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In many cases9 the observed transient response of a transistor 

swit~hingcircuitdoes not agree with the transient response 

obtained by a linear equivalent circuit analysis!) This is 

because a transistor equivalent CirCUit9 composed of idea19 
linear or piecewise 1inear9 electrical elements~ can only 

approximate the nonlinea~ behavior of a junction transistor 

in a switching circuito In this paper9 a different method of 

analyzing the transient response of a transistor switching cir= 

cuit is presentedo Essentially~ this method involves analyzing 

an equivalent electrophysical system of the transistor switch­

ing circuit in which the transistor is represented by a physical 

model rather than an electrical equivalent circuit~ A qualita= 

tive technique is developed for analyzing the electrophysical 

system with which one can quickly and accurately sketch the 

salient features of the transient response of any transistor 

switching circuito 1be application of this techniques in ob= . 

taining the transient response of a switching circuit9 is dis­

cussed and several examples,l) in which it is used9 are presentedo 
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I~Ro:bUCTION 

One of the more inportant properties of a junction transistor 

is its ability to act as a high-speed switcho A simple circuit in which 

a junction transistor is used, as a switch is shown in Fig o 1 together 

with the input (base) and output (eol1e~tor) current wavetormsoThe opera= 

tion of this circuit can be described asfollowt6&For zero base current,9 

the impedance between collector and emitter is in the order of 106 ohms o 

Under this' itoffie'conditioD,9 essentially nc current flows through the load 

resistors Ry.oHowever~. if a' current~ ~B is applied to the base input of 

the transistory then the impedanoe between the emitter and collector is 

reduced to a level in the order of an abo Under this latter "onllB con .... 

dition,9- a current of approximately V IR flows through the load resistor,9 
, CC/~~ 

~ o Thus ~ by changing the base current from zero to some value .~~ the 

impedance between collector and emitter can be altered from essential~ 

that of an open circuit to that of a short circuit o In· this type, of 

operat1on,9 the action of the transistor is similar in many respeetsto 

that of an ordinary relay (> The transistor,9 however fJ can be turned on and 

off several orders of magnitude faster than the fastest relay-so It is 

th1sproperty of high switching speed which makes the transistor superior 

to the relay for many applications,9 such aS 9 in high-speed!) digital 

computer circuity where the transistor may be a.sked to switch on or off 

in less than 10=1 sec o '.l9comi.J1glt9 the transient response of the tranee> 

sistorto a tu-rnc::.on or turn =off step of base current is of considerable 

interest in the design of high .... speed$) switching cir(1Y!.lits since it is the 

primary factor involved in determining ,the time required to switch the 

transistor on or ofr~ 
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The transient behavior of the transistor switching circuit in 

Fig~ l(a) is shown in terms of. the collector current transient response 

in Figse l(b) and 1(0)0 When a turn-on step of base current is applied 

to the circuit~ the collector current (Figo l{b» begins to rise slow~ 

at first» then more rapidly~ and finally» slowly again as it approaches 

its steady-state valueo In this type of switching circuit$ the steady" .... 

state value to which the collector current is headed is designed ~o be 

larger than the load current to b~ switched (Vcc~)oAS a result~ when 

the collector current becomes~qual to the load current~ the voltage 

from collector to emitter becomes zero~ and the collector eurrent no 
.~- .~ ;.' '. '.' .. , 

longer increaseso In this eonditionJ) the transistor is said to be saturated. 

and it behaves as though the collector is shorted to the emitter., The time 

required tor the collector current to reach its saturation value is called 

the turn=on timeo When a tnrn=off step of base current is applied to this 

saturated transistor j the collector current (Fig4 l(c)does not stop flow­

ing immediately () Instead~ the transistor remains in its saturated state· 

for a while and the collector current remains at its saturation value~ 

After a time~ca11ed the storage-time 9 the transistor comes out of satura­

tion and the collector current begins-to decay toward zero in the same 

manner that it increased o Theoretica1ly~ the collector current reaches 

zero at a time~ t ~ 000 ConsequentlY9 the turn=of£ time 9 to be finite~ 

is defined as the time required for the collector current to reach a 

value which is 10 per cent of its saturation value 0 

The use of a linear electrical equivalent circuit in analyzing 

the transient response of a junction transistor 1s~in general~lim1ted to 

the transistor~s linear region of operationo Even for thi$ type of opera= 
J 

tion~ the exact shape of the transients cannot be obtained from the 
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equivalent circuito This limitation comes about because the equivalent 

, circuit9 to be useful at all in linear eir~uit analysis~ must be as 

simple as possible and must be composed of ideal linear9 or ideal piece-

wise linear j elements 0 Oonsequently ~ in deriving such an equivalent 

circuit 9 the actual electrophysical behavior of the transistor is approxi-

mated to a considerable degree 0 The use of a transistor as a switching 

device~ howeverJj involves operating the transistor in regions where its 

behavior is nonlinear and can only be approximated by a lin(f9,r equivalent 

circuit 0 Thu8,9 the linear equivalent circuits appearing in the litera-

ture are not of much use in analyzing the transient behavior of junction 

transistors in switching circuitso 

The purpose of this paper is to pre sent and demonstrate a 

different method of apa!yzing switching transients of junction transistorso 

This method involves analyzing the behavior of an electrophysical model 

of the transistor under transient conditions 0 Themethod~ as presented 

here 9 is essentially qualitative in that it gives the shape of the swttch-

ing transients but not~ in general~ quantitative resultsJ) e'c>go;9 switch= 

ing times~ rise times9 etc o The method can be used to obtain quantitative 

results but;9with the exception of a few special casea~ the application 

of this method to obtain numer1calresults is cumbersomeo However~ the 

abf;Lity of the design engineer to obtain a qualitative picture of the 

transient re sponse of a junction trans:tstor in a given switching circuit 

is or considerable value in that it enables him to acconplish the follow .... 

ing things% 

(1) analyze the transient behavior of a given transistor 
switching circuit ~ 

(2) quickly gain a 8lIfeel~for the transient performanoe 
ot the transistor in the switching circuit~ 



(3) predict the effect of a paraJr.leter change on the 
transient response ot the cireuito 

.In addition£) by reducing the particular problem to a limiting case for 

which analytic solutions can be found$ some idea of the values of the 

switching times involved and their dependence on the various transistor 

and circuit parameters can be obtainedo . 

BASIC CONSIDERATIONS OF TRAlSIerOR ACTioN', 
~.........., -------. """"'- .'- .. ' . 

