T and T; are measured,
In the second step, the measufing.circuit as éhown in

Figﬁre 3.1b is the same as that in the first step, except

that the d.c. constant current source is replaced by a pulsed

constant éurrent source. A pulsed base current of peak value

IBO is flowing from the current source to the base; a vulsed

collector current of peak value ICp will then flow through Eg.

IBp is kept at.aAvalue equal to IBdo’ le€o, IBp = IBdc“ """

Vog in the second step is also equal to‘VCE in the first step.

Wheh the tesuperature of the temperature controlled environment

is first at room tenperature, the value of Icp will be smaller

than that of ICdc measured in ths first‘step. The tenperature

of the fTemperature controlled environment is then raised,

until the value of I increases up to the same value as I o
CP : Cdo
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The ower 1s negligibly small, therefore, the temperature

unlse

el

.

of the temperature controlled environment is the same as the
Junction temperature TJ°

Since IC

= I I"’“ - I""“ a,nfi Vnr-—. n -i St a 1’\\
Cac?® ~By Bge? (Ver in fir step)

3

2]

= (Vgg in second step), therefore, the electrical effects are
The same in both steps. Is, the TSP, then indicates the
thermal effects, i1.e., the Tjy. Since ICD = ICdc’ the Ty
measured in the second step should be equal to (P@JA + T
T (P@JC 4 Ta)y where P, T, end Ty are measured in the first
step. O34 or ®yc 1s thus deterﬁinedo
Any possible error in the pulse method is due to an

initlal exponential Junction temperature rise during the
electrical transient period when an electrical rulse is applied.
~s could be seen from Figures 1.2 and 2.2, the initial
Temperature rise during the electrical transient periodfte
depends upon (t./7) and.e. From the discussion in Chapter II,
the initlal temperature drop during thé electrical transient
pceriod in the switching method has exactly the same relation-
ship with (te/?d and GOA The arguments for or against the
switching method apply equally well to the pulse nmethod.

Since in the experimental results, the electrical transient
masks the thermal behaviour whén a power pulse is switched

OI1 Oor OIrl, the amount of error inbtroduced in the measﬁrement

cof 6 of the pulse method will bé as uncertain as in the

1,

switching method.
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As deduced from the principle of the pulse method, Reich

: 22
deviged the d.c. method, In Heich's method, only d.c. sources
are reguired. Either forward emitter-to-base d.c. voltaze VﬁB
or static valuve of the common-enmitter forward current transfer

ratio hﬂE ig taken as the T3P, In a measurement circuit of

common-bage configuration, IB,'instead of hFa, ig actuvally used
e _ B

‘._J'

as the TSP, since hpp = Ig/Ip = (constant)/Ig.

r-ooo TITCE
U i
NN ()
—( I o) (o)
°
™~ ST B
i’)/hMTL;&/f’,Jr/W V /j" V\‘ ’D/PZ'%;\/\S”%/’ 4
- Sl AN ) | EeE

|
!
|
|

surement circuit of d.c. method.

o=
,,.

Figure 3.2,

The measurement circult of the d.c. method is shown in
Figure 3.2. A test transistor 1s connected in & commoh-base
configuration, and placed in a temperature controlled environ-
ment. An emitter current Iy floﬁs from a d.c. constant current
source into the emitter, and a d.c. collector voltage of a
d.c. constant voltage source is apolied scross the collector
and the base. IHeters shown in Figure 3.2 measure the d.c.

vaelues of Ig, Vg, I, Vogs and Is respectively. ' Ip or Vgp




is used as the TSP, The electrical heating powsr is equal to
+ Veple)s and is approximately equal to (VC“IC)’ if
Ve >> VEB° TA or Ty can be measured by a thermocouple or
any temperature sensitive device.

Since Ty (T, or Ts) can be varied by varying the
temperature of the’temperature controlled environment, and
The d.c. electrical heating power P can be varied by varyiag
the Vop, o553 (= ATR/AP) can thus be determined in accordance
with the measurement procedures described in Chapter I.

The T3P (VEB or Ip) will indicate the Ty, provided that
the TSP 1s electrically indevendent of the varization of V039
and that a theoretical relationship between the TSP and the TJ
can be formulated. The thermal equilibrium is maintained during
the measurement of the TSP; as de.c. power is applied. Therefore,
the requirements for a meaéuring technique are fulfilled.
I

is always kept constant, as all TSP available are ekctrically

dependent on Ig.

3.3 Small=-Signal Hethod -

P
o h) a3
In Gates and Johnson's work, the measurement during the

cooling cycle with Vepe as TSP is recommended. In recognition
of the fact that h:yp 1s electrically independent of vCB’ the
continuous method has also been mentioned with hib_aS'the TsSP.
An 1000-Hz oscillator is used for the méasurement oft hijy, the

orinciple of operation is exactly the same a2s the d.c. method.

i
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Figure 3.3. Typical measurement circult for small signal
method with h,, as TSP,

The test clrcult used by Gates et al is shown in Figure
3:3. The capacitor C blocks the d.c. voltage, while the inductor
L blocks the 1000 Hz frequency. Iy (set by R, and El) remeins

at a fixed value during the measurement. If R2 >> hib’ then

v Vo, R
hyq = 2 = - o~ 2 X V, = (constant) x v.,
ib N , 2 2
ac V1 Vi
By + hyy

where A& and R2 are kept at constant values to 2ive an almost
a.c. constant current souroe,‘hib will thus be directly
proportional To Voo The meésurement.procedure is 1ldentical
with that in Reich®s methods ‘ | .

