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ABSTRACT

The charge~-control relations are rigorously derived from the
carrier transport and continuity equations for a bipolar transistor
with an arbitrary three-dimensional geometry, arbitrary base impurity
distribution, arbitrary recombination mechanisms (including spatial
nonuniformity), and for both low and high injection levels. A one-to-
one correspondence is maintained between internal processes and the
charge-control parameters, so that conceptual understanding of, and
insight into, device operation is enhanced. In the absence of recom-
bination, the average carrier velocity is used to obtain the average
carrier transit time across the base region. The current is then ob-
tained as the ratio of injected base charge to the average transit
time., In the presence of recombination, the injected carriers are
divided into two groups according to whether they recombine or are
collected., The collected current is then obtained as the ratio of the
collected charge to the average transit time of the collected carriers.
The Beaufoy-Sparkes '"collector time constant" is related to the carrier
transit time and is given a conceptual interpretation as a collection
lifetime in analogy with the recombination lifetime. A recombination
transit time is introduced in analogy with the collec¢tion transit time,

The theory, which is generally valid up to frequencies of the
order of the reciprocal transit time, is extended to include high in-
jection levels and some second-order phenomena, such as the Early effect
and nonideal base contacts., It is pointed out that the integration of
the basic equations over the base region may lead to a loss of detailed

information, so that the charge-control theory may accurately describe
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only the average behavior of the device; a solution of this difficulty
is suggested. The Ebers-Moll circuit relations are derived from charge-
control principles so that a charge-control interpretation of the Ebers-
Moll parameters and an electrical interpretation of the charge-control
parameters is obtained. This leads to the conclusion that the short-
circuit saturation currents are of more fundamental significance than
are the open-circuit saturation currents.

Finally, the separation of injected carriers into recombining
and nonrecombining components is used to obtain a conceptually clear

derivation of the principle of reciprocity for a transistor.
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CHAPTER 1

INTRODUCTION

In 1957, Beaufoy and Sparkes [1,2] presented the basic con-
cepts for consideration of the junction transistor as a charge-control-
led, rather than a current controlled, device. Their analysis was
strictly applicable only to a uniform-base transistor under the condi-
tions of spatially uniform recombination, one-dimensional current flow,
and low injection levels. In addition, the excess minority carrier
distribution in the base was assumed to be approximately linear with
position, even in the presence of recombination. This model was highly
mathematical in that each time constant introduced was defined as the
ratio of stored (injected) base charge to the relevant current, and no
conceptual interpretation was attached to this ratio. Johnson and Rose
[3] introduced the ideas of charge in transit and transit time, and de-
fined the current gain in terms of the effective lifetime of the minority
carriers (which was undefined) and the transit time., Their analysis is
quite general and involves no assumptions as to geometry, recombination,
injection level, or base region impurity distribution.

Other workers [L4-12] have extended and refined the charge-
control concepts, but many questions have been left unanswered. Moll
and Ross [13] calculate the minority carrier transit time, but intro-
duce a velocity which is given nc conceptual meaning. Varnerin [4]
attempts to overcome this objection by referring to the ratio of excess
(injected) charge in the base to the emitter current as the average time
spent per carrier in the base (in the absence of recombination), so that

this ratio can be called a transit time. Baker [7] limits the recom-
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bination rate to be spatially uniform in the base region, while Sparkes
[8] indicates the limitations of the one-dimensional analysis. Sparkes
also extends the analysis to graded-base transistors, states that the
collector time-constant is equal to the mean transit time if the de-
pletion layer width variation with voltage [14] can be neglected, and
discusses the effect of high level injection on the transit time. Baker
and May [9] extend the high frequency usefulness of charge=-control anal-
ysis. by deriving a time-dependent transit time to account for delay
effects, but fail to mention the inherent breakdown of the concepts at
transit-time frequencies. Schmeltzer [11] extends the analysis to
three dimensions, combines surface and bulk recombination in an effec-
tive lifetime, and includes time dependence from the beginning, but he
defines time constants mathematically with no clear relation to carrier
motions or processes occurring within the device. den Brinker, et al.
[12] separate the injected current into two components: the current lost
by recombination near the injecting junction, and the current which is
collected. They then neglect the first component and treat the second
component as IC = aIE.