Figo 2 Shows a cross=section of a.- p=l'.1c::>p junction transistor 

connected as a common=base de amplifiero FoJ'i:l ~e purposes of this paper9 

the emitter and collector junctions are considered to be ideal and their 

only function is to inject or remove minority carriers9 ioeo~ holes in 

the case of the p-n=p transistor~ from the base rei ion 0 Under normal 

biasing conditions as shown 1n.Figo 29 it is the ~unction of the emitter 

junction to inject holes into the base region and the collector junction 

to remove them., Quite simply ~ the operation of the transistor as an 

amplifying device is as follow-58 When a small positive voltage£) V ?J is 
as 

applied between the emitter and base of the transistor~ holes are injected 

from the emitter into the base at the emitter junction., ,If the small 

ohmic voltage drops tha't occur in a practical transistor are neglecteds then 

the entire voltage applied between the emitter and base~ V 9 and between 
as 

the collector and base 2 V is dropped across the emitter and collector co 

junctions~ raspectivelyo ConsequentlY9 the base region of a junction 

transistor is for all practical purposes field free., This being the cas~9 

the holes can only move away from the region of the emitter junction b,y 

diffusing away from the region of maximum concentration (emitter junction) 

in the direction of the negative concentration gradient at a rate which 

is proportional to the magnitude of this gradiento The desired result 
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of this <D..ffusion process~ in the case of the transistor~ is that all the 

holes injected at the emitter junction will ~rfuse through the base 

region to the collector junction where they are immediately absorbed or 

"collected" from the base by this junction. The ability of the collector 

junction to remove holes from the base is due to the fact that the electric 

field which exists at this back=biased junction1r causes the collector to 

appear as a sink for holes~ 

In order to accomplish the desired effect of having all the holes 

injected into the base at the emitter diffuse to the collector j the two 

junctions are placed very close to each other so that the base region 

separating them is very narrowo NOW9 since the collector is a sink for 

holes and the emitter a source9 the concentration gradient in the base 

region between the emitter and collector will be very large and all the 

holes will diffuse to the collectoro 

Under steady=state condi tions~ th~ collector abaoi-bs holes at the 

same rate at which they are injected at the emitterg lhus~ the current 

due to hole flow at the collector is equal to and controlled by the current 

due to hole flow at the emittero Essentially~ then the action of the 

transistor can be described as a transferring of current in a low 

impedance circuit (since the emitter junction is forward=biased9 the 

effective impedance of the emitter=base circuit is very low) to a high 

impedance circuit (since the collector junction is back~biased~ the effect= 

ive impedance of the collectore-~b.a.se circuit is very high)o As a result 

of this current transfer~ a power gain is observed to take place through 

the transistor", 

t The collector june tion is said to be back=biased so long as the 
applied voltage from collector to base9 Vcb9 is negativ69 ioeo9 
Vcb g; icRL-Vcc < 00 
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up to this point in the description of transistor operation,the 

base current has turned out to be zero since all the emitter current has 

been assumed to be transferred to the collector circuito In order to 

account for the non=zero base current which occurs in any practical 

transistor~ some of the' current flowing in the emitter circuit must not 

be transferred to the collectoro The mechanism which is responsible for 

preventing this total transfer of current is called recombinationo Some 

of the hales in diffusing thr,ough the base recombine with an electron 

and are lostoAs a result g not all of the hole current injected at the 

emitter reaches the collector., The nGn~ero base current arises because 

the electrons lost in the recombination prooe ss must be replaced by a 

flow of electrons into the base through the base lead in order to maintain 

the base region at a constant potential with respe'ct to the emitter 6 

The rate at which holeS andeleetrons recombine per unit volume 

at any point in the base region depends on the ratio of the excess hole 

density &! P.9 at that point, to the average life tin1e of a hole in the base 

reg1on,9 "t'p 0 The base current due to recombination can3 thus?J be expressed 

by the equation 

I, !!8 {. '~.~;.~.w ... , dv b '-~: 
p 

~,~ V 

(l) 

The diffusion equation 

The behavior of injected holes in the base region of a tran= 

,sistor is governed by a diffusion equation of the form,9 

(2) 
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where 

p m: p( t)'~ the excess hole density at any time and 
x 9Y,9zp 

point in the base region9 

1)1'.i5 the difrusion cQnstant ror holes in t~ b$.se,9 

and~' is the average lifetime of a hole in tbe baseo 
p 

EssentiallY9 (2), relates thespa~e rate .... of=ehangeor the hole flow 

(actually.9 the space rate<=>of-change of the hole density gra.dient, and the 

hole rate-of~dec8.y due to recombination,at any. point :in the base region, 

to the time rate=o-f=ehange in the hole density at that pointo In theory ~ 

it is possible to solve (2) for any base geometr,y and any appropriate 

set of boundar" and initial conditionso Thus~ the hole density and its 

gradient in the base region of the transistor can be obtained as analytic 

.functions of time and position\) 

In a practical switching transistor~ the width of the base 

region between the emitter and collector is made extremely small compared 

to the other dimensions of the base regiono Consequently.9 almost all of 

the holes injected into base at the emitter diffuse in a direction 

perpendicular to the planes of the emitter and eolleetoro In view of this~ 

the one=dim.enslon form of the diffusion equation can be used to describe 

the behavior of injected holes in the, base region of a. switching tran .... 

sistoro For the pUrposes of this paper~ then~ the diffusion equation 

will be considered to be o£ the form~ 

where p ts P t 
%9 I) 
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It will be shown that the boundar.y and initial conditions for 

(3) are determined by the voltages and currents at the emitter and.collee-

tor junctions o Thus~ for any given input driving function of voltage or 

current the transient response of the collector current can be obtained 

by solving (3) for the hole density gradient ·at the collector since the 

collector current is proportional to the hole'density gradient at this 

boundary 0 

~undary conditions 

For the purposes of this paper the analytioal sOlutibns of the 

diffusion equation will be restricted' to two types of boundary condltions o 

'the first type is one in which the function itsel.f'9 pg ispreseribed at 

the boundarY0 In the second type9 the gradient of the function.§! dp/oX,9 

lsprescribed at the boundaryo In general,9 the boundary conditions will 

be known only in terms of voltages and currents o In order to express 

these electrical quantities in terms of the hole density and its gradient 

at the junctions£) it is necessary to establish the relationships that 

exist between these electrical and ph7sical parameters at a junctiono 
t 

These relationah1ps1as obtained by S~ockley,are given by the equations 

(4) 

for ~ c ~ 0 
) 
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(5.) 