The importance of this method lies in its physical
implication. With a d.Qa source to ralse the junction
temperature of the test transistor to a constant value,
the a2.c. signal serves as a‘probe to explore the junction

temperature simultaneously. The a.c. voltage across the
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the Dbase at any instent will indicate the junction

Temperature caused by the d.c. electrical heatinz. It could be

4
‘_J
©
o

zlized then, that the instantaneous value of electrical
verameter may be used To indicate the junction temperature as

L

effective ag the d.c. value.

A comparison between the pulse method and the d.c., and
small-signal methods shows that on the former one imposes no
restriction of Vgp independence of TSP, Another distinction
between These two methods is that, the pulse method applies
the principle of the constant.feference temperature method,
while the d.c., and small-signal methods employ that of .
constant junction temperatufe method.,

The constant junction temperature method is applicable
only when € is counstant. I eivaries‘with the variations of
applied stresses, then & in the equations (1.3) and (1.5),
obtained fron twovmeasurement steps with equal junction
temperature, must be replaced by @l and O5, l.e.,

(TJ =) Pl@l o TRl = Pz?z 4 TBZ,oeoeoto-ooeov;oocOOO (3»1)
Fathematically this equation (3.1) with two unknowns 61 and 65
can not be solved. Therefcore, © determined from eqguation (1.6)
by assuning 61 = 0y will result in error. With a view to
estimeting the error, the equation (3.1) is re-written in the
following form:

IC(VCBI o VEB)@l - TRl = IC(VCBZ oge VEB)@Z 5 TRZ eeooes (3.2)
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by neglecting the change in VEB in the two measurement steps
(Vs = Vgp, = VgB,), taking Ig = Ig, and substituting

S

VCBl - VER
8 deternined from equation (1.6) - x A8,
L\VCBZ - Vesy

cesscsssscsce (3.3D)

Let ©1 = 82 -~ A®35, 6 is then derived as follows:
( m T N
| 'Ry = Tmp ( 1 | R
62= b I .Q.Aelzf LA BRI B A -2 ORI Y (30)8')
} P2 - P P2 - P l
L L B
1

\—

It could thus be seen, in,the de.c. and small-signal
methods, if € 1s not a constant, Vcpy should be made as small
as possible, or the difference of VCBg and VCBl be kept as
larze as practicable. In oxrder to ascertain its constancy,
€ should be determined for several values of Vog using a fixed
value of Iﬁo In the nulse meﬁhod, since the pulse power is
mich smaller than the d.c. power dissipétion (P << P, in (3.3a)),
the error dve to the variation of 6 is negligibly small.

In a comparison of the switching method and the d.c.
method, the latter has a definite adyantage of eliminating
the probable error dué to cooling effect, but oresents the
difficulty in selecting a TSP which can indicate exactly the
1.

If & of a test transistor is a'constant; then the d.c.

method will be quite sati

{n

2

factory for the measurement of &

by applying small electrical stresses. However, the variations



rical stresses
Hot spots produced

transistor are considered to be the cause of the

inside

have been repcrted by

the

variations of

o]
9?6 Therefore, Tthe Xnowledge of the value of © under the
eration of large electrical stresses is lmportant.

iowever, when electricel stresses are lzrge,
oxrder effects of a selected TSP may be predominant.
condition, the theoretical relationship between th

TJ can not be formulated; ccnseguently, an

amouvnt will be introduced in the nmeasurement of 8.

error of

second
such
e TSP and the

an uncertain
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48 a result of examining she exlsting nmethods, it can be

seen that the switching method introdu

an erroyr in the

¢}
[}
0]

contlnuous methdd the appligation of & larse electrical stress
may invalidate the theoretical relationship of a T3P with Tye
To overcome the above wealknesses in the existing methods, the
author proposes in this Chapter & sweep nethod, in which under
the thermal equilibrium the TSP is neasured when the electrical

stress of sinusoidal pulses is at a small instantanecus value.

4.1 Princivle of the Method

The measuring technique of Visually displaying a fanily
of characteristic curves of. = transistor on a CRO (cathode ray
oscilloscope) screen ha§ been adopted as a standard method?
Usually this is done (e.g., for a common-emitter configuration)

by applying half-wave or full-wave rectified éo—ﬁz sinusoidal

pulses as a constant voltage sourcs across collector ang emitter,
- L]

0]

end stair-case pulses g & constant current source through bace

and emitter. Circuits for displaying a single contour curve have
also been desipgned for the measurement of electrical parameters

9

of transistors? The circuits of e single-curve tracer are

o

the tracer for displaying =2

th

2t ©

s t

o

esgentially the szane

1O

family of curves, excepnt that a d.c. constant current source,

"instead of stair-case pulses, is used.
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used for the followlng two purposes. rfirst, based upon the
principle of the simusoidel power pulses method in Chaovter 11,
Tthese sinusoidal pulses together with a d.c. constant current
gsource generate a constant junction tempverature TJ in the test
transistor. The condition of thermal equilibrium is thus
established. Sececndly, according to the principle of the
small signal method in Chapter III, an instantaneous TSP can
be used to indiqate the Tja As g snmall instantaneous value
can always be pre-selected for sinusoidal pulses of all

peak values, a TSP can then be measured at this pre-seslected
small value, and 1ls independent of the variation of the peak
value., Conseguently, the fequirements of a measuring
technique are fulfilled. @ p (= ATp/AP . ) can thus be
determined according to the meésurement procedures as

described in Chapter I.