From the foregoing it can be seen that the charge-control
method of transistor analysis is generally limited to low-level in-
jection and one-dimensional current flow in a uniform base transistor,
Although scme attempts have been made to overcome these restrictions,
there is no single, camprehensive, coherent theory which eliminates all
of them simultaneously. Further, the velocities and time constants in-
troduced by various workers are mathematical quantities, with little or

no conceptual meaning. In addition, those workers who refer to a
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"transit time" fail to explain of what it is the transit time if there
is recombination, when not all of the injected carriers are collected.
As is pointed out by Narud, Hamilton, and Lindholm [15,16], and Koehler
[17,18], the charge-control concepts lie somewhere between a physical
model (such as that of Linvill [19]) and an electrical model (such as
that of Ebers and Moll [20]).

As originally proposed [1,2], the charge-control method was
primarily employed for large-signal analysis of transistor operation,
although it has been extended to small-signal and transient conditions.
Beaufoy [5], Schmeltzer [11], den Brinker, et al., [12], and others have
given examples of circuit design and analysis using the charge-control
method, and techniques for measuring the charge-control parameters have
been presented by Beaufoy and Sparkes [1], Sparkes [6,8], and Boothroyd
[10]. A comparison of the charge-control method with other large-signal
models of the transistor has been given by Narud, et al, [15,16] and
Koehler [17,18].

It is the purpose of this work to present a coherent theoret-
ical foundation for the charge-control methods. General charge-control
results will be derived for a bipolar transistor with arbitrary three-
dimensional geometry, arbitrary impurity distribution, arbitrary re-
combination mechanisms (including spatial nonuniformity), and for any
injection level. The parameters involved in the theory will be clari-
fied by relating them to conceptual processes occurring within the de-
vice. This will allow the theory to be used for obtaining understand-
ing of, and insight into, device operation, for DC as well as low fre-

quency AC and slow transient conditions. The parameters will also be
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given electrical (circuit) interpretations where appropriate, and the
usefulness of these electrical and conceptual interpretations will be
demonstrated. These results will be used to obtain a derivation of
transistor reciprocity which is based on conceptual processes occurring
within the device, Some fundamental and practical limitations of the
theory will be presented. Primary concern will be with DC and low fre-
quency AC steady-state conditions, The displacement current will be
neglected throughout this work.

In Chapter II the charge-control parameters are rigorously and
logically derived from the transport and continuity equations., Each
parameter is given a clear conceptual significance by relating it to
conceptual processes occurring within the transistor. This is accom=-
plished mainly by separation of the injected charge into the charge
that recombines and the charge that survives (i. e. does not recombine).

This leads to the introduction of two new parameters: 6, the fraction of

charge that recombines and tr’ the recombination transit time. Some

limitations, fundamental and otherwise, of the charge-control theory
are presented in Chapter III and some applications and extensions of the
theory are given in Chapter IV. In Chapter V the Ebers-Moll equations
are derived from the charge-control theory so far developed, allowing
both an electrical (circuit) interpretation to be given to the charge-
control parameters and a charge-control interpretation to the Ebers-
Moll parameters. Finally, in Chapter VI the separation of injected
charge into recombining and nonrecombining (surviving) components is
used in a derivation of the principle of reciprocity for a bipolar

transistor.,
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In the appendix the conventional (one-dimensional) derivation
of the current relations for a diode under high-injection conditions is

presented.,
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CHAPTER 1T

BASIC CHARGE-CONTROL CONCEPTS

In their original paper, Beaufoy and Sparkes [1] treat a one-
dimensional transistor with a uniformly doped base. They introduce time
constants, each of which is defined as the ratio of injected charge to
the relevant current, but fail to attribute any conceptual meaning to
them, Under the assumptions of one-dimensional current flow and no re-
combination, but with a nonuniform impurity distribution allowed, Moll
and Ross [13] derive an expression for carrier transit time but, as
Varnerin [4] points out, they introduce a velocity with no direct con=-
ceptual significance. In addition, it is not obvious how to extend
their results to three dimensions or to include recombination.

In general (DC or AC, steady-state or transient) the carrier
transport current through a surface is given by the time rate of flow

of charge through that surface

(2.1)

H

i
2|2
o

In the DC steady=-state the current is constant, so that Eq. 2.1 may be

integrated as

T Q
Ij‘dt:j‘dQ. (2.2)
O [o]

IT =Q (2-3)
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(2.4)

where Q 1s the total amount of charge passing through the surface in
time T, Equation 2.4 is valid for any time T and its associated
charge Q in the DC steady-state., Furthermore, if this same charge
passes through another surface some distance removed from the first
surface*, Eq. 2.4 gives the current through that surface also.

In the case of time-varying signals, Eq. 2.4 does not give
exactly the current through the two different surfaces. The reason for
this is that, so far, the nonzero time taken by the charge to travel
between the two surfaces has not been accounted for., It is clear how-
ever, that if the signal frequency is sufficiently low then this effect
can be neglected. This represents a (frequency) limitation of the
theory and is discussed further in Chapter III.

