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Methods of Testing Junction Transistors for Large-Signal Applications

1,0 Gemeral
1.1 Scope
This standard describes and recommends mathods of msasuremtrb of the
important characteristics of junction transistors in 1argeasignal applicationso
Examples of this type of usage include power ampliﬁers, pulse amp'lif:l.ora,
gsinuscidal oscillators, umltivibra‘bor—»type suitchas s current switches and
regenerative pulse generators, |
Large=signal modes of operation involve excursions of the operating
point over large ranges of the device charéctgristicso Often, the operé.ting
point may wove from a lowscurrent cut-off region, through an essentially
linear active region; to a highecwrrent satwration region, The transistor can
be considered as a switch, being CFF in the lowecurrent out-off region and ON
~in the high-current saturation regiom. |
Transistors generally fall imbto two categories: '
a) Devices whose common-base short-cirouit forward-
current transfer ratio hf'b is greater than
unity, and

b) Devices whose common-base shortscircuit forward-
cwrrent transfer ratio hfb is less than unity.

?oiubecontact and four-=region transistors;, for example, generally fit into the
first category and three-region junction transistors into the latter. Methods of
testing pointecontact transistors for large-signal applications have been described
in a previous standardol This standard considers the methods of test for three-
reginf; junction transistors of category "b¥,

1. "IRE Standards on Solid-State Devices; Methods of Testing Point~Contact
Transistors for Large-Signal Applications®, 1958 (58 IRE 28 S1) PROC., IRE,
Volo, 46 pp 878888 May, 1958,
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In the case of junction transistors, the large-signal behavior may be
expressed in an approximate analyticsl form which applies over the entire range

' oi' operation. In addition, piecemse linear approximations of the characteriatica

are frequently required to spscify the performme requiremsnts of speeiﬁc '
devices, The procedures for measuring the parameters of both the ana]ytical

.and the piecemise approu:i.mations ‘are described,

1.2 Four<Terminal Representa.ti@n

In non-livear applications, the device behavior mst be spmﬁ.ed ‘adequately
in all regions pf opera.tion, Pulse or switching opgratien is a special case of
large-signal cperation and many of the tests described in the fo]l’owi_.ng sections

‘apply directly to other large-signal applications sush as Class B or Class C

amplifiers,
In large-signal applications the t.ransistor can be zepmessnted by a t.so-port

'mmk whose do bshavior may be dessribed by input wltago VI dnd current II and

ontptth voltage Yo and currend I, as shown in Fig. l. .“;l'h'.!.a is analogous to the

_SMchsigtmi case,,z whsm'; the ac be_ha.vior may be similarly deseribed. :

i% ® o — %

T . Yo
l .

o P I B

Fig 1, = Gapesal Two-Pukt Notwork Repressntation

2, P"IRE Standards on Solid-State Devices: Methods of Testing Transistors", 1956,

(56 IRE 28, 52) Proc, IRE, Volo Lii No. 11 pp 1542-1561 November, 1956,
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There ave many ways of specifying the Pmotionsl relationships betwsen Vo, Iy V
and T, and the choice of the appropriste set depends upon te nature of the |
device to be characterized, The small-gignal h paramsters or amalogous large-
signal parameters are used in this standard where appropriate. Small signal para-

meters are recommended for some measurements because of ease of instrumentation
and interpretation, together with greater rﬂproduc:ibilﬁ;;',r°

1.3 Regions of Operation =~ =~ - S

In large-signal applications, the device behavior must be describsd ever the
entire range of operation, and it is convenient to divide the statie characteristics
into thres :I:'eag:Lons3"h for purposes of making measuremsnts,

Region I = A region in which both the emitter and
" collsctor junctions are biased in the reverse
or high-resistance direction, Considered as =~
a switch the transistor is in the OFF.condition,

Region II = A reglon in which the emitter junction.is biased
in the forward direction, the collector junction
is biased in the reverse direction, and the collector
corrent is not limited by the. extermal collschor
circuit, This region is usually called the
sactive regiont,

Region ITI = A region in which the emitter and collector
Junctions are biased in the forward direction
and the maemitude and direg¢tion of the collector
currert aie détermined primarily by the external
collector circuit, Considered as.,a switch; the
transistor is in the ON cordition,

30 Ao Eo Anderson, "Transistors in Switching Circuits", Proc. IRE, Vol. L0,
No. 11, pp 1541-1558, November, 1952 . _

_h.. Jo Jo Ebers and Jo L, Moll, "Large-5ignal Behavior of Junction Transistorst,
Proc, IRE, VoL k2, Noo 12, pp 16111772, December 195ho |



60 IRE 28. PST7
December, 1960

Non-linearities complicate the analysis of circuits in which the operating point
of the transistor traverses two or more of the above regioms, Howef.'er, a con;bix_x-
ation of static and dynamic parameters may be chosen which adequately describes :
. ‘the behavior of the junction trangistor in the thrss regions. |

1,4 Switching Properties

In switching and pulse amplifier applications, the 'bransist_qr :ls usﬁal]y
connected so that a signal applied at the input terminals can contrsl the im-
pedance at the output terminals to provide either a h:lgh or low output impedance,
The primary factors of importance in such applications are. the impedancss in the
two regions (ON or OFF), the speed with which the transistor switches from one
region to the other, and the input loading characteristics,

The delay, rise, storage, and fall times Ly5

of the transistor are highly
circuit-dependent, varying with the drive currents and voltages and the termin-
ating impedances,

1.5 List of Terms

The notation used in this standard is consistent with "IRE Standards on

Letter S;;mbols for Semiconductor Devices", 6

5, Jo Lo Moll; "lLarge-Signal Transient Response of Junction Transistors"
Proc. IRE Vol, 42 No. 12 pp 1773-178h, December 195}

6. "IRE Standards on letter Symbols for Semiconductor Devices! s 1956
(56 IRE 28, S1l) Proc. IRE, Vol., Ll pp. 93L-937, July, 1956.

b
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Notation Ref, Sect, Definition

The breakdown voltage between the electrode imdicated
by the first subscript whem it is biased im the
reverse (high resistance) direction and the reference
electrode, the other electrode being opsn-circuited,