L,2 Thermal Analysis

A mathematical analysis on temperature variation during

the sweep period is to be made with the following assumptions:
1) Vc are sinusoidal pulses of period k¥ and peak value Vop9
2) Ig and T, remain at constant value, and

3) electrical charge storage and electrical capacitance effects

do not exist.
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work snown in fisure 1.2 is worked out. Hrom the
ecuivalent circuit, the following =zquation can be

by analozy:

where AT(t) = T.(t) - T,,
tnerefore,

a(am™(t)) 1 5

L A A R R R O N R )

3 " wf 4
et (A-L):"""“"f(b) 0069 VDO O PO O TG OO0 EE OO &

at T T

my

This equation (4.2) can be solved by applyin:

"
*

&1
ct
)

:

transform, with initial condition AT

] &

aplace

S(AT(S)) R "—:‘""‘(AT(S)) =WP(S) aoo.o‘ono¢e--.o-oo-va

C‘ e

is€e, _ 6P(s)
’ AT(S): G 0 2 » 900009 0O @906 2 e 8O
sT 4 1
X ‘ ‘
ﬂ/ Vo Igsinet exp(-st)dt
where Pls) = Q 2
1 - exp(-ks)
@ -1 4 exp{-ks)
:‘_"--LJ X g X ® 0 O # 0 9 O & O @
D
* s 4 wz 1 - exp(=~ks)

where o = /%, P = VCPIC°

Substituting equation (4.5) into (4.4),

AT(s) = 6P x ‘ x X

p- 2 2

@ 1 4 exo(-ks) T

(L.2)

(5.3)

(L&)

(£.5)

- ST

1 - exo{-ks) st 1

-

2
S

O PO NO0 OO0 S 9000 OO 6 OO

. 2
6]

(L.e)
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where ¢ =

For infinite numbers of thermal networks, as shown in Figure 2.6,

0o 2sind,, exo(-t/r. )
. : 7 n < n
AT(t) = P»OZ Q'QCOquln + sin(wt - <}5,‘) o (h.8)
ha - - " -~
"N=l 1 - exp(-Xk/7,)
Physical informztion may be envisaged from the equation

(be7)s For 0 £ © € k, AT(t) is composed of a sinusoidal wave-
Torm with its phase determined by wt, and an exponential decay,
If the V. sweep of sinusoidal pulses is plotted against AT(t),
ﬁhere will be a hysteresis loop in the V -AT(t) curve. This
hysteresis loop 1s due to the ohase difference ¢ = tan"l&ﬂf)'
between Vo and AT(t), or physically due %o the thermal
capacitance effect. In practice, both the thermal and the
electrical capacitance effects‘exist, A hysteresis loop can
be observed in the V,-(T8P) curve on a CRO screen.

The averaze temperature T

Javg can be solved as:
i - * \(
. 1 fk 2sing exp(~t/<) ( o) |
Joye = Fp9 — g . cos¢ ' 4+ sin(@t - aty 5 T,
&ve T oox |0 1 - exp(-k/7) =
2 ) ; J

i

Pavge < T‘A. O 0 90 0 2 0 ¢ R 0% 0 OOU A 000D 0SS OO ET SN0 GO eSS ()"109)




If there are many thermal rnetworks, then

T P =% T
LJavg = tavga en ToRA
ZPELVD‘@ﬁO’Gc‘—" ";‘ T‘l OO % 0 G 000 P OO0 SO @O DGO C eV G GO GO L S © (L{’olo)
(o L e &
Yhen 7 is very much larger than k, the second term on

The right-hand side of the eguation (4.7) vanishes, the first

term approaches to 2/7,

lim AT(t) =““:‘P?‘)9 L N NN R R R EE R EEE T S (L]'oll)
£F l

T~ T ‘i

This indicates that AT is a constant (i.e. indevendent of time),
and approaches the average value TJ e
avg

If 77 1s very short as compared with k, then the first
term vanishes, the second term approaches sinwt, and

1im  AT(t) = P 6SINWb coeccococsecocscccasoscces (Lol2)

QT )
The temperature thus varies in phase with Vee and the condition
of thermal equilibrium will not be satisfied,

From equations {(4.11) and (4.12), it can be seen that
the temperature variation during the sWeep cycle could be
reduced by increasing the frequency of the sinusoidal pulses.

In the above analysisg'vc is asgsumed to be a sequende
of sinusoidal pulses and Is is a constant, such that

2(t) = Vo(8)Ig = Vo Igsinat, (0°< ¢ < X)
Thé same analytical result will be obtained, if
| P(B) = VoI (t) = Vclcpsin@t9 (0 <t < Xk)
i.e.; & sequence of sinusoidal pulses is inéerted into enmitter
and base, while a d.c. constant voltage is applied across

collector and base.