, ';" 

are the hole ,,'densities in the base region at:', 
the emitter and collectorjunctions,9 resp.c~~\tely., 

are the voltage drops across the emitter and/'" 
collector junctions~ respectivelY9 as mea~(l 
from emitter'tQbase and from collector to baj. 
(see Fig~2)<o 

are the hole currents at the emitter and collector 
junctionsj re~ectivelyo 

are the hole gradients in the base region attbe 
emitter and collector junctions j respectivelyo 

is the 'normal equilibrium hole density in the base 
region 0 

is Boltsmanfis constant o 

is the electronic charge j and 

is the temperature in degrees jJ Kelvin., 

An idealized model o£ the junction transistor 
-' ~ , - -- - """---- -----

Fig«) 3 shows a one =dimensional model. of a p=n=p junction tran-

sistor based upon the above discussiono The abscissa or x=dimension in the 

figure represents distance through the base region in a direction perpen-

dicular to the planes of the emitter and collector junction..~s the ,positive 

direction of x being from right to lefto The emitter and collector june<=> 

tiona are represented by the boundaries x ~ w and x ~ O~ respectively~ and 

are assumed to be ideal step junctionso The ordinate or p=d-irection 

represents the excess hole density at any point in the base.9 In general~ 

p is a function of time ~ t 9 and distance j Xj which is determined by the 

diffusion equation as given by 
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(3) and the boundary conditions at the emitter and collector junctions 

as determined from (4) and (5)o The hole density at the boundaries of 

the emitter and collector junctions are defined to be p and P 9 e c 

respectivel1'oThe currents- i :pi. fJ and i are the emitterfj basefj and 
e D C 

collector eurrents~ respectively~ and because of the one~nsionality 

of the model,9 they have the dimensions of current densityo The voltages 

V and V are the voltage drops across the emitter and collector junction» 
e c 

respectivelY5) and-are considered to be positive when the drop occurs in 

going from the emitter or collector to the baseo 

ANALYTiC METHODS .Q! SOLVING !!!! ~ DEPENDENT DIFFUSION EQ)'ATION 

The most common analytic method of solving the particular form 

of the diffusion equation given by (3) is the method of separatton of 

variables o This method is restricted in the sense thatfj in general~ 

solutions can be obtained only if the boundary condition can be reduced 

to a homogeneous seto FortunatelYfJ many of the problems encountered in 

practice have boundary-conditions which satisfy this restrictiono 

For boundary conditions of the form 

(6) 

and 

the general procedure for solving the time dependent diffusion equati~n 

as given by (3) is to put it in the form 



u 
(3 ) 

where L· ~ ,the diffusion length tor holes in the p pp 
base region o 

and let the solution be of the form 

(8) 

Pss{x) is the steady=state solution of the hole density distribution in 

the base after the transient effects have become negligible and is 
II 

obtained by solTing the steady=state form of (3 ) for the boundary condi-

tions (6) ~d (7)1) PT(x?>t) represents the transient portion of the solUet 

tion wh1ch~ in this case~ must approach zero as ~ increases indefinitelyo 
~ 

This transient solution is obtained by solving .(,3 ) :Cor the modified (as 

a result of writing the· solution in the form of (8») and, nowj1 

homogeneous boundary conditions 

£. or - = 0 ;,p I 
e.. ~?< £. 

or d P I = 0 
dX c 

with the initial and final conditions 

and 

re spectively () 

2 (x~o) 
T 

o , 

u 
(6 ) 

(9) 

(10) 
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The case for which one of the boundary conditions given by 

(6) and (1) is not a constant?J but some function of time [j f( t)>> can be 

solved by use of the superposition integral of the £orm~ 

j t 'fir) 
f'('x,t) = {CO) ~(;;r,t) + fj (X, of - '/"') d t c/ 'Z" (11) 

o 

where Pl(x~t) is the solution of the time dependent 
diffu $ ion equation when the boundary condition 
described b.Y f(t) is set to unit Yo ' 

If f(t) is not difrerentiable~ the superpo~ition integral of the form~ 

can be used" 

- fIt) F; (x) 0) +J ;('Z"') d P, (?<.-t- -r) cI '" 
~r-

o 
(12) 

Once the solution for the hole density d1Stribution~ P(XBt)~ 

is obtained,9 the desired transient response of the;endtter and collector 

currents can be found by forming the gradient of, ~he hole densitY's d piC) X9 

and substituting this expression into (5) 0 A, typical example in which 

the transient response of the emitter and colleetorcurrents is obtained 

by an analytical solution of the time dependent dUfusion equation is 

given in Appendix 10 The detai1edprocedures involved in 8,,01 ving the 

time dependent diffusion equation for various types of boundary condition 

can be found in many texts which treat the partial differential equations 

of mathematical physies3 or~ in particular.Jj the equation of heat eonduc= 

tion~4 

DIFFfJSION EQUATION 

By maldnguse of the characteristic'behavior of a quantity 

governed by the diffusion equationJ) the solution of this equation'can 



6M~4870 16", 
usually be sketched in considerable detail o The transient response of 

the transistor can then be obtained from the behavior of the hole density 

and its gradient (slope) at the junction boundaries 0 

Qualitative solutions for 1:p infinite 

When the diffusion equation is written in the form~ 

d2.P p ~p 
Dpd;(~ ~f=di: 

it states that the rate=of=change of hole density at any point in the 

base is proportional to the sum of the curvature of the hole density 

dist:r1bution,~d2p/d x 2 
and the negative rate=of=decay of the hole density 

at that point~ p/~ 0 In a region where the curvature is large8) p 

D (0 2pI a x2)>> E~ the diffusion equation reduces to the form 
p ~p 

(!Ja p 
Dp d~2 (13) 

Essentiallys this equation shows that the rate=of=ehange of hole density 

at a point~ in a region where the curvature of the hole density distribu-

tion is large, is related to the curvature at that point in such a manner 

that the hole density increases with time 1£ the curvature is positive. 

and decreases with time if' the curvature is negativeo FurtherJrlore.9 the 

speed at which this increase or decrease in hole density takes place j 

ioe0 9 d p/'d t is proportional to the magnitude of the curvatureo Some 

examples of this behavior of the hole density distribution are shown in 

Figure 4 for zero curvature and two different values each,9 of positive 

and negative curvature I) The time interval between tl and t2 is the same 

in each case and is assumed to be much less than "t'p so that the loss ot 

holes due torecombinat~gduring this interval, is negligibleo One 

characteristic property of the diffusion equation which can be seen from 

'* Here the term ~u·curva.turefiU is loosely used to mean the 
second derivati:ve0 The actual radius of !Curvature is the inverse of the 
quantity8 1"1 (J ~ -p' ~) -4'2.. 
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Figo 4 is that the change in hole density at ~ given point is in such 

a direction as to tend to reduce the curvature or the hole density dis-
. .~, ~,' 

tribution in the region about that point as time~ereaseSo 

then 

In view of (13) ~ 'it is apparent that if 

~2.p 
~O' 

d ~~ 

---;>~ 0 

Therefore 9 the function» p(x$!t)3'does not tend to overshoot its 

equilibrium value at any point :in'the base region, but approaches it' 

monotonically as t increases withoutlimit~ Thus we can conclude that 

the solution of the diffusion equation as given by (13) is not osci11a-

tory in nature., 

In many cases, the lifetime of the holes in the base region». 