BVcro

BVees 2,2 The breakdown voltage between the electrode indicated
by the first subscript when it is biased in the
reverse (high resistance) direction and the reference
electrode, the other electrode being short-circuited
to the reference electrode, . h

va' : 2,2 The breakicwn voltage between ths glescirode . indisated
e ) by the first subscript when it is biased i %he . -
reverse (high resistance) direction and the reference
‘electrode, the other electrode being returned to
the referemnce electrode through a givem resistance

- and/or specified reverse bias,

Cyg 2,8 The input capacitance is the shunt capacitance at
the input terminals with the output ac opsn=-circuited,

Cobs Coe 2,8 - The owutput capacitance is the shunt capacitance at
the output terminals with the imput ac open-circuited,

Cop (dir.). 2,8 The direct imterterminmal capacitance between the
collector and base terminals in the capacitamce
appearing between collector and base terminals with
all other termimals ac groumded, » ’

Theos Inte 2.7 The small-signal short=circuit forward-current
: : transfor ratio cut-off frequency is ths frequsncy
in cycles per secomd at which the absolute value of
the small-signal short-circuit forward-current
trapsfor ratio is V' 2/2 times its valus at the low
fraquency specified,

3 2.7 The unity current transfer ratio freguency is the
: - frequency in cycles per second at which the absolute
valus of hg, is unity,

49 ' 2.7 ' The frequency in cycles per second at which the
-6 db,/ octave asymptote of hg, crosses the zero
db, axis on a log hfe v8, log t plot, this asymptote
intersecting the low-frequency asymptote at the

frequency £, 5.0
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The small-zignel sh@r‘b»cﬁxcuiﬁ transcondustance is
the quotient of the ac output current divided by
ths ac inpub volbage, with zero as outpub voltageo

The sma,llmsignal shortecircult forward-current - .
transfer ratioc is the ratio of the ac output current
to the ac inpud camen‘%ss with zero ac outpubl voltageo

The s'ta.t.ic fomax'dacum'mt transfax’ mtio is ‘th.e
ratio of the de cubput current to the de input
cuwrrent,

The large-signal forward-current transfer ratic is .
the ratio of the change in output current ( A Io)
to the corresponding change in input current.

(A I.) between Lwo specified operating points, at
a8 co t«ant collector-to-emitter voltage,

The inverse static forward-current transfer ratio

is ths ratio of the dc output current to the de

input current when the collector and emitter terminala
are interchangsd and the redefinsd ccnfigm'ation

:l.s measured in a normal mennex,

The small-signal short-circuit forward-current
transfer ratio is the ratio of the ac output current
to the ac imput current, with zero ac output voltage.

The real pert of the small-signal short-civcuit
jnput inpedance is the real part of the quotient of
the ae input veltage divided by the ac input current
with zero ac output wvolbage,

The statde imput resistance is the quotient of the
de inpu:b voltage dividsd by the dc input curremt.

The lsmgensigml irput resistance is the quotient of
the changs in dc input voltage (A ) divided by
the corresponding change in de inpm surrent (A II)o

The cut=off current between the electrode indicated
by the first subscript, when it is rewverse~biased

by a voltage 1sss than the bweakdown woltage, and the
reference electrods, the other electrode being open-
circuited.

The cut-off current between the electrode indicated
by the first subscript, when it is reverse-biased by
a voltage less than ths treakdown volbage, and the .
reference electrods, the other electrods being short-
circuited. A

o6 o
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. Definition

The cutecff current between the electrods indicated
by the firgh subseript, when it is reverse-biased
by a voltage less than the breakdown voltage, and
the reference electrode, the other electrode being
returned to the reference electrode through a given
resistance and/or specified reversesblas.

The saturation stored-charge tims constant is the
quotient of the excess charge stored divided by the
-:-:,.::i‘ ‘é\:ié’:iizt‘w.ti' &xéeds qriw c‘wrent a‘bom th&‘breq i¥ed
to faintain operation in the saturation regiom. FNEAT

2
o

The stored charge is the total charge stored in the
base and collector regions when the transistor is
operated in the sabturation region.

The delay time of a pulse is the time imberwal -
from a point at which the leading edge of the imput
pulse has risen to 10% of its maximm amplitude to
a point at which the leading edge of the output
pulse has risen to 10% of its waximm amplitude.

The £all time of a pulse is that time duration during
vwhich the amplitude of its trailing edge is decreasin
from 90 to 10% of the maximum amplitude,

The rise time of a pulse is that time duration

. during which the anplitude of its leading edge is
- 4increasing from 10 to 90% of the maximum amplitude.

The storage time of a pulse is the tims interval frou
a point 103 dowm fwom the meximum amplitude on ths -
trailing edge of the input pulse to & point 10%

down from the maximm amplitude on the trailing

edge of the output pulse,

The saburation voltage is the dc voltages between

the electrode indicated by the first subscript amd . .
the reference electrode for the saturation conditions
‘specifisd. ' _

The sustaining woltage is the dc woltage between
the collesctor and emitter in the common emitier
connsction at specified values of collector and
base currents, - '

=7 o
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Definition

The reach-through voltage (sometimss referred to
as “punch-through voltage?) is that value of
reverss voltage for which the reverse-blased PN
. junction spreads: sufficiently to electirically
contact another junstion or elestrode. :

The small-signal short-circuit forwardetransfer
admittance is the quotient of the ac output current
divided by the ac input woltage, with zero as
output wvoltage, :
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1.6 Characteristics for Large-»Signal Q’cations

Methods of measzmement for the following sta‘b:l.c ‘and dynamic charactwisﬁ.cs »

- are described in this standard. It should be- recognized 4hat many of t.hese

characteristics are interdependent; for instance, the measurement of eollec’boro'bo-

emitter saturation voltage Vgg(sat) listed in l.6o4 inmplies a winiumm foward-

current transfer ratio hFE The measurement of an abbreviated set will usually

suffice for particular devices and specific applications,

1.6.1

106'02

10663

1.6°h

1.6.5

1p6o6

Static Characteristic Families

- 6) :'[ vs, I

1) I vs. Vg curves with I as a paramster

2). ip vs. V,, curves with I, as a paramter

©3) 1, vs, V__ curves ﬁithI asaparameter
B

BE

k) hFE v8, I, ouwrves with V., as & parameter

5) IgV8e Vpp curves with I as a parameter

g curves with \TéE as a pargmeter

Breakdown \Tol‘bages

CBo? EBO CEO’ = CES
Reverse Out=o££ curren'bs

BY BV, BV ,BV ’BVEX’RI‘ (sus)