403 HMethods of lleasurement

The érinoiple of the measurement procedure is based upon
that of The constant junction temperature method. Suppose that
h“E be taken as a TSP, the test transigstor is connected in a
common-emitter configuraticn. A constant d.c. current IB is
injected into the base, and full-wave sinusoidal pulses of
peak value ch'are apprlied across the collector and the emitter.

The test circuit is shown in Figure 4.1,

{— ————— ""177: .‘E

;FVT l

()

! .

i JI CERTTHNAT VOLTATE
o e SN SO S : SCURCE of
DC corsizng . SOOI DAL

R SRULEES

SO

NAYAYA OVER  HoRO—

B 1

Figure 4.1, HMeasurement circuit of sweep method.:

The measurement procedure congists of two steps:

In the first step, with ch - chlg an arbitrary set of
instantaneous Vg,.op and Icref within the active region of the
characteristic curve is selected as T3P, and their values are
recorded‘accordingly, The reference temperature reading is

and I are neasured to

Vs .
taken as TBle Theng len'}__

‘emaxy

determine Iggygy using the expression:
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o

Teavegr = (Tomaxy * Leming) 7/ 2 eoeeescrcacaae (413)
In step (2.a), with Vep value reduced from Vey; ©o VCPZ”
the curve will be seen dropping due to reduced power dissipation.
In other words, Icrefg corresponding To the same Veopgp &S

pre~selected in the first step, will decrease to another value.
As a reference point, Vepop SO chcse should be less than both
Venn and V
Cpl Cpp*®
In step (2.b), the temperature is raised externally until

o

the Icraa reading equals tThe original value as in the first step.
=p8

The readings of TRZQ Icmn and

T - P Y =4y ¥
8% Leming are taken at the same tine.

This measgurement procedure is illustrated in Figure 4.2
with a solid line as the characteristic curve measuvred in the
first step; a2 dash line, in step (2.2} The characteristic curve
measured in step (2.b), Which is drawn in a heavy'solid line,
coincides with that part in the first step.

I

ICMGK,,

-Z‘Cn:ax'z
Fere

]C}nin, and IC,'M/'/:‘Z ’

Figure 4.2. Typical characteristic curve display of
the sweep method, ‘



The average power dissipation will be approximately:
& y
P 2. Ve I (H.14)
_a*"'g:::’}%_ cpJ.cavg 6 00 @ ¢ 90 ¢ G0 0P OO EODY OO E ESOOOEOE [ S
The thermal reslstance can Thus be calculated:
ATp Try = Tpy G Tap = Tpy
R e F 7 Vet Vopl
avg favgly T favge Cpi~Cavygy CpZJ‘CaVSZ
e 9O QO ¢ QO O C ¢ O O 09 ¢ 0 ¢ O O o O O QO O OQ G e 9 8 © (4015)
If the slope of the characteristic curve is fairly £lat, then:
i Tpy = TRy 7 ATp
@JB.‘:""" = - Q00 96 ©0 0008000 (4016)
2 (Voo Ve I 2 (AVa T '
Cp1 T “Cpp’TC . Cp/-e
The circuit connection in the common~enmitter configuration
(4]
as shown in Figure 4.1 is included as an illustration of the mea-
o .

principle,

base configuration.

The circult can also be connected in common-

In case that hjyp is used as TSP, a constant

de da

sinusoidal pulse current 1s sent Tthrough enitter and base while

a deCo
The circult
&

a s Co

shown in Figure 4.3.

of

constart voltage is applied on collector and base.

combination of Reich's method and the sweep method.

the sweep method can be modified by adding
source in series with the sinusoidal pulse source, as

This modified method is essentially a

}_ — = —— J7CE
| 7U7 |
; | j 5
! | ¥ Lc
L | Ve \Comsiang VoumsE
— sy <,
LDC CoVsTany ¢ SoOUREE
CLIRRLNT §
SCLT oS & CON ST T \OLTA (o
— V. singt | SOURCE oF
p SINUSOI DAL
4 PULSES
/\/\/ -OVER  HORO- RO

Figure 4.3,

Modiflied circuit of

the sweep method.



T

he d.c., souxce is used to keep the transistor operating

within its active reglon. Power dissipation in tThis case can

H

be easgily derived from Figure 4.4, The average pouer dissipa-

tion due to sinusoidal pulses is:

IC
7 {
Hpaani~ .
. e TTT—
~w’ang
t - y wt
0] A 7

Figure 4.4. One of the possible waveform of I, vs ot
in the modified sweep method.