Charge-control theory, as developed from the Beaufoy-Sparkes
model, starts from Eq. 2.4 and declares that the total excess minority
charge in the base is a convenient value for Q and that 7T 1is what-
ever is required to obtain the proper current value, For the base
current, T is the recombination lifetime if it is uniform throughout
the base. For the collector current (for emitter injection) in the
absence of recombination, T 1s the average time taken by carriers
to travel from the emitter to the collector (the transit time). Un=-

fortunately, T 1is given no conceptual interpretation at the injecting

* For instance, the emitter and collector junctions of a bipolar
transistor with no recombination.
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Jjunction, or at the collecting junction in the presence of recombination,
In this chapter Eq. 2.4 will be derived from the carrier
transport and continuity equations in such a way that not only the
convenience, but also the limitations of using the excess minority
charge for @Q will become obvious, The associated time T will be
obtained simultaneously with the charge from the same equations, so that
its significance will be clear, No restrictions will be made on geometry
or impurity distribution, and nonuniform, although lihear, recombination
rates will be allowed. For the sake of definiteness an NPN transistor
will be considered, with the positive (hole) current directions as
shown in Figure 2.1l. Note that electron flow from emitter to collector
represents a positive emitter current but a negative collector current.
For conciseness of notation, the following convention will be
adopted, If there is no subscript to indicate whether hole (p) or
electrons (n) ére being considered, then the parameter in question
refers to either or both. A current (density) I (j) with a single
subscript (E,B,C) indicates the total flow through the emitter, base,
or collector due to all mechanisms being considered. The symbol
“Iv (ujv) refers to the current (density) through surface v due to
injection at surface up. Although the discussion will be primarily in
terms of electrons injected into the base from the emitter of an NPN
transistor, the principles also hold for holes as the current carrier
(majority or minority), injection from the collector, or for a PNP

transistor,
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Fig, 2.1 Definition of positive current directions. Holes
flow in direction of arrows, electrons flow

opposite from arrows for positive currents.
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2.1 Three Dimensions, No Recombination

2.L.1 Velocities

*
The electron transport current density can be expressed

as [21]

U=
j=e [ udn(uw (2.5)
u

—e= 0

where u 1is the component of individual electron velocity along the
direction of current flow (j/j) and can be either positive or nega-
tive according to whether the velocity is parallel or anti-parallel
to the net carrier flow, and dn(u) is the density of electrons with
velocitles between u and u + du. The integration is to be carried
out over the total density of electrons ét the point at which the
current density is to be evaluated. The quantities J, u, and dn
may vary with position, but the total current must be independent of
position for the DC steady-state since the condition of no recombination
has been specified.

The electron density and the velocity may each be expressed

as the sum of two terms: that which is due to conditions existing in

* The quantity j (as defined by Eq. 2.5) is the negative of the
conventionally defined electron current density, so that Eq. 2.5
must be considered as the electron charge flux density. To avoid
minus signs, Eq. 2.5, rather than its negative, will be used
throughout this work, and J will be referred to as a current
density. For holes, a similar relation to Eq. 2.5 will be used, so
that both and J are positive for positive carrier velo=-
cities, Thuf the total current density is J_ - j_ rather than
the usual J_ + J. P
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equilibrium (subscript o), and that which is due to a change in boundary
conditions such as an increase in applied voltage (primed). Then

Eq. 2.5 becomes

ca.
I

e f (uo + u')(dn0 + dn') (2.6)

e f uodno(uo) + e I_ u'dno(u') + e I uodn'(uo)

U == PRESLS . u_==®
(¢ o

[ee]

+ e I utdn'(u') (2.7)

u'=-®

where ug is that part of the individual electron velocity u which
can be attributed to random thermal motion and drift in a built-in
electric field. Thus the velocity u, can be attributed to conditions
which exist in thermal equilibrium, and it will be referred to as the
equilibrium velocity of individual electrons., The velocity u' 1is
that part of the individual electron velocity u which can be attri-
buted to nonequilibrium conditions, such as an electric field which is
caused by the injected carriers (i.e. due to a breakdown of quasi-
neutrality at high injection levels); this velocity component will be
referred to as the excess wvelocity of individual electrons. The
parameters U and u' are algebraic quantities, with a positive or
negative value indicating whether the velocity component is parallel
or anti-parallel to the direction of net carrier flow,

The first two terms to the right of the equal sign in Eqg. 2.7
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are to be integrated over the equilibrium electrons with the indicated
velocity ranges. The last two terms are to be integrated over the
excess electrons with the indicated velocity ranges.