Tepor TopsoTemor “mes om0’ Tops? Tme0’ TS’ e

Satm.'ation Voltages

Vor (sat), CE (sa'b) s Vop (aa,’o) s (sa:b)
urrent Ampliﬁcation Factors and Trirsadmi ttance 9 Transconduc‘bance

fbs hEEs hFE (A)s y:fe’ gi‘e |
Imt Resistances ‘

Byge By (A)
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1,6.7 Cut-off and Unity Current Transfer Ratio Frequencies

Tper? Thee® T10 f4

1,68 acitances
Cobs Cop? Cie® Cop (adr)
1,609 Real Part of hie
£ by,
106,10 Switching Times
B P WA
1s6011 Saturation Stored Chargesm Sghawation Stored Charge Time Constant
QT

s’ s

.1.7 General Precautions

' 1,7.1 Instrumentation

Attention is called to the necessity, especially in tests involving low.
measurement currents and powers, of eliminating or correcting for efrors due
to 'bhe presence of the measurement instrumentation in the test cireunits, This
- . applies parbienlarly to voltmeter currents, ammeter voltage=drops, and to
stray capacitances, parasitic inductances and leakage currents introduced by
teat sockets, jigs, etc.
. 10702 Maxiwum Ratings

The test conditions such as electrode voltages and currents and junction
 temperatures should be maintained within the maximm device ratings specified,
© These ratings are limiting values which, if exceeded, may result in permanent
changes in the characteristics of the transistor, It should be recognized that sor
corlnbina‘bions of absolute maximum ratings ‘cannot normally be attained simul-
taneously, When particular tests are required to extend somewhat 5eyond’a.

.2 10 o
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specified continuous maxdmm rating, such por‘b:lons of the testing procedure
should be performed as rapidly as possible. '
1,7.3 wtabuity of Measuremen'b |

Care mst be talmn to insure that measured paramter valuss are
repeatable within the precision of masm'em after performance of any or
all tests. o -
1.7.h4 Polarities

The correct vol'bage polarities for the type of tranaistor (PNP or
NPN) mst be observed a'b all timeso A1l of the neasurement an'angemnts
are showm in terms of PNP transistors for i1lustrative purposes.

1.7.5 Temperature Effects

Transis'bors are inhzrenﬂs' temperabwe-senai‘biva devices, Ths ambieub
temperature and the inrbernal temperature rige due to power diss:l.pation in the
device must be taken into account during all tests. -

The ambient temperature should be specified and recorded to insure cmelati.on
of successive measurements on devices, Adequate precantions should be takan in .
the design of the test equipment 'bo insure eorrt.rol of the junction temperatm'el.
For example, pulse techniques may be reqnired %o insure that rated junction
temperatués are not exceeded, |

1,746 Spurieus Current Sm'ges .

Precacrbions mstbetalmninhand!ingandtesbing devices to insure - (
that 'bhoy are not subjected to s‘bat.ie electric discharges or high electric
fields, |

2.0 mthods of Measurement

2;1 Statie charact.eriatic Famﬂ_'!.es

In accordance with the m-pm't nztmk representation outlined in Section 1.3,

‘dnput,; output, and transfer characteristics may be measured to describe the Junction

-n-
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| 'Ttransistoro Methods for obtaining static' eha.ra.eteristics are ccvared in Section

2
2;0 of: “IRE Standards on Solid State Defvicess Methods of Testing Transistora®,.

2,2 Breakdown Voltages .

When a junction is biased in the reverse &irection, an 1ncreasé in voltage
will camse a relatively smal]. increase in current until the breakdown voltage is
approaehed, When the voltage applied reaches the breakdown voltage, a further
small inm.'eaae will cause a large increase in the current flowing across the
jnnc'b:l.ono

Breakdoun phenomena are, in general, reversible and do not 1ead to destruction
or. damago of the deviee unless the power dissipated in the h:lgh-cun'ent region of
the breakdown characteristic is sn.fficient-to elevate the junction temperature
beyond acceptable maximum limits, However, in certain device types, permanent
cha.nges in. the characteristics have been observed when breakdom voltages are-
exceededo In these cases special precautions mst be taken to eliminate spurious
pulses or apikea in the testing apparatus,

" The following sections describa procedures for determining actual brreakdawn
vbltage values, In many cases, for testing convenience, it may be sufficient to
test the devices to assure that a minimum value of breakdown voltage is equalled
or exceeded, All of the test circuits shown are applicable to this method of
checking, except that the testing procedure would be modified with the bias supply
voltages f:lxod at the desired M.rﬂ.mm value of breakdown vol'bage, and the resultant
current measured 'bo insure that the specified current :I.s not exceeded. |

29291 BVGBO

| The collector breakdown voltage may be determined using the gensral de
measurement arrangement shown :I.n F:lgo 2; with a short circuit betueen terminals c-c'

~ and a conatautacnrrant collector snpplyo

19-12 @
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AF:lgo 2 = General DC Measurement Arrangement - Common Base

The collector breakdown voltage may be measured at a designated value of
IC well above the normal collector cut-off curremt (I,p,) of the dev:!.ceo .
With the emltter open=circuited; as previously specified, the applied collector

current is increased until the designated valus is reacheds then the breakdown

voltage is read on meter cho

20202 . BVEéo

The emitter treakdown voltage may be determined using the general dc
measwrement arrangement shown in Fig. 2, with a short circuit between terminals

. E=Ef% b.nd a constant-current colieébter supply.