2 172
= ~
2 97{72 lr Z(IG:’QQX - Iomln) ,
= (Ven.sinmt) | - (Wt) % Iepin | dlwt)
pe Cp | min |
e 5\ Ve l
» el
2 ] ZIC nex e (72/ - Z)Icmin
o e ch o
7T 7
2 { 2 \f
. : . \
=:‘:ch Icmin "s":“AIci 900 % @ 80000966 SE6SSEOGSOE (L’wl?}
7 e )

The average power due to d.c. voltage is:

Icmax “ Icmin

Pav;;f-:VOdcx 2 9600600000690 0000¢0s0000480se (L!'018)

3

he total average power is the sum of Pyygyy and Payg,e 1f

I. vs wt waveform looks like That ln Filgure k.5, when I, current
ig small and the electrical collector capacitance effect is
pronounced§8 there will be no error introduced in the eqguation

(4.14) in the calculation of Poyg (= Véavﬁicav@)a
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Figure 4.5. Another possible waveform of I. vs wt
o Ee C
in modified csweep method.

4,4 FExveriment

The accuracy in the measurement of the sweep method was

-

o
®
3
>
}.J
).JI
o

. by comparing lts experimental results with those of
the d.c. method. The nmeasurement should thus be carried out
within the restrictions imposed upon the d.c. method. There-

fore; in the experiment, a test transistor of which V.

%M
o

1s electrically independent of Vpp was selected, and a small
emitter current I, was applied. An identical exwverimental

. pas]
circult as shown in Pigure 4.6 wa s used for both sweep and

d.co methods. The test transistor was connected in a common-

base configuration, VEB was used as a TSP,

4
e e
r NOMEY i 1
?2%0 55 | r-Aos‘sﬁ
i

L X (T
N \9;___02'0____&
1

= T e

— A

B

Figure 4.6, EBxperimental setup for the comparison of
the sweep method with the d.c. method.



A silicon transistor, G.E. type 2N658, was tested
was kept constant at 9.4 ma. The temperature controlled

environanent

C‘A

was & thermostatically controlled oven., The

N
i
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cemperature measured at an arbitrary

Tixed point inside the oven by an iron~-constantan thermocouple
by means of a potentiometer. Room temperature, read from a
#lass thermometer, was used as a reference. Ve was read by
an oscilloscope with maximun voliage sensitivity of 1 mv/cm.
Both readings of Vap (of,the d.c. method) and Vep (of
v=de ' ' avg
o
the sweep method) were teken from a single D.C. voltmeter,
while the readings of I, ~ (of the d.c. method) and I,
ac avg
(of the sweep method) from a single D.C. milliammeter. VCBdc
and Vep ‘were both varied from 1.06 volts to 46 volts in
“Pavg
steps.

The experiment was conducted in two steps, the first
step was calibration of TSP (Vgy) vs Ty the second step was
the measurement of Jjunction temperature due to internal
electrical power dissipation in terms of TSP (VWB)' During

calibration, the junction temperature rise, (Ty - Tg), due

to internal electrical power dissipation, P, was estimated

i

as only 1.1°C, (with I- = 904 ma., Vop = 1. 06 V, Vg = 0.6 V,

)

nd 85g = 729C/W; P = (1.0640.6)x9.4 = 15.6 mw; (T7 - Tg) =

72%x15,6/1000 = 1.1°C). Therefore, the measurement vrocedure
of the constant reference temperature method was f‘olloWeds and
calibration was proceeded_with, beafing in mind that the
Junction teﬁ erature directly measured in this experiment will

be 1,1°C lower than the actual value.



m

agalirnst Iy as the oven temperature was varied in steps. The
calibration curve of Vap in millivolts vs Ty (or avproximately

TJ) in millivolts was plotted in Figure 4.7 as a dashed line.

2) Measurement of Junction Temperature

2a) Measurement using the D.C., Method

With Iz = 9.4 ma, VeBge Was varied from 1.06 V to 46 V

in steps. Corresponding VEB and ch values were recorded.
c
Ven in millivolts against V in volts was plotted as a solid
EB CBac -
line as shown in Pigure 4.7. The experimental data were marked

as small triangles,

2b) lMeasurement usine the Sweep ilethod

i1 £) &

With Ig = 9.4 ma, chavg was varied from 1.06 V to 46 V
in steps. Vg at Vpop = 1.06 V was taken as an instantaneous
TSP. Corresponding Vgg and ICavg values were taken. Vpp in
millivolts vs VCBavg in volts was plotted as a solid line as
shown in Figure 4.7. The ekperimental data were ldentifiled

by means of small circles.

=3

he Desvermination of the Thermal Resistance eJR

QJQ may be determined by using the experimental results

of comparison and a calibration curve, and is simply the ratio
cf the slopes of the solid line and the dashed line in Figure
he?7 times a constant of proportionality.
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/}.’I"R OC
ATz in ©C Apg wv
®Jl:i= ) = o C ¢ O 0606006060000 CO OO O (2*2‘019)
AP in W AP W
where AP = IcAVpn,
1
ATp in ©C = —— X ATp in mv.
0,056 mv/"C
. 29
(from Table of Iron-Constantan Thermocouple, the voltage

potential increase of the thermocouple with the increase of
temperature is 0.056 mv/°C, within the temperature range

o .
from 0°C to 100°C.)

1 ATR in nv

juitn]

0,056 mv/°C AVgp in mv

K - e o & ¢ 0L OO0 OB O NV O STS (4020)
AVap in V

i~

C Ampe. X ,

(1 / 0,056 mv/°C) x (slope of dashed line in Figure 4.7)
' Ic x (slope of solid line in Figure 4.7)

From the measurenents, IC = 9.3 mas and from Figure 4;7,

.