"t"p' may have a value sufficiently large that P(x5l t)/"t"p ~O for any time 

t>lll The diffusion equation is then of the form given by (13) 51 and the,' 

behavior of P(xJjt) is as described above4) The equilibrium distribution 

of the hole density P (x) is given by the steady=state form of the se 

diffusion equation which in this case may ,be written as 

2'; 
d, ,'11 s eX) 

t = QJj 
tJ~ 2. 

=0 (14) 

B_y integrating (14) twice with respect to:t» the solution for 'P' (x) is ss 

obtained in the form 

r;s (;() c, ?( + C~ 
(15) 
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where the constants of integration~ 01 and C2~ are evaluated from the 

boundary conditions (6) and (7) 0 ,Thus,9 for eases where the hole rate-of­

decay dne to recombination is negligible (P(X3t)/"t" ~ O)~ the equilihriwn. p 

solution of (13) yields a straight line hole density distribution as 

given by (15).,A case in which the hole density distribution is governed 

by (13) is treated in the following example o 

fi'v.~"""le No () 1,'1; infinite, 
~-- . - p -------" 

Fig~ Sa shows a modified form of the simple switching circuit 

of Figo 10 ·In this circuit~ a voltage step is applied to the base at 

t lRl 0 (by closing the switch) instead of a current step oAt the instant 

the switch is closed, a voltage ,VI " appears across the emitter junction 0 

Thus 9 from (4) the boundary condition at the emitter is given by 

-. I) =q ConsfQ.nt (16) 

In obtaining the boundar,y condition at the collector junction~ the magni-

tude of the voltage step applied to the base~ 3 is assumed to be 

less than V 0 This implies that the collector junction is back-biased 
ce 

at least for t near zeroo From (4) then9 the collector boundary condi= 

tions is found to be 

o 

where V ,: Vol? i .R~";"V <0 ,', 
C.C r- c© 

(17) 

for t near zero 

The initial condition,l9 p (x~O)?) can be seen i;rom (16) and (11) to bea 

step tunction of the form 
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(18) 

The curvature of P t)for t> 0 is positive as shown in Figso 5(a) and 
. (X~ 

5(c) and~ consequentlY's ~~~t) increases with time everywhere in the base 

except at the junction boundaries where it is clamped by the boundar,y 

conditions -& 

As the current in the collector circuit begins to build up in 

direct proportion to the gradient (slope) of the hole density at the 

collector bound.ary~ the solution ot P. ·t.)ean proceed in two different 
(X,5J . 

ways depending upon the external parameters of the collector circuito At 

some value of collector eurrent defined as I t:J the voltage across the 
c sa 

back-biased collector junction becomes zero~ ioeo~ 

(19) 

when 
i 8I!'I 

c e sat 

Now in the sketch of the solution fol' 1P. t) shown in Fig 0 5(b) ~ it has 
tx~ 

been assumed that 

(20) 

which tmplies that according to (19) 

t/m ~ < 0 
t-~ 00 

(21) 

Consequently 5J the collector boundary condition given by (11) holds as t 

increases indefinitely." and the solution of P(X~t)c9 as sketched in 

Fig 0 5(b) 9 prooeeds to a straight line equilibrium distribution whose .. 
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end points are given by (16) and (11) 0 By combining (15) 9 (16) 9 and (17).9 

the equilibrium solution is found to be of the form 

p .(~) 
ss ... 

1£,9 howeverj as in the sketch of the solution for ~x3t)ShOwn in Fig-ti 5(c), 

it has been assumed that at some time t ~ tl 

. 
1 (t) 
c 

= ;. (~) = Ic so:t 
C J (23) 

then the collector boundary condition given by (17) no longer holdso For 

as t becomes greater than ~19! ie(t) tends to become greater than Ie sat 

andVc becomes greater thanzero o AccordinglY9 for solutions of fx~'t) 

where t>t1 another boundar,y condition must be specified at the collector 

junetioD.c It can be shown that9 for Vc~ 0,9 the current in the collector 

circuit remains nearly constant and is approximately equal to I t~ c sa . 

The new boundary condition at the collector junction fort> tl is then 

according to (5) of the form , 

- a con S';'Q.ht- (24) 

In order to see that (24) does hold for t> t l .9 consider, the 

equation for the currant in the collector circuit when V e ~ 0 e This 

equation can be written from Fig b 5(a) in the form 

fii. (25) 

An expression for (V "'" V ) ~ where V ~ V ? O!J can be obtained from (4) eo a c 

in terms of p and p in the form e co 
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;I.-v .IT In ( Ii 7- Pno ) -- (26) £. c j ~ 7- ~(!) 

For the circuit of Figo 59 it can be seen that p' can var,y only within c 

the range O~ p ~ p 0 When these limiting values of p are substituted 
c e c 

into (26):; it is found that V -V can only have values in the range e c 

23~ 

V ~ (V - V ) ~ 0 0 The normal operating value of V in junction switching 
e . e c e 

transistors is in the order of a 01 voltp while V is at least an order qc 

of magnitude greater than thiso ThusJ} from (19) and(25)~ the approxi-

mate relation 

where 

.,-­- _I 
c s'<t 

v »V r-ol volto 
ere e 

.(~ ~ 0) (27) 

can be written which establishes the veracity of (24) as the collector 

boundary condition for t> t10 

As t increases indefinitely $ the solution of p. ' t~ as sketched 
(X, 'I 

in Fig 0 5{ c) for t> tl:# proceeds to a straight line equilibrium distribu-

tion for the boundary condition given by (16) and (24)0 This equilibrium 

solution for p: t)is found from (15)9 (16),and (24) to be of'the form 
{:X~ 

p (I() 
55 

f? -
€. 

.:r: 
Co sa.t ( W _ ;() 

jPP (~8) 

The transient response of the emitter and eol1eet~r currents 

can be sketched from the behavior of the gradient of the hole denSity at 

the emitter and collector junction boundaries~ respectivelyo Figo SCd) 

shows the transient response for ie(t)~ ~(t) and ic(t) corresponding 
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to the solution of P (x~ t) shown in Fig 0 5(b) for the case:J 10 ( ~) ~ Ie sat 0 

Figo ,(e) shows the transient response for the same currents corresponding 

to the solution of P ( t' shown in Figo 5(0) tor the case2J i (t1 )= I to x 2 J C C sa 

In each case~ the base current~ ~(t)9 is obtained by taking the difference 

between the emitter and collector currents in accordance with Kirchoff"as 

current lawo Since the hole rate=of"=decay due to recombipation has been 

assumed to be zero in this example 9 the equilibrium base current is zero 

and the equilibriUm. emitter and collector current are equ&lc At time 
\. 

t iii! 0·:1 the slope of the collector current sketched in Figsc .S(d) and 

'.(e) is not zero" as might be expected, because the diffusion process is a 

statistical one and there is a finite probability that a few ot the holes 

injected at the emitter will reach the collector at time t 8 o~. 