The emitter breakdown voltage may be measured at a designated value of
Ié well above the normal emitter cut-off current (I, ) of the device. With
the collsctor open-circuited, as previously specified, the applied emitter
current is increased until the designated value is reachsdj then the breakdown

voltage is read on meter VEB"
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20203 BVCEO

The callee‘bor breakdown voltage in the common-emitter comnection may be
de'tegud.n_ed using the gensral dc mcammemont arrangement shown in Fig. 3, with
-a short circuit between terminals C-C?! and a constant«current collector supply.

c - ¢ ' .

e

Figo 3 = Genaral DC Measwrement Arrangement - Common Emitter

.- The collector breakdown voltage may be msasured at a designated value of I o
' well above the normal collector cutwoff current (I, ) of the devica, With

LR

the base openscircuited, as previously specified; the applied collector current -

is increased until the designated value is reached; then the voltage is read
on meter vch

202.l BVgpg - |

The collector breakdown voltage in the common-emitter connection with the base

shorted to.the emitter may be determined using the general dc measurement arrange-
ment shown in Fig. 3, with terminals B-E and C=C? short-circuited, respectively, and
-"a constantecurrent - collector supply. The collector breakdown voltage mey

) be masu'ed at a designated value of I well above the normal collector: cut-

" off cnn'ent (Icm) of the device, With the base and emitter short«»circuited,

as previously specified, the applied collector current is increased until the
&osiguated value is'.roachedg then the breakdown voltage is read on metér vc

o

«»11;
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'CEX

2,25 BV
It i frequently desired to-place requirements on the collsctor breakdown

voltage in tho cmomenitter comection with a bins voltago aaﬂ/or a raaiqtqneo
| botween cuitm and ban ehetrodoa.

' The collector breakjown voltage wnder these eotﬁitions may be detem‘lasd
using the gemeral do mamuent arrangement shown in Fig, 3 with a ahort eirenit
‘between termirals C-C? s and eithnr a short circuit or the specified resistance
’ introduced between terminels B-B', m base bina supply is umuy conltaub -
voltage‘ard the eollgétw supply eomt.antucment, With the specified 'nlue of
base<bias supply voltaga indicated on the voltmeter Ve . and’ the fnminals B-B’
either ahor'bed or conmcted by means of the specified resistance, the appliedA , ‘
eollector cwrrent s inocreased until t!n desigmted value is reachedy then
the breakdm voltaga is read on aster VGE., -
_ The same testing prosedure may be used to measure the collector: breakdcvm
voltage where the test eonditiona raquira tmt the base electrcde be connected .
to the emitter electrode by a resistor alone, wit_hout base~to-emitter bias,
™ this case the arrangemsnt of Fig, 3 may be used, with the specified reeipﬁnee
§ntroduced between terminals B-E, g‘short cifcuit _.Between terminals C~C?, and a
eohaﬁntécﬁrmnt collector supply, ’
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20206 V
BT

o ‘The reach-through voltage may be determined using the measurement arrangement
shown in Fig. k. |

ctor
Bias

Supply

VTVM

' Fig, li - Measurement of Reach-Through Voltage VRT
The circuit comprises a.constant-current source of collector bias:lng'potential with
collector current and voltage monitoring facilities., The emitter is terminated in é
fixed high resistdnce (e.g., 1 megohm) to provide a reasonably constant terminating
impedance, The high impedance voltmeter monitors the emitter floating potential (VEBF)°
As the collector potential is increased, the emitter floating potential remains rela-
tively constant at a low :%'alue until the i‘each-through voltage is attained, The emitter
' j)o‘biﬁnti’al' then increases almost linearlj with further increases of the colléctor volt-
age. .When a specified value of emitter floating potential is reached, the voltage in-
dicated by meter VCB may be used to calculate the reach-through voltage, using the
reiationsh:lps

v v -V
RT CB  EBF ()

Alternatively, the reach-through voltage may be determined using the general dc meas-
urement arrangement shown in Fig, 3, with terminals B-B' and C-C' short-circuited, re-
spectively. With the specified reverse base-bias voltage from a constant-voltage

source indicated on voltmeter VBE’
designated value is reachedj then, the voltage indicated by meter VCE is the reach-

the collector current supply is increased until a

 through voltage,



60 TRE 28.. FS7 .
‘Tégenbér, 1960

CE

2,27 V. (sus)
- The sustaining voltage in the comn-emitter connect:l.on may be deteruﬂned
| uaing the general de maasuremnt~ arrangemnt shown in Fig. 3 with terminals c-c°
' aud B«B’ shntt-e:lrcnited, respect.ivaly, and eonst-aut.mcm'rent supplies, The
sustaining veltage may be masured at specified values of I and I chosen to
insure operation in the brealcdwn region, With ths base current at its specified
value, the collector current is increased to the specified value; then the
. auntainins voltage iz read on meter: V
2,2,8 Precautions

Teast conditions far all breakdown voltage measurements should be such that
absolute maximum ratings are not exceeded. The precautions should include limits onm .
maximm instantaneous currents and applied voltages, High ;éeries resistances
(conxténtmeurent bias supplies) and low capa.citazices are usually required.
2.3 Reverse Cut-off Currents
2030'1 Icmg ICBS, IEE) and IEB‘;
The cut=off curremts Iopn., I.oo oo and I, may be measured using the
is the collector

gensral dc measwrement arrangement shoun in Fig. 2. ICBO
current at o specified valus of V., With a short circult between terminals C-c'and
a constant<voltage collector supply.. Similarly, IEBO is the emitter cmetrb at

a apocﬂ.fied value of V. EB® with a short cixcuit between tem:lnals E-E? and a
constant-voltage emitter supply. | |

I,y 18 the collector current at a specified valus of Vgp, with terminals
0-0% and EoB shortcircuited, respectively and constant-voltage collector supplys
. Similarly, IEBS is the emitter current :at. & specified value of Vo, ,with,um
E-E' apd C=B short-clrcuited, respectively, and a condtant-voltage emitter supply.