ATy in mv 1.7 mv
: = " e.c.oeooooooao.oo-e‘ﬂo’(!71'0'21)
AVpp in ov 70 mv
= T 6 00 S 0 0D OO OV O EHI SO EOS (14’022)
AVEB in ov 70 nmv
Therefore, 87p = 72°C/W = constant.

The Deternmination of Junction Temnperature TJ

The Jjunction temperature at any power dissipation cor-
responding to a point on the solid line in Figure 4.7 could be

read directly from the corresponding point on the dashed line

with the same Vgy reading.



Before proceeding with the measurement, the counstancy of

~the d.c. coﬁstant current source was filrst checked when the V B
sinusoldal pulses varied continuously from 1.08 V to 71 V pezk.
From the results of measurement by @ zero-suppression method,
variation due to the variastion of VEB was measured to be

2¢3 pa. The slope of input characteristic curve (IE vs V..)
was measured by applying constant sinusoidal current ouls
through emitter and base and a d.c. constant voltage source of

70 V on collector and base. At IE = 9 ma, the slo

"G
o

AVp/ALy
(or apoproximately hib) was measured as about 25 ohms. There-
fore, the variation of VEB due ﬁo the variation of IE was
(2.3 pa) = (25 ohms) = 0.60 mv. As AVEB/ATJ measured for the
test transistor was -2,32 mv/°C, the error introduced in the
temperature measurement dus to this variation of VEB would be

Y O 2,
apbout 0.03°C and was negligible,

Sultability of V.. as a TSP for T, Measurement
B J

AVEBAQTJ obtained from the calibration curve was &
constant, equal to -2.32 nv/9C., This data was close to the
theoretical calculation of AVEB/ATJ for a silicon transistor

6
as approximately -2 mv/9C., Therefore, Vgp indicated Ty To

dd

b

ner confirm the agreement with the theoretical result, a

ct

LU

-

L

smaller current of Iy = 1 me was sent through the emitter,

AV?B/ATJ was measursd as -2.386 nv/°C.
oy




Tme Comparigon of Exoerimental Results of the Sween HMethod

with Those of the D.C. Method

Two curves plotted from observed experimental data of
step 2a and 2b were coincident with each other, therefore
only a slagle solid line was drawn as seen in Figure L,7.
This result would lead to the sugzestion thet the sweep method
is as effective as t%b d.c. method.

o~

The purpose of this experiment was the comparison of
the experimental results of the sweep method with those of the
d.c. method. Therefore, the measured eJR of the d.c., method,
(abbreviated ag @R)° was taken as a reference value, i.e.,

an accurate value without error. The comparison error, 86,

in the nmeasured Oy of the sweep method, (abbreviated as- 8 ),

as compared with €5 will be:

B = @R ) 8,
S@ o= = :l“'"";q"‘" coowoa.oooaoeonooov (4523)

As QR was taken as a reference value without error, Oy was
equal to fhe determingd Org (72 °C/W). Therefore, the equation
(4.19) on page 47 rtor ©1n aoblied equally well foxr S5

The 98 wlth the comparison errors, STR, SVEB and 8P, taken into

account may be deduced from equation (4.19):

@
(9}
il

.?00009..000‘0.'0‘.0‘5'00 (4924&)
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for

6]
0

Since a single calibration curve of Tp vs Vyppg curve was use

pas]

both methods, therefore tThe comparison error due to the calibra-

tion of V:B vs Tn (l.e., the comparison error in the slope of

@
w
|

O O P 0 O 0 O 0D O O A ODHDOCODLDL OO O OO D (L!’QZL!’b)
AP 4+ &P :

AVop & 8Vgp

Substituting equations (4.19) and (L4.24b) into eguation (4.23),

6P
Tl
AP
8@:1"' 9 000 060 0GEO0EEIOEEEDILODE S D (@;25&)
- SViR
:t e
o
The maximum probable coumparison error, (S@)may will Then be:
3P
1 o e
AP
(S@)ma}tSl"‘ o eeaoo..o..oaoooeooboo..oooe (L;’ea?zjb)
O\IEB
1 e
AVzp |
‘W'here 8.? = ICSVCB ‘:" VCBSIC P90 V000000060000 060006066000OC (4926)
AP = IoVog = 963 x L = 420 mw. i  1
AVgg = 70 mv. :

SVEBy SVCBg and SIC were estimated respectively as 3.5 nv,
2V, and 0.2 ma, as will be explained in the following paragrapihs.
Substituting the values of VCBD'SVCB, IC, and SIC intoc equation
(Lo26), 8P can be calculated as 29 mw. Further substituting

the values of AP, 8P, AV,p, and 8V4g into equation (4.25b),

the maximum comparison error, (86) 1s thus obtained as 11%.

ma

aallv
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Egtimation of Comwvarison Errors

Srroxr in Power Msasurement

sZrror in Voltame Measurement

{4
g

The instrunent error of the Model 8 Universsl Avometer
Mk II was 2% of the indication between full-scale and half-

o~ .
L

scale deflection, and 1% of the full-scale value below half-
scale deflection.
For Vop = 46 V, which was the maximum value of Ver

used in the experiment, the error in the Veog reading was

taken as 2 volts, i.e. 8Vppg = 2 V.