The circuit shown in Figo 6is one possible way by which the 

transistor in the circuit of Figo 5(a) can be switched off oIt V2 is 
, , 

assumed to be sufficiently large that both the emitter and collector 

junctions will be back-biased the instant' the switch is throwntl) then the 

problem is identical to the one treated analytically in the Appendix 10 

The solution for p as a :function of x and t and the resulting transient 

responses for the emitter and collector current as obtained in the 

Appendix assumes that the hole density' distribution in each case~ 

i (oo)~I t and 1 (t1 ' ml I t~ has reached the equilibrillJJl diBtribu= c c sa e c sa 

tiona as given by (22) and (28)9 respectivelyo 

f In practice, the emitter and collector junction cannot be back-biased 
instantaneously for in order to do so infinite currents must occur in 
the emitter and collector' circuits at the first instant and this would 
require VI) to beinfinite0However~ a short time after V2 is applied 
to the base, the junctions will become back=biased and the solutions 
for the currents obtained in the Appendix will become valido 
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~ 

- Vee ... 

A Simple Scheme for'Turning-Off a Transistor 

SWitching Circuit 

Fig. 6 

Qualitative solution for ~ finite 
p 

In many cases, it is necessary to take mto account the hole 

rate-o.f!.deeay due to recombination in obtaining the solution to the 

transient response of a switching transistor from the diffusion equationo 

One reason why this is necessary may be that the hole lifetime in the 

base, ~, is low and the term, p/~ , is no longer negligible in compari-p p 

son with the term involving the curvature of po . This is especially true 

as the solution forp approaches equilibrium. An even more important 

reason for taking recombination into account in the diffusion equation 

exists for pr.actieal:x~EtE!lt; wb~Jte Gtt!~.'cQ~:SEai:'P1P{'~.;rtJi'(~~ :g'(j3qq;iJ?~d,::t.G:.}lf.~.;l.ql'L:;\:~ 

tl1a t'b1r.arts.i·ft .. ~ e~:iL~Ie.~li~~.e .• ;g#j.;thel¢ire:u:kt $J.ljOW~l,'~n:LJr!li:g~,lii,:. When re., 

combination is neglected as in the case of the problem o;f Fig~ S~ the 
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equilibrium base current is zero 0 However j when recombination is taken 

into account, an equilibrium base current must necessarily exist in order 

to replace the electrons lost in the base regionG For the cases just 

sited and similar ones where recomb1natiop cannot be neglected, the 

transient response of the transistor is governed b.Y the form of the 

diffusion equation given in (3). 

The effect of the recombination term, p/1:'p~ in the diffusion 

equation, on the behavior of.P(x,9tl is shown in Fig. 7 for several 

different distributions of the hole density. In addition, a comparison 

is made f or each type of distribution in the figure between the ease in 

which 1:' is infinite (left-hand column in Fig. ·7) and a case in which 
p 

'r has some finite value (right-hand column in Fig. 7). 
p 

A straight line distribution of p is shown in Figo 7(a) for 

which (3) reduces to 

(29) 

. Thus" for the case in which 1:'p is infinite, the distribution remains 

constant in time since 0 pI () t is zero, according to (29)0 For the case 

in which 1:' is finite, however, the rate of change of the hole density 
p 

is negative everywhere in X.1 according to (29 ) a and the hole density 

distribution is seen to decay with time. It is apparent from (29) that, 

in this latter case, the hole density will decay more rapidly at a point 

where p is large than at a point where it is small as shown in Figo 7(a)e 
., 

As a result of this, it can be seen that the recombination term, p/'r , 
P 

in the diffusion equation tends to cause the ho1e density distribution 

to flatten out as well as decay with time e In addition, as the hole 

density distribution decays with time 9 the over-all rate of decay, 
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Combined Effects of Curvature and Recombination on the Hole Density 
Distribution 

Figo 7 
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according to (29)9 also decreaseso Gonsequently~ the over-all change in 

the hole density at any point is greater during the interval of time, 

tl''' to' than it is during a later but-:equal interval of time, t 2- tlo 

In Fig. 7(b) the curvature of the hole density distribution 

is negative and the hole density decays with timee The rate-of~ecay 

for the case in which ~ is finite is greater than for the case in which 
P 

"C' is infinite because the curvature and the recombination process p 

simultaneously act to cause the hole density to decay in the former case 

whereas only the curvature causes the hole density to decay in the latter 

case. 

The behavior of the hole density distribution with a positive 

curvature in a region where "t" is f'inite is somewhat ambiguous o p 

4ccording to (3), the two effects, positive curvature and recombination, 

oppose each other. Therefore, the direction in which the hole density 

will go at any given time and position depends on whether the curvature 

or the recombination term dominate the left-hand side of (3) at the time 

and position specified. Fig o 7(c) shows a hole density distribution 

whose curvature at time, to' varies with ~~dista.nce:from! 

essentially zero curvature to some relatively large positive value 0 In 

the region of zero curvature, the recombination effect predominates and 

the hole density decays with time. In the region of large positive 

curvature, ~t has been assumed that, initiallY9 effect of positive curva­

ture predominates and, in the time interval, ~ - to9 the hole density 

builds up in this regione However, by the end of this initial interval 

of time 9 the curvature is assumed to have decreased to such an extent 

that it no longer dominates the recombination effecto As a result, 

during the next interval of time, t2"'" t l , the hole denSity decayse The 
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over-all change in the aole density distribution as a consequence of the 

above assumptions is shown at the t1m:es, tl and t2 in FiSo 7(a)o In 

contrast, if~ is infinite 1 then the hole density will increase with 
p .. ; 

time wherever its curvature is positive and willreDta.in cons~t wherever 

its curvature is zero 0 

The, general form of tne equilibrium diffusionequa'tiion, when 

'tp is finite,1s obtained by setting the right hand side of (3) to zeroo 

Thus, 

d 2 f P 
d'X a La. - 0 

. p (30) 

where L : iDp't'p p 

The equilibrium hole density distribution is, then, the solution of (30) 

which can be written in the general form 

'Xl£p 
f ex) = c, e + Ce e 
ss 

?(~ 
.F 

(31) 

where 0lalld C2 are determined by the equilibrium boundat Yt,.cottdit.1.ons II 

For non-zero solutions of Pss (x), the equilibrium hole density distribu­

tion is seen,from (30) and (31).Ito be a transcendental function whose 

curvature is always positiveo 

The positive curvature of an equililh~~ium hole density distribu­

tion is indicative of an equilibrium base cUrrent 0 Ordinarily, the hole 

rate-of-decay due to recombination, p/'(. , which gives ris~ to the base 
~p 

current, would cause the hole density everywhere in the base to decay 

toward zeroo However, ~der eqUilibrium conditions, this t~ndency of the 

hole density to decay is exactly counterbalanced at each point in the 

base by a tendency of the hole density to increase due to the positive 
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curvature of the distribution at each of th~se pointso Because of this 

equality between the curvatUre and the hole rate-of-decay, the equilibrium 

base current can be exPressed in terms of the curvature of the hole 

denSity, rather that the hole rate-of-decayasgiven in (1), by eliminating 

(32) 