“17 =
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2.3.2 IcmgxcEsg I.EEO’ and Ims

. The cut<off currents Iogoe Icse iBEog andlBEsmybe masuredusigg
the generalised de measurement arrangemsnt shown in Fig, 3. Io, 15 the
- eollector current at a specified value of Vp, with a short circuit between
terminals C=C? and a constant-voltage collsctor supply. Similarly, I 48
the base current at a specified value of Vs with a short circuit between terminals
13«=’Bw and a constant-voltage emitter supply. IGES is the collector current gt_. :
- a specified value of vCE
mia~mtant~vo1tage collector supply. Similarly, IBES is the base cnrrent at .
a spscified value of V.., with terminals B-B' and C-E ahommmzed, respectively,
and a omstak-voltage emitter supply,

It should be noted mt

» With terminals C«C? and B<E short-circuited, respectively

Tops = Tegsl (2a)

Temo - |Feeof (25)

Consequently, these cut-off currents can be measured with either the common- ' .

base or common-emittar arrangemsnt. -

20363 I : andIm

It is frequently desired to place :requiremants on the eolloctor and emitter
V cntmoff currenta in tha comn«-emﬂ.tm and comon-»eollector conneetions ﬁith the_ “, )
opposite electrede reverse- or forward-biased to appro:nmapa actual operating
conditions, | - a

The eollector cut-off current IGEX may be msasured using the general doc
measurement arrangement of Fig, 3, with terminals B-B' and C~C' short-circuited,
respestively. The bas® bias supply is usually constant-voltage and the collsctor

sﬁpply constantecuwrrent, IcEx is the collactor-to-emitter current at a speci-

> 1B =
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#1ad valus of 7, with the desigiated valus of bass-to-smitter bias voltage
indicated on the voltmster Vo |

The cut-off current IBEx may be measured using the general d¢ mesasurement ~.
arrangemsnt of Fig. 3, with terminals BeB! and CaC! short-circuited, respectively.
The collector supply is ususlly constant«voltage and the base supply constent- -
current, I 1 the base-to-omitter current at a specified valus of ¥ e With 3
the designated value of collector-to-smitter blas voltage indicated on the. .
fpltmter VCE"
2.3.4 Precautions

The bias-supply voltage for a particular Junction mast have the correct

. polarity 50 that the Junction is revorsé—biaeed during reverse cut-off current

2.

measurements, For example, with respect to the common-~base mesasuremsnt ari'ango- :

ment, Fig. 2, V cB and VEB are negat:l.ve for PNP transistors and poa:ltiva for NPN

traneid'borso In the case of the comon-enﬂ.tter measuromnt arrangemsnt, Fig. 3,

Ver

i3 positive for PNP transistors and negative for NPN transistors,

is negative for PNP transistors and positive for NPN transistors, while VBE

m bias-supply voltage for a particular junction must be less than the
breakdown volf.age of the junction. It is important to recognize that the cube
off cnrrenta of a junction transistor are extremsly temperature sensitive, .
COnsequently, the device tempera‘bure should be reeorded when measuring these

_‘currents, This is particularly important when it is required to correlate da’oa

obtained over a relatively long period of time involving successive measurements
on devices,
Saturat.ion Voltages

Whon a transistor is operated in Region III, ‘the emitter and collsctor ;]uuctiens .

are tmntd voltage-biased, and the collector current is determined principam by ths
external mc'a;l.t conddtions,

«19 e
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s
ohol V (sat)

The collsctor=to-emitter saturation voltage in the commonmemitter
connection may be determined using the general dc measuremgn‘b arrangement
| shown in Fig, 3 with terminals B-B? and C=Cf short-circuited, respectively, tmi_
‘cmgtaytwouzrert Supliss, Tle saturation voltage may be measured at designated
values of Ic and IB chosen to insuré operation in the saturation region, With
the base current at its designated va.‘l.ues the collector bias cu‘z"tent is increased
,( to the designated valuej then the collectornto-emtter saturation voltage is
Wad on mster V

CE®
2:802 Vo (sat)

basentonenﬂ.tter saturation wltage inthe common-emitter connection
may be determined using the general de _measuremsnt arrangement shown in Fig. 3
with termipals B-BY and CAC! short-cireuited, respectively and constant-current
supplies, ‘éﬁe saturation voltage may be measured at designated values of I
and Ic.chosen\\‘;:o insure operation in the saturation region, With the base
current at its ‘z\.’zes:‘ignat;ed vait_:e, the collector bias current is increased to the
des:lgnategi valueg then the base~to-emitter saturation voltage is read on me'ber V.

BEO
20’403 V’CB (sa'b)

The qénemmtonbaae gatwration voltage in the common~base compection may
" be determined using the general dc measurement arrangémen’t shown in Fig, 2 with '{
- terminals E<E? and C-C? shor'bncircuited respect:.vely, and constant-cm'rent

supplies. The saturation voltage may be measured at designated values of Ic and

- I chosen to insure operation in the saturation region. With the emitter cm_'rent
at its designated value, the collector bias current is increased to the desig-
nated valuep ‘then the collsctor-to-base saturation voltage is read on meter ¥y,

4
=3 4

o 20 w
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. .:“2.;]‘0)4 VEB '(ﬂat) ’

The enﬂ.tter-»toabase saturation voltage in the common-base connection nay
be da‘bermined using the general dc measurement arrangemsnt shown in Fig, 2. with
terminals E<E? and C-C? §h0r§eeireuited respsctively, and constant-cnrrent
supplies, The saturation voltage msy be measured at designated values of I,
and I, chosen to insure operation in the saturation region, With the emitter
current at its designated walus, ths collector bias current is increased to the.
dea:lgnated valusg then the emitter-to-base aaturation voltage 1s read on meter: Vgpe
20405 _Precautions '

In saturation voltage measurements, using the general dc measurement
arrangements of Figs. 2 and 3, provision should be made for shorbing the
ourrent meters after adjustment to the desired levels #ince the voltage-drops
across the current meteré may be comparable with the saturation: voltages,
Alternatively, the voltmeter comnections may be switched to the device terminals
fgr these meaéuremen'bso

2,5 Current Transfer Ratios, Transadmittance and Transconductance

2.5.1 Small-Signal Forward-Current Tramsfer Ratios (hf s B
‘ - e

Methods of test are described in Sections 3.5 and 3.6 of "IRE Standards
on Solid-State Devices: Methods of Testing Transistorst, 2 e operating-
point bias eonditions and frequsncy of masuremen‘b mst be spee:!.ﬁedo
205.2 Transadnd,ttance (yf ) and Transconductance (gf )

Methods of test are described in Sections 3,5 and 3.6 of MIRE Standards on
Devices, Methods of Testing Transistors”,2 The operating-point bias .
conditions and frequency of msasuremsnt mst bs specified, '
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2.503 Largo«Signl Current nv sfer Ratios

Large«signal eun'ent tra.nsfer fa,tios useful for large-signal ampliﬂer and
switching characterization may be measured using the arrangements ghown in Figs,
5 and 60

Fig. 6 Iarge-Signal Curremt Transfer Ratio Measurement-Arrangement IT 4



60 mE 280! ?87 5-
< Deoenbe®, 1960

EXEES U

. The statie large-signal forward-current transfer ratio is usually .
Aépee:!.:tied at a given collector-to-suitter woltage (VCE) and collector curremt
Iys- OF base current I Using the arrangemsmt shown in Figo 5, B mav be
msasured by applying a voltage of the desired megnitude betwesn collector and
. emitter terminals and increasing the base cwrrent until the specified collecter
current I or base current I is reached, .