The first term on the right of Eq. 2.7 is the equilibrium
current and is of course zero*. The second tern 1s the current due to
a change in velocity of the equilibrium carriers, as in the un-pinched-
off region of a junction field effect transistor [22,23] or in an
ordinary resistor. This term is also important for high injection
levels in diodes and transistors. The third term is the current due
to injected (excess) carriers traveling at equilibrium velocities u
(positive or negative), as in a Junction diode or transistor under low=-
level injection conditions., The last term is the current due to the
injected carriers traveling at excess velocities u'! which are deter-
mined, in part, by the injected carriers (or external bias conditions).
This term 1s important in a diode or transistor at high injection levels
and is the entire current in the pinched-off region of a junction field
effect transistor [2L4,25]. In this work low-injection conditions in a
diode or transistor will be of primary interest, and so attention will
be focussed on the third term in Eq. 2.7. However, in Chapter IV,
Section 4,2, high injection levels will be explicitly considered, and
the second and fourth terms will be includéd. Although attention will
be restricted to PN junction diodes and bipolar transistors, the prin-

ciples herein developed are also applicable (with some modifications)

* In equilibrium there are as many carriers with velocity + Iuol as
there are carriers with velocity -luol, so that the first inte=-
gral is zero without either u, or nj being zero.
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to other types of devices, as demonstrated by Johnson and Rose [3] and
Middlebrook [26].
In order to eliminate the integrations from Eq. 2.7, we make

the following definitions:

n, = I dn_ (2.8)

n' EI dn? (2.9)

n=n_+n' (2.10)
I

¥, Ei £ °°uodn'(uo) (2.11)
N R

v? ol J‘ u'dn(u') (2.12)

ui==®

where the integrations in Egs. 2.8 and 2.9 are carried out over all
equilibrium or excess electrons respectively, regardless of their
individual velocities, the integration in Eq. 2.1l is carried out over
all excess electrons, and the integration in Eq. 2.12 is carried out
over all electrons.

From Eq. 2.1l 1t is seen that ¥ is the average value of
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the individual equilibrium velocity for excess electrons at a point*.
The velocity T will be referred to as the point-average equilibrium
velocity of excess electrons and will later be related to the ensemble
velocity of a group of electrons (see Egs. 2.15 and 2.16). Millman
and Seely [27] have shown that electrons injected from a metal into a
vacuum obey the Maxwell-Boltzmann distribution function in the vacuum
if they were Fermi-Dirac distributed in the metal and the barrier
potential (work function) is more than a few kT above the Fermi level.
This result also holds for injection from the emitter into the base
region of a transistor, if the density of carriers in the base is suf=-
ficiently small that the Pauli exclusion principle can be ignored in
determination of the electron energy distribution. If this condition
is satisfied, then the energy distribution of injected electrons is
unaffected by the electrons already in the base region, so that the
injected electron energy distribution is the same as if the electrons
were injected into a vacuum except that the effective mass, rather than
the free-electron mass, must be employed., Thus, if the density of in-

Jjected electrons 1s sufficiently large that a statistical analysis is

* This is an average over all excess electrons at a point in space
and is independent of time in the DC steady-state. It may be
imagined that we obtain v_ by adding algebralcally the velocities
of excess electrons crossing a small surface area normal to the
current flow, dividing by the total density of electrons involved,
and taking the 1limit as the element of surface area becomes infini-
tesimal, The quantity v_  1is to be distinguished from the time=~
average velocity of an inividual electron, which is zero in the
absence of an electric field and is the drift velocity if there is
an electric field.
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valid*, it may be concluded that the point-average equilibrium velocity
=, of injected electrons is independent of the density n' of inject-
ed electrons.

From Eq. 2,12 it is seen that v' is the average value of
the individual electron excess velocity u' for all.electrons. The
quantity v' will be referred to as the average excess velocity of
electrons,

With the use of Egs. 2.8 - 2,12, Eq. 2.7 may be rewritten as

(since the first term is zero)
J =env' + en'v, (2.13)
For low injection levels the first term is negligible  so that we have
J =en'v, (2.1k4)

where J 1s the transport current density in the direction of current
flow, n' is the density of excess or injected electrons, and Vs is

the point-average equilibrium velocity of the injected electrons. Thus,

* For very low injection levels, the injected density will be too
small to yield a meaningful statistical average, so that Eq. 2.11
will not be a particularly useful expression. For the remainder
of this work, we will always consider a sufficiently high injection
level that statistical averages will be meaningful,