By carrying out the intergration, it is found that 

(33) 

and the equilibrium base current is seen to be directly proportional to 

the difference in the'equ11ibrium hole density gradients at the emitter 

and collector boundarieso If the hole density gradients in (33) are re-

placed by their respective currents at the junctions in accordance with 

(5), then (33) reduces to the form, 

(34 ) 

which is Kirchoff's current l~w for the tra.nsistoro 

~ple 12, 't""p finite 

An example of a case in which the effects of recombination on 

the hole denSity distribution must be taken into,account i~ the diffusion 

equation is shown in Figo 80 The switching circuit shown in Figo 8(a) is 

similar in operation to the circuit of Figo 1 with the exception that the 

emitter current is used to switch the transistor on and off instead of 

the base currento The turn-on phase of the transistoJs transient response 

is, thus, initiated by applying a positive step of emitter current at some 

time, .-b.: 00 
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The boundry'condition at the collector junction behaves in the 

same manner as described in the previ0us example ° For 0 ~ t ~ ,tl , 
*\ 

the collector current is less than the saturation current Ie sa.t' and 

the '~~undry co~dit1on is given by (11), ioeo, 

f = 0 c (0 ~ t- ~ -t,) 

** Fort > tl __ , the collector current is approximately equal to the 

saturation current and the boundry condition I~S then given by (24), ioeo, 

d f ex, t) 

aX c 
== a. constant 

The emitter boundry condition is determined by the applied 

step of emitter ,current, Ie , sinc~ the hole density gradient is related 

to Is by (5)0 This boundry condition is, therefore, seen to be of the 

fol"lll: 

(35) 

* For the df!f'ini tion'" of . I 's t see ( 17 ) 0 , · ' c a, 
!' '. "., . 1 

** In this e:xaxq.ple it has been assumed that the emitter current, IE 
is of sufficient magnitude (I.~ > It) that. the collector 

• . c:;. c sa 
current, 2c ,reaches the value I t in a finite amount of 
time, t = to' csa . 

1 

, 
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In order to deter.mine the initial condition of the hole 

densitydistributiO;n, P){x,O), it has been assumed that, prior to the time, 

t = 0, the hole density distribution is zero everywhere in the base 

region 0 In view of this and the boundl~y.:con:ditions (17) and (35), 

p(x,O) is zero for al~ values of xo However, its gradient is aste~ 

funct10u of the for.m~ 

d P (A:',O) 

Ix 

The left-hand drawing in Figo 8(b) shows a qualitative sketch 

of the behavior of the hole density distribution in the base as de~er.mined 

from the diffusion equation, (3), and the ooundB.I:y and iXt4.tiaJ. conditions, 

(17), (24), (35) &ld. (36) 'describe4 aboveo At the instant the positive 

step, of emitter c~rent is applied, t = 0, a positive hole denSity gra­

dient appears in t~e base at the emitter boupdaryo The curvature of the 

hole density becomes infinitely positive at this point and the hole density 

begins to increase ver.y rapidly in the base region near the emitter boundaryo 

During this phase of the transient response, the actual amotmt of the 

hole density in the baQe is very smaJ.+ and tlle effect of' the hol'e r~te­

of-decay due tq recom~ination is negligibleo 

As the hole density increases and spreads throughout the base 

region, the curvature begins .<to decrease and the hole r~te-of-aecay 
• "I' I, '. 

begins to increaseo This causes the rate at 'Which the hole density at ~y 

point· in theoa.se:is :building up to, decrease 0 ~s a result, the hol~ 

density distributi~n tends to approach,monotonically, an equilibri~ 

solution of the form of (31) for the bounda:~cco,ndition~9 (17) and (~2}o 
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At sane time, t = t

l
, the coll~ctor Tcurrent reaches its $atura-

tion value, I to c sa 
The collectorbo.un~conditionchanges,at:1fhis time, 

to that given by (24) in ~ich the hole density gradient isspe~ified ~t . .' . , '~ 

, f " 

tl:le cqllec'tor rather than the hole density itself o The hole dens1 ty diS­

tribution now continues to increase at a. slower axld slower ra.te':1~'tpe 

same :manner as before but toward ~,newequilibrium distribution deter-

mined (31), (32) and (24)0 
\ 

It shQu:l-d be pointed out that the magnitude of the new equili-

brium hole density, everywhere in the ba.se region, is greater than the 

magnitude of the original., equilibrium hole density toward 'Which 

p (x,t) was headed prior to the time, t: t10 This c~ be seen when it 
, . 

is realized that, in clamping the collector current, 2c , to' some value, 

Ic sat' the resu! ting equilibrium. base, curr~nt is larger than the 

original equilibrium base current which wou+d exist if 2 c. were al~owed 

to reach its normal equilibrium value for the origin.a.l boundarYccondit:iJo;t, 

Pc = 00 For, according to the relation between the equilibrium bas¢: 

current and hole density as given by (1), this larger value of basF 

current can only be obtained if the magnitude of the equilibrium. heleden-

sity is, in general, increased everywhere in the base region 0 

The transient response of the emitter and collector currents 

shown in the left hand drawing of Figo 8(0) are obtained from. the- behavior 

of the hole density gradie.ntat the emitter and collector bounda.ries-as: 

sketched in the left hand drawing of Figo 8(b)o The transient response 

of the collector current, in this case, is seen to behave in a manner 

similar 'tfo " the collector eurrent response in the an tching circ'Ui t of 

Fig 0 I.. The response of the emitter current is,ot' course, a step 

function 0 The transient behavior of the base current is found by taking 
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the difference between the emitter and col~ector currents in accordance 

with Kirchoff's current law (see equations (33) and (34) .. 