- Alternatively, the arrangemsnt -shown in Fig., 6 may be used to measure %3?’ .
The emitter blas supply and series resistor R',L are adjusted to provide the
desired current I, and the collector voltage supply is adjusted to provide the
specified voltage vCE" The gtatic forward-current transfer ratio is defined by
the ratio of the collector current IC to the base current Ige

250302 hFE (inv)

| The inverse static large-signal forward-current transfer ratio is usually

specified st a given collsctorato-smitter voltage (Vo) and emitter curremt I,

or base current IB’ Using ths mamemgnt arrangements shown in Figs, 5 and 6,

- (inv) mey be msasured following ths procedures described in Section 205534, B
~except that the devices are inserted in the test circuitry with collector and -

emitter elsctrodes inverted, The imverss static large-signal forward-current

'br@fer Tatio 1s defined by the Tablo of the emitter cmfreﬁ'b I to the base
- cwrrent I, ‘

2056303 Ber (A)

- The large-signal forward-current transfer ratio hFE (A) is usually
~specifisd at given collector-to-emitter veltages (V CE) over ranges of collector
and base currents, This ratio msy be measured using the arrangement showm in
Fig. 6 by applylng a constant current of the desired magnitude %o the emitter

223 o
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electrode by means of the emitter bias supply and a suitably proportioned series re-
sistor, Ry, The collector voltage supply is adjusted to provide the specified voltage
~ Vggo Both I and IB are measured, The emitter electrode is then switched to the other

 resistor, R, to provide a higher emitter currem%than formerly passed through the de-

2’
vices; the collector supply is readjusted to provide the specified vGE’ and IG and IB
are again measured. R, and R, are probortioned to cover the operating range of interest.

The :large-signal ' forward-current transfer ratio hpp (Q\) is defined by the following

relationships -
: I I
c C
2 1
. (AN) = 5 _ (3)
¥E IB - IB v
2 1

2.6 Input Resistances
" The static and large-signal input resistances hIE and hIE and hIE (&), useful
for amplifier and switching characterizations, may be measured using the arrangement
shown in Fig, 6, |
2,6,1 h
IE

The .s‘tatic input resistance hIE may be evaluated under the same test condi-
tions as outlined in Sectiom 2.5.3.1, measuring the base-to-emitter voltage and
base currentc The static input resistance is defined by the quotient of the base-

« -towémittel voltdge divided by the base current,

2.6.2 b (AN

The large-signal input resistance hIE ( A) may be evaluated under th'e same
test conditions as outlined im Section 2.5,3.2, measuring base-to emitter'voltages
and base currents at the desired operating points, The large-signal 1nput resis-

. tance hIE (A) is defined by the following relationship:

\ -V

EB E '
hIE (A) = I 2 - I Bl (k)
| By R

)
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R 2.6.,3 Pregmutions

The large-»signal measurements covered by the measurement circuits of
Figs. 5 and 6 are frequently made on devices capable of dissipating watts of
power, using external heat sinks, It is common pi'actice to use heat transfer
agents and spring clips to improve the heat trans‘fer. between device and hga‘b; .
sink, The temperature of the device mounting méy be monitored by a thez;mcouple,,
Care mdt be taken to minimize th; voltage drops in the leads comnecting the
measurement instrumsntation between device electredes and biasing supplies,
The msasurements performed on higher power devices are usually made with low
applied eollector voltages to reduse the internal power dissipation, thus
limiting the internal tewperature rise of the device, |

Pulse techniques may be employed, using low repetition ra,te.s and pulse
widths consistent with device frequency limtations, to facilitate testing under
maxiem current conditions without exceeding maximum :junct:lon temperatm'es.
Cutnoff and Unity Current Transfer Ratio Frequencies

.Terminal pammster measuremsnts on higher. frequency devices; particularly on

complex device structures, indicate that simplified equivalent circuits may not

éduqzletel.y describe the behavior of the device, In large-signal and switching

" applications particularly, the forward-current transfer ratio vs. frequency

characteristics must be adequately described and characterized,

207 01 thfb

Methods ef measuring hg, as a function of frequemcy are described in
Sections 3.5 and 3.6 of IRE Standards on Solid-State Devices, Methods of Testing
Transistors,” The ds blasing conditions defining the operating point at Wlich
the npuuren'uﬁb is to be made must be Fpocifiedo As shown in Figo 7 l.h:fb is

relstively constant at low frequenciess as the frequency of measurement is

o 25 -
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innreased, h - decreases at a rate approa.ching an asymp'bote of 6 db/octave,

The frequency at which h equals '{72 of, its low frequency value is defiped

as rhfb°
] ,hfb' (low freq.)
— \
V. e Seee momm emom e s aes (‘ . A g s et Slope = :
T,ga 'T i\j\““{f’. =6 db /octave
R \,
f § .
b\,
& AN
8 0 kN
g8 * T
Z
) | .\
< e > Tog T

Fig. 7 Typical Forward-Current Transfer Ratio vs.
Frequency Characteristic - Common Base

26762 fmr , f1, :t

Methods of measuring hfe as a function of frequency are described in
Sections 305 and 3.6 of IRE Standards on Solid State Devices, Methods of Testing-

Transistoraf The dc biasing conditions defining the operating point at. which" l'
mmmmutuwusmmmmeﬁm, As shown 4n Fg, s,l lu

| sela&asnxy constant at low fraqnuusissa 28 the frequsncy of wsagurement is
increased, Ih ldeereaaes at a rate approaching an asymptote of appmo:d.wbel'y

6 db/octave, The frequency at which|h

is fhf

quualsWZ of its low frequency value

'S 26@




b, | inclb= 0) 18 £y,

The frequency at which lhfe'\
oo poecust £|h, |15 2, provided thet the measurememt frequency f is.
substantially greater than £y, o - | AR
A mm MMn for eatablishing the masnremnt rrequency is based upon
the magndtude of the tonnd—cment trmrer ratie, as shown :I.n (5)