2) Error in Current Mezsurement

The millismmeter used for the measurement of I.. was

el

calibrated as 9.74 ma at its full-scale reading of 10 ma;
while that for I, was calibrated as 9.9 ma.
For In = 9.3 ma as measured in the experiment, the

error in the I~ was taken as 0.2 ma, i.e. 8In = 0.2 ma.
C , C

Lrror in VEB as & TEP in the Indication of TJ

1) Error in VWB ag a T3P due to the Sensitivity of the CRO

If Vgp was read as 0.6 V (600 mv) by using the 0.1 V/cm
scale on the CRO, then the maximum error due to scale resading
could be 0.1 V/10, or 10 mv, i.e., Voo = (600 = 10) mv. Since

10 mv would indicate & temperature difference for the test

transistor of (10 wmv)/(2.32 nv/°C), or 5°C, therefore, the




Due to the electriodl capvacitance effect”™ and th
thermal cepacitance effect™ during the sweep cycle, =

hysteresis loop in the VEB vs Vaop characteristic curve could be

observed on a CRO screen display, as sketched in Figure 4.8.
fags]
3”“/‘ \ ‘ IE foasd 901“1," mag
53 /??V———-:—- ~ )
37~v§ N s
¥ r — Vop = 1.06 = 7031pwt volts,
. ""N - (a7 € @t < (ns1)7).
] ; VD
O Josv. - 7ov 8

Figure 4.8. The hysteresﬁs loop in the V.~V
EBT'CB
characteristic curve.

The instantaneous Vg was sclected as a ISP at Vg =
1.06 V. From Figure 4.8, for =z single-valued Veg = 1.06 V,
there were double values of VEB° the difference of which

was 3 mv. That 1ls, the vertical size of Vgp of the

¥ The electrical cadvac citance effect is largely due To
the charzing and discharging of the electrical collector-to-
base ca9301tan0628 when the applied electrical stress varies
periodically. '

*% The thermal capacitance effect 1s described on page
37. Thlg effect causes the temperature fluctuation during
the gsweep cycles

Ny



g = 1.00 V was 3 nmv. In the measuremsnt,

e
i

aregls loop at V

the lower value was used as the TSP, The maxim

et
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a3 xl.5 mv. Or the srror iﬁ the indication of ©
2{le5mv) /(2. 32mv/9C), or 41°C, &Vgg
varied durin
stantansous value of VEB taken as the TSP
and the minimum value of V“B during the sweed cycle was observed
&s 3 wv, as shown in Figure L.8. The causes of the variation of
VEB during the swszep cycle could be attributed to either the
electrical capacitance effect, or the thermal capaéitanoe effect,

or the combined effects of botha Taking the possible thermal
capacitance effect into consideration, 8Vgn due to the Ty
variation during the sweep cycle was estimated as 1.5 mv.

In this exveriment, thé electrical capacitance effect
on tne hysteresis loép Was considered to be'predominant.
aAccording to the literature? the electrical cépacitance effect
will be prénounced wnen IE‘is small and'VCB sweep is large;
while in this experiment, a small Is of 9.4 ma and a2 large Vop
sweep of péak value of 71 V were used. To Justify the. abvove
statement, the author further reduced the value of Ip to 0.4 ma
such that the thermal capaclitance effect became negligible,
(since the Ty rise = (72°C/W)x(45V)x(0.4/10004m0) = 1.3°C, the
TJ Tluctuation during the sweep cycle was negligible,)'the

hysteresis loop of approxzimately the same size as that of

IE = 9.4 ma was observed in the VEB“VCB curve.
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Discussion

As compared with the d.c. method, the swesp method has
the advantage of bypassing the difficult es involved
selection of a T8P. In the sweep method, a TSP is instan-—
taneously meazsured at a pre-selected small value of sinusoidal
pulses of all sizes. The peak valug of sinusoidal pulses
determines the magnitude of the electrical heating power which
causes the rise of the TJ. The TSP will thus exactly indicate
the Ty. 1In the d.c. method, the d.c. electrical stress serves
dual purpvoses of determining the magnitude of the electrical

power and of measuring the TSP, In consequence, the sele

cted
I52 ‘must be electrically indepsndent of the variation of the

doCo electrioal‘st“ess. Therefore, in the d.c. method, the
emlitter current is l‘ajs kept at a constant value during the
measurement, since the variation of The emitter current will
lectrically affect the se leoted T3P, In the sweep method, no
such restrictions are imposed. 4 constant current source of
sinusoidal pulses cah be connected across the emitter and the
base, while a d.c. constant'voltage source is connectad écross'
the collector and the base. . An instantaneous VEB can then be
elected as.a TSP at =a pré—seleoted small instantaneous value
of the enmitter currént during the IE SWweep cycle,
On the other hand, the applicability of the sweep method
1s linlted by the existence of a2 hysteresis loop in the selected

e T A 1

132 vs Vgp sweep (or Ig sweep) characteristic curve, due to




the electrical capacitance effect and the thermal capacitance

erfect. It has been reported that a hysteresis loop due %

the thermal capacitance effect will be formed when the charac-
e i e vy 30
Terlistic curves extend into high gower recions? A hysteresis