The transistor switch of Fig 0 8(a) is turned oat,by reducing 

the emitter current to zeroo .... * At some time t - ° , then, the emitter is 

essentially open-circuited and holes can neither flow in nor out of 
. 

the base through the emitter junction, ioeo, ZE. :;: 00 The em1 tter 

b.ounda.~ eonditon for t > 0 is, then, according to (5) of the form 

.=. 0 (37) 

The initial condition of the hole density distribution, 

p(x,O), for this turn-ofr phase of the transistor 8 s transient response, 

is given by the equilibrium distribution obtained for the turn-on phase 

deseri bed abo~ G In view of the fact that P (x, 0) > 0 at the collector 

bpunda.~Y;, the voltage across the collector, junction, Yc , is grea~er 

than zero at the time, t :: 00 The positive collector voltage cannot 
, 

change instantaneously, since the collector current ~u~t remain finite 

at all times in view of the circuit conditionso Therefore, it can be 

said that Vc remains positive for some finite amount of time t after , . s 

t :: 00 Because of this and (27), the collector boundarY<cortditio:p., "duripg 

the time 0 ~ t < t , is given by (24), ioeo 
s 

o p(x, t') I ,= 
d X '. 

c 

* At this time, the hole density distribution is assumed to have reached 
itsllontf equilibrium state as show in the left hand drawing of' 
Fig 0 8(b) 0 
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The behavior of' the hOl'e density distribution during this time 

is governed by the diffusion equation, (3), and the bounda:ryccQlidition~~ 

(24) and (37),and. is sketched 'in the right hand drawing of Figo 8(~)0 

It can be argued from purely physical reasoning why the hole density must 

, decay to zero for the'existing circuit conditions by noting that the 
I. 

emitter is no longer a source for holes While the collector junction and 

the recombination mecha.n1sm still act as quasi-sinks for the holes which 

still exist in the base regiono However, the actuaJ. manner in which the 

hole density distribution decays with time can only be obtained from the 

diffusion equation and the boundary and 1n1 tia.l aond! tions '" 

At time, t = oi, the distri~ution of the hole density in the 

base region, w > x ~ 0, is an equilibrium one, 1090, the positive curva .... 

ture of P (x, 0) prevents the hole density anywhere in this region from 

decaying by recambinationo Initially, then, the hole density distribution 

tends to remain constant in this regiono 

This situation is not true at the emitter bounda;rycO'f '"the-, base 

region (x = w), however 0 According to the initial form of the hole 

density distribution, p(x,O), the gradient of p'(x,O) near the emitter 

i 
approaches the emitterbounciarycondition given by (35), ioeo, at t .::; 0 

L i rn d p('X) -t) 

X-+-w d X 

However, at this same time, the gradient at the emitter boundaty (x :=w) 

must be zero as required by the emitter boundary condi tion given by (37) 0 

This abrupt change in the initial hole density gradient, in going from a 

point in the base region near the emitter boundapy~where thegrad1ent is 

positive, to the emitter boundary, where the gradient is zero, requires 

that the initial hole density at x = w have an infinitely large" negative 
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curvature 0 Consequently the hole density at the emitter boundarY'begins: 

~ 
to decay at t = 0 0 

At first, the hole rate-of-decay at the emitter boundary pro-

ceeds at a very rapid rate because of the large negative curvature in 

that region of the baseo Meanwhile, the decrease in the hole density 

near the emitter causes the positive curvature of the hole density 

farther out in the base region to decreaseo As a result the hole density 

there begins to decay due to recombinationo Even,tu.all.y,. all of the pos-

itive curvature disappears from 1;he hole density d1st~ibutionand is 

replaced by a negative ourvature that is required if the gradient \~s t'o 

be ~ositive at the eollee~or boundry, as given by (24), and' zero at the 

emitterhoundary as given by (37)0 In this latter form; the hole density 

distribution decays throughout the base regiQU under the influence of 

both negative curvature and recombinationo 

During the time, 0 ~ t <: t , the behavior of' the hole 
s 

densi ty in the region of the collector boundar.y is seen, ini tially, to 

remain constant because its positive curvature in that region is in 

equilibrium with the recombination proeesso For t > 0, the positive 

curvatUre begins to decrease and the hqle density starts to deca.y slowly, 

.at first, speeding up as the curvature becomes less positive and more 

negative 0 All during this phase of the turn-off transient respons'e" the 
,< 

colle.ctor current and, consequently, the hole density gradient at the 

collector boundarY 'remain,. cons.tanto mis 1sbo'Wll. as the storage phase 
\'. 

of the turn-off time during which the holes fI~toredft in the base 

region are dra'WIl out through the collector at a constant ~teo 
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At the end\'bf the storage time, t = t , the hole dens+ty. at 

s 

the collector will have decayed to zeroo Because the hole density in the 

base cannot go negative~ the positive gradient at collector as given by 

(24) can no longer be maintained p,t this high level 0 The . gradi~nt and, 

therefore, the collector current must decrease as a result, causing the 

-voltage across the collector junction to ~o negativeo The collector 

boundary oondi tion is, then, that of a back bia.sed Junction ,( Vc. < 0 ) 

as given by (17), ioeo, 

f = 0 c ( f~ is) 

As a result of this change in the collector bo~dry condition, 
l 

the negative curvature is no longer necessary since the hole denf3ity 

gradient at the collector is no longer'fi~edo Consequently, during the 

time, t > 1;., the nega.tive curvature decreases and,' the hole denSity 

distribution tends to approach a straight line which becomes flatter and 

flatter as the distribution a.pproaches its zero equilibrium condition 

(see Figo 7(a) and 7(b)" . The hole density rate ... of-decay continually 

slows down during this phase' since the negative curvature and hole rate-

of-decay due to recombination are both ap:proaching zero as time, t, 

i:q.creases· indefinitely" The equilibrium, zero hole density distribution 

is reached,therefore, only as t approaches infinity 0 

The transient behavior of the emitter and collector currents 

are shown in the' right hand dr8:wing of Fig 0 8 (c) as sketch from, the 

behavior of the hole density gradients at the junetionboundries 0 The 
. I 

transient response of the collector curre~t is seen to be the s8.lne a.s, 

that described for the switching circuit of Figo 1<> The emitter current 

transient is, of course, a. step fun~tion, ~d is zero for time, t > 00 

The base current transient is seen to be identical. to the collector 
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current transient as required by Kirchoff Us current law (see (33) and 

(34) )0 

CONCLUSION 

Through the use of the quali ta ti ve technique of solving the 

diffusion equation that has been described in this paper, one can 

determine the large signal transient response of a junction transistor 

quite accurately in a fairly simple arid rapid'mannero At first, this 

me'thod would appear to give 'only the shape of the transient response 

without reference to timeo This statement,$) however.9 is not quite true~ 

A relative time scale can be obtained by this memhod from the rate at 

which the hole density distribution increases or decreases, as the case 

may beer Thisrate-of-change of the hole density distribution is prin­

ciply dependent upon the, magnitude and sign of thecurva-ture of the 

di,s-tribution which usually can be obtained quite accurately from a 

sketch of the solution 0 

Unfortunately, an absolute time scale is lacking in -th~s 

technique 0 However, the absolute values of the switching times in .... 

volved in 'the various pha~es of the transient response can be obtained,'; 

for a particular circui tunder considerationg by observing the output 

response 'of the transistor with an oscilloscopeo1n addition to this, 

the absolute values of the switching times can usually be obtained from 

an analytic solution of the transient response of the transistor for 

either the actual boundary condition involved~ or for a limiting case of 

the class to which the particular problem belongso- Whe,nthis analytic 

method is used, not only~ can the switching times be determined by 

evaluating the analytic solution neumericallY$ but also, their relation 

to the various transistor papameters involved is establishedo 

CTK/md 
Attachments: 

Appendix A 

FigoA2-sA-48860-G 
FigoA3...sA .... 48861-G 
Fig 0 !4-SA-48862-G 
FigoA5=SA-48863-G 
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APPENDIX.! 