.f > - 4 ) fhfe
003 |y I(low fraqg))lh I maa,> 2" )
_f: | ‘hf._‘l low freq. -‘_ LT
= - _ - \v/v/. Eléogg 7octaie

lo e ' — | - ﬁ‘v_ i
_fhf. _____>| | l 1;;—;—[:-

; ]
ft = l

2 :
‘ 1 ¥
Fig. 8 l‘ypical ll'ornrdwc\:rront Transfer Ratio
_ vs. Frequency Characteristic = Common Emitter
.Te3 Precautions
Cuvc should be tnlnon in 1nterpret.ins W Im'mnnremntsa
-Due to direct ‘!unst!.ns:l.on of signal from em:ltt.er to collect.or at. fraqusncias
greater than f, ., the shortecireuit rorward-current transfer. rat.io h,, may

exceed the values predisted by the 6 db/oetm_ asymptote as indicated in Fige. 8.
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Tt is possible, in certain deviees, fof b, to exhibit a secondary pesk vith

. & valus exceeding unityo

2,8

Gg.paci‘bances

20?01 ’ Cob," 006

- The output 'capécitancea Cob and C,, may be measured by resonance or .

bridge me‘bhods d.escribed in Section 305.5¢10 of IRE Standards on Solid—sta'be
2

Devices, Methods of Testing Transistorss
may be def.ermined as the shunt susceptive part of the output admittance using

Al'bernatively, the output capacitances

the method of maasuremn‘b described in Section 3,50705 s same reference, The dc

. Biaa:!:ug comiitions deﬁ.ning the operating point at which the measurement is to
‘be made, and the m'ea.surement frequency, must be specified,

2,862 C:Le

The input capac:l.tance may be measured by resonance or bridge methods .
deseribed in Section 30505010 of IRE Standards on Solidsstate Devices, Methods

of Testing Tr.-.ms.‘t.st.ors¢.2 The measurement frequancy and the dc bilasing

conditions defining the operating point must be specified,
2:8.3 C (dir,)

~ The direct intereterminal capacitance between the collector and the base
may be measured by using a directecapacitance bridge!, with the emitber terminal
grounded to the comwem shislds
Alternatively, the following two=berminal capacitances can be measured by
resonance or bridge methods described in Section 3,5 of "IRE Standards onm: Solid
State Devices: Methods of Tewting Transistors".z and the direct capacitance can

. be calculated using the following relationshipe:

“ C + Cy =C : -(6)
ecb ("-“O) 1 g 3

& D e . .

. "IRE Standards on Electron Tubess Methods of Testing" 1950 (50 IRE 7. S2) -

Seco 7.1 Proc, IRE Vol., 38 pp 9181093, August-September, 1950
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wheres

cl is the capacitance between the collector

terminal and ground, with base amittor
" terminals grounded,

2 is the capaoitamo between the base
terminal and ground, with collector and
enit‘borwtomimls grounded, ,

03 i® the capacitance between the collector

gnd base terminals strapped together and
gromd, with the emitter-terminal grounded,

)

the operating point ﬂs‘b be spocified.
2,8, Precautions

m mmﬂt frequsnsy and ‘the dc bhs:lng conditions defining

. The shunt capscitance introduced by the test circuitry and mounting
:m should be kept to a uinm and its value subtracted from the measured
oaploitanco. The masu’od valu should be corrected if it is mcesaary to use

a de blocking capaciter for %sthg convenience, '

; 2.9 Roal?artofhi.(noh )

Tho hid!-froqmnoy p.zsmmﬁco of trensistors 1s wually linited by the series

o trinstc baso rosistam Tpy the parsﬂol eolleetorobaso capacitance, carrier
 transit time and emitter tramedtd

: oapaoitam, O!'t.on tho extrinsic base resis-

. tance 1, is taken to be equal to Re' hie at & frequency sufficiently high that

: Be hyqe is essentially ﬂxﬂemndont of frequency (See Fig, 9):. This, howover, implioa
‘that the device can be ropmaontod by one of tho aimle oquivalent circuits, such

" as tho tvbrid piao Ir mh an oquivalent circnit {s not valid for the particular

' devioo conﬁ.guration, the locus of hie will deviate from the semi-circle as shown
T the dashed 1lines ia Fig, 9,

2,9.1 Ro hg,

‘The resistive amd resctive components of the short-circuit input im-
jnduoo my be msasured Uy any of the test methods duorﬁbod in Sectionms 3,5,6

3, L.J,04acolatto “The Study and Design of AllmdoJmction Transistors"”,
. 1954 IRE Comv, Rec,, Volo 2, Pty 3, po 1023 195k -
‘L3 Js0laccietie; 2S3uly 68 Srn-psAlloy, Jancddoh Trans{stor fraam DC Through
Modim mqumios,w ch Roviow, Vol. 1S, pp. 506=562
- 29 -
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and 3,5.7 of TRE Staniswd om Solid State Devices, Methods of Testing Trame
'ustoi-a,a A typical plot .in tha hi.eonplex plane showing the mqmney
dopuﬂomo of the capountJ of hi.o is ahm in Fig. 9.

9992 Proctutiom .' '

. Care uhon]d ‘be taken to either eliminate or comct for aw oxtoml
inductance placed in series with the enitter, as Re h,  is very sensitive to E
this particular peresitic peramster at high frequencies; Base lead induc-
tance and strdy capacitances should also be.considered,', ‘although they are
relatively 1e§b @omnto '
2,10 Dynanic Measurements
2,10,1 Switch!.ngr Times

» The awitching upeed of a tnnsiator uy be chnracter:lnd by the delay,
rise, storaga9 and fall times (td, rs tes and tf, resppctj.wly). b5 e
pulse characteristics defining these times are shown in Fig, 10,

v '», Re(hy,)

fre R( h:le)

Fig. 19 Typical Complex Phno Representation of Short-Circuit
Input Impedance hye -

7. R, P, Abrahll, "Trcasistor Behavior at High Freqmncies" IRE Trans, on
Elsct, Dev, Vol, ED - 7, No. 1, pp. 59-69, 1960,

9% R. P,  Nanavati, "Prediction of Storage Time :ln Junction ‘b'aua:latora" IRE
Trans, on Ehct. Dev,, Vol, EO-7, No, 1, pp. 9-15, 1960

-30-



60 mEJZBQ w “?".‘
m‘o@; 1960

teanststor to be wasureds Typieal ‘tnput voltage driring confitiens
are 'iilnatrated in Fig. 12, ‘l'ha output wa:veforh is moni'bored_ by 'mg.ns
of an oscilloscope or other suitable output detector to dgtér'miﬁs the -
various switching times, |
- 201001,3 Combinational Drive .