Loop due to the electrical capacitance effect will result when

test transistor is operated in the small current and large

i

28 . . .
voltage region. Letually, the hysteresis loop is always
present to 2 greater or lesser extent as could be observed if
the characterlistic curve is 'magnified’ or expanded by using

higher voltage sensitivity scale on the CRO, and by zero-

suppresgsing

accuracy of the measurement results by reducing the electrical
capacitance effect. In the sweep method, during the transition

period (from the end of one sweep cycle to the beginnine of the
Py By 6] [}

o]

ext one), first Ig drops from its maximum value Icmax to zero,
then rises from zero to Icmax again, in other words, in the
curve of I, vs time't,.there are discontinuities in the slope
of the curve at wt = nyw. The rapid change of Is during the .
transition period causes the electrical capacitance effect to
be more pronounced?s In the modified sweep'method, the test
traensistor is operated wifhin its active region, Ig is
approximately constant. Therefore, the size of hystefesis
loop due to the elecpr;cal capacitance effect will be much
reduced. The accuracy of the measurement will thus be

improved.




described in the previous paragraphn, therefore, the elec

capacitance ef

28
@

ect will alsc be pronounced at the transition

veriod In other words, in the curve of VCB vs t, There are

discontlnuities in the slope of the curve at wt = nr, jumping

<

from -(wa) o +(wa}: where V. i1s the peak value of Ve
P &

i
o) B

sinusoidal pulses. If these discontimuities in the slope be
eliminated, the electrical capacitance effect will be much

n electrical

W]

reduced. Consequently, it is recommended that
stress of a sweep waveform without discontinuities in its
slope be used in the modified sweep method. For exanmple, an

electrical stress (Vgg or Iz) of 2 sinusoidal source and a

d.Cc. source with a waveform of

VCB(t) = de s VDSin@'tg (Vdc = Vp; -C0 L v < “:"OO)
or  Ig(t) = Ige + Ipsinwt, (Ige = Ips =00 € © < 400)

ey be attempted as the sweep in t

o)

e modified sweep method,
(where Vg, (or Iz,) is the d.c. voltage (or current) of the d.o.

source, and Vp (or Ip) is tThe peak value of the sinusoidal

voltage (or current) of the sinusoidal electrical SOUTCE. )

“ The magnitude of tne Junp of slope is deduced as follows:

aves(t) AVpsinet , :
= = prooswt5 (n7 € wt < (n+l)%);
at av
Vowcoswt = =V @, (at wt = n7, n 0dd)
Vp@csswt = V5w, . (at ot = (nsl)7%, n odd).
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Since the

G

modified sweep method is in fact
method and the sweep method, its
exploited to advantage., A
variation of temperature duri

Thermal capacitance effect,) is propv

to the peak nower Pb of the simusoidal pulses. 4£lgo ©
electrical capacitance effect varies as the peak value

ct
]

Therefore, the hysteresis effec

LS

oy reducing the peak voltage of the sinusoidal

S

while incrensing the d.c. voltage of the d.c. constant




CHAPTER V

CONCLUSION

Prom the foregoing exvositions and discussions, it can

o

be szen that the exlsting methods have both advantages and
digadventages. In the switching method, 2 selected TSP is

measured by avplying 2 small electrical stress to a test

<o
0]
™
o)
e}
ot
H
<
o
®
(]
©
o
0}
@

transistor;: therefore, the TSP indicates T
the theoretvical relationship between the TSP and the T+ can

be formulated. However, there ig a possible error in the
switching method due to the tranéient temperature drop during
The cooling period. Due to the uncertainty of the size of the
transient temperature drop, a corresponding uncertainty of the
validity of the switching method arises (see Sec. 2.4). On
the. other hand, in the contirnuous method, a selected TSP is
measured when the thermzal equilibrium is established by
applying d.c. electrical stresses. HdWever, when the applied
electrical stresses are large, the second order effects may be
predoninant in a selected TSP, such that the theoretical
relationship between the TSP and thé TJ can not be formulated.
Thus, an uncertainty in the error will be introduced if the TSP
18 used to indicate the TJ@ Consequently, the common short-
coming in the existing methods is due to the fact thét the

amount of error introduced is uncertain.




59

3
[k

)

In the sweep method, 2 szelected T3P is measursd when

@

applied electrical stress of sinusoidzal pulses is at & vre-
selected small instantaneoué value, while ths condition of
thermal equilibrium is established under the operation of the
electrical stress of sinusoidal pulses and a d.c. slectrical

stress. The sweep method avoids the common shortconming in the
other two methods, in that the error introduced in the sweep
method is measurable from the vertical size of the hysteresis
loop (as explained in Sec. 4.4). The size of the hysteresis
loop can further be reduced by employing the modified sweep
method. The electrical capacitance effect upon the hysteresis
loop can be diminished by changing the sweep waveform (as
recommended in Sec. 4.5). The thermal capacitance effect upon
the hysteresis loop can be minimized by increasing the sweep
frequency (as mentioned in Sec. L.2). TFrom the above statement
and the measurement results in the exoeriment, the sweep method

ie therefore proposed to be the most satisfactory method in the

measurement of €.
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