An' Exalnple of an AnaJ.ytic Solution to the 

Transient Response of a Transistor Switching Circuit 

The transistor switching circuit for which an analytic solu-

tion of its transient response is to be found is shown in Figo 60' With 

the an tch, Sy in. posi t10n 1, the sn telling circuit is assumed to be 

non" and a curren~, Ie sat ~ vQ~/~./ exists in the collector circuit:p 

The transistor 1sassumedto have been in this "onn state long,enough, 

prior to some time, t : 0, for the hole density distribution to have 

reached equilibrium as ShOllD in Figo ~o ..E'e (0) and ~ (0) ,in the 

figure, are the initial equilibrium values of the hole density, in the 

base" at the emitter and collector junction boundar·ie~ . .9 respectively, 'When 

Sy is in pos! tion 10 The hole lifetime in the base, ~ p' is assumed to 

have a value sufficiently 'large that P('X, t) / ttp -;:::: 0 for ,any time, to 

The diffusion equa.tion (3), can therefore be written in the f0I'.lll 

----, -
d ;;;(~ Op 

, (Al) 

and the initial equilibrium hole density distribution is a straight line 

of the form 

where" according to (5) 

(A3) 



Ve. 
+-

..Ao) 
E. 

~=w 

X=/ 

I------OC 

~=O 

X= 0 

ID.itial Equilibrium Hole Density Distribution in the Base 

At time, t = 0, the ~~tch, Sy' is thrown, 1~sta.ntaneously, 

. '. '.' ~- ." 

~o po~it1on 2. Theposit1ve, volta.ge, V2,.is, thu~, ap~l1ed to the base 

and is assumed to be sufficiently 'large, (V 2, > > V cc) that both the 
. , ~ * 

emi tter and. collector junct,1on are back bias~d at time t = 0, i 0 eo, 

~ , ~ < 0 ; (A4) 

,Fro~, (A4) and (4), the,: b()un~condit1ons at the emitter and col~ector 

are, theretore, seen to be given by 

~ = ~ = 0 (t >0) (A5) 

* See footnote on page 2S ) 
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The initial con~~ion of the hole densit! d~stributio.~, 

p(x,O)'. is the same as the equilibrium distribution at t < 0, given by 

(A2), 'since the hole density in the base can not chang~ instantaneously 

except at the emitter and collector junction boundaries. Thus, 

For conveni~nce in plotting the solut1on';'of, ·t~e· hole density' 

distribution in the base, the diffusion equation is' solved in its 

normalized for.m, 

.(A7) 

whe...,.e. X X - w 

T 
i;-- w/£ Dp 

The complete solution for p(x,t), obta~ned by solVing (A7) for, the 

bounda~y and in1 tial condi tions (A5) arid (A6) respe~ti vely, us111g the 

method of separation of variables, is found tq be of the t'~ 
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Equation (A8) can be plotted in a more convenient manner 

if 1~ 1s expressed in t~e form 

w h e 're ~c'rm f(x, r) (A9) 

'£(0) 
£. 

0 p(o) 
S - c 

E (0) 
£. 

P represents the hole density in the base as a function ·of time and norm . . ' : \ ' 

posi tion normalized with respe.ct to ;: the ini tia.l hole, .densi ty at the 
" ' 

emi tter junction, P c.. (0) 0 Since o .t. '4X,T)~ E (0) , P - always has , ' r ( € norm _ ' 

a value which lies in the range, 0 ~Pnorm ~ 10 
o 

S is the ratio of 

the initial hole density at the collector to the initial hole density at 

the emitter. When the transistor is not saturated P (0) : 0 and SO : 00 
" c 

~e maximum sat~ation of the transis~or occurs when Pc (0) = p£. (0) and 

o 0 S : 10 Thus, S can be considered as representing the degree of satura-

tion of the transistoro Fig. A2. and A3 'each show a plot of P vs X, norm 

with t~e a~ a par~~ter, for two different degrees of saturation, 

SO : 0 and SO : 0.5, respectively. 

Th,e analytic exp:r:essions for the end tter and collector . 

currents are ~obtained by 's'U:bSt1\~t:ing the ~~ent of P (x, t)' evaluat.ed 
I 

at the emitter and collector j~ction boundaries, respectively, into";~.)o 

In this case, where the hole density is expressed in. terms of x normalized 

wi th respect to w, a normalized form of (5)· ,must be used 0 'l'llus, 



(Ala) 

The gradient of the hole density as obtained from.(A8) can be writteJ:l as 

It follows fro~ (Ala). that the hole current at aily point in the base, . 
?X J is of ; the form 

E. (0) f [ 0 n J[ \1 -n"-rr'<T 
2~ = 2! Dp :, L 5 -(-I) Cos (n7rXj e (.Al2) 

I , 

n::I, 

Again for conveni~nce in plotting, the ~xpression for the hole current, . 
can be normalized, by defining a normaJ.ized current, 2 X norm' 

such that 

. j 
X 

2x norm - i~(~(%) 
(Al3) 

It can be seen from (A3) that the term in the den0m1nator~~.o.f.,(41~); 

represents the maximum amount of equilibrium hole current that c,en flow 

anywhere in the, base for a given value of P g (0) 0 

From (Ala), (Al2) and(Al3), the normalized exp:ression for 

the emitter and collector currents are seen to be of the forms 

. 
-2 e norm - 2L. [I -HtsO] 

/")=/ 

00 

- 2 I [so -(-I)"J 
n=/ 

e 
a a 

-n IT T 

(A14) 

(Al5) 
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:where the current is defined to be positive when it "flows" in the 

" i 

Figo A4 and A5 show iplots of -i. vs T e nor.m positive direction of X. 

and i vs T, respectively, for various values of the parameter SOo c nor.m . . 
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