A useful combination of constant-current and constant-voltage
drive conditions which may be used to approximate ,part:lculaf ope::rat:lonal

requirements is afforded by the measurement ar¥angement shown in Fige 11
with terminals B-BY short=circuited, In this case", the turneof? times

| (t and tf) are obtained with a constant-current ON condition and a constant
voltage "turneoff® impulse fed ‘o the base through the capacitor G, The
transistor is operated in the comnaonﬂ.t'ber connection with a specified
collec‘bor load resistance R and collector bias supply voltage v cc® The
output waveform is monitored by means of an osc:l.llqacopa or other suitable

output detector to determins the various switching times, .
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S . Fig. 10 Pulse Characteristics :
© - 8 = Input Pulss Amplitude : S » td*PulseDelay‘m.me o
.. e Qﬂl@u‘b Pulse Axplitude o 'ty @ Pulse Storage Time

ty @ Pulse Riso Time . 4 o Pulse Time thPnlseFanm
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2,10,2 Saturation-Stored Charge Measurements (Qg)

The stored charge is useful as an indication of the speed of recovery of a
transistor from an ON to an OFF state, where in the ON condition, opcration in
Region III is assumed, The. saturation stcred~charge may be defined aaftheAtotal
charge stored in the base and collector regions of the transistor for the ON con-
dition specified by the collector current and the base current drive. ‘

The satﬁration stored charge may_be measured ﬁsihg the circuit arrangement
.shown in Fig, 13, The transistor is operated wiﬁh zero dc collector current, and
the cmifter current ;E is adjusted to the specified dc value. The inputvvcltage
[.vi (ti] pulse level impressed upon the base terminal is set to provide the pre-
scribed back-biasing to periodically switch the diode CRI between conduction and
non-conduction. The emitter is ‘thereby open-circuited and the storec charge is
transferred to the capacitor C in the collector circuit The diode CRI in series
with the emitter serves to isolate the transistor from the de emitter current
source during the non-conduction period and should be selected for high-speed
switching properties, (i.e., low storage, fast recovery; etc,) Alternatively,

a suitable electron tube diode may be used.

The peak output voltage Vb across the capacitor C ﬁay be measured with an
osciiloacope or other suitable peak:pulse detector, The saturation stored charge'
Qs is.tﬁe product of the peak pulse_ouﬁput voltage and the total capacitance be-
tween ccllector and ground,

@ = V (C+C) (7)
where ¢ Vo is the peak output voltage
C is thevcapacitor value

Cg is the stray capacitance, including measurement
probe capacitance
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Typical waveforms are shown with the measurement circuit in Fig. 13.
Alte'rnatively, the saturation stored charge for any specified value of
collector current and base current drive may be. measured using the arrangement
shown in Fig, 1L, The base driving cuwrrent and ON collector curré'nt may be ap-

proximated uaing the relationships:

v v
1 cc
IB . 'T.-B——- and IC - -Ec— = (8)

where: Vl is the peak input voltage, . The capacitor C is adjusted for theA mini-
mum capacitanée required to achieve the desired output waveform V, (+) having a
sharp twm-off characteris’fic as illustrated in Fig. lic, The saturation stofed 4
charge Qs is the product of the peak input voltage (Vl) and the amplitude (Vl)
and the capacitahce c. o

Q, = VoC | - (9)

2.10,3 Saturation Stored-charge' Time Constant Measurements (‘T 8)

The saturation stored-charge time constant ({J s) is proportional to the ex-
cess charge stored per wnit of excess drive (base) current am‘i' may be used to
characterize the saturation charge storage properties of a transistor, The fol- -
lowing relationship may be used: .
. Ts = -——-—-—--QS ' ' (10)

Th - Tge

where: Qg is the saturation stored chafge' in micro-microcoulombs
Ip, is the base current drive in the ON condition
I, 1s the minimun base current to obtain saturation,
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' The mmimm base current to obtain saturation should be evaluated in terms of
the particular circuit under consideration and may be calculitted bys

'Ias' | cem—— » (11)

wheres I(ﬂ. is the ON colleetor cwrrent
hgp 1s the static value of the forward current transfer. ratio

in the active region near saturation ‘ ‘
It should be noted that 4f the first method of measurement of Qs outlined in
Section 2,10,2 18 used, IBs ® O since ICl 8 0,
An alternate method of measuring the saturation stored-acharge time constant
(7T's) is to measure the storage time (tg) as outlined in Section 2,101 and
calculate T, using the relationships | |
g

Ts = ‘ | - -
| g = Ipp AT ' (12)

1n
8 - B2
In the above expression Ip, is the base current drive xxawxx d&ing the
interval the transistor is being removed from saturation and the other
m:lnbles are as previously defined, If Ig, is a reverse current, ‘the sign is
negative, | | ‘ o

2,10, Precantions

- The time constant (7 's) is not. necessar:l]y the storage tilne m
1nwputieu1uciremlto The storage time (t) otatmansisterundermal
oporl:bing conditions may be calculated using (12).

o }j0 o



In sw?.tchiug time maasuremnts uaing the masuremnt mangemnt of
: ué. 11, speciﬁe attention to the absolute vnlues of t.he wm snpﬂ’

' petentiala, pulee amplitudes, and the pfec:!.sion of 'bhe baae am'l collecm
'resistanees is required if correlation bet.ween measurements made on test @
eqn:lpman‘b instrmaentation :I.s to be ach:i.evedo . These precau‘bions, in general,

hold for al‘.l. tim»based masm'emub instrmrrhation. In ﬂ:lition, the effects
| of atray capacitance iubrodnced by the test probes of mnitoring osdl.lloseopes
'mst. be taken iato considera‘bion. |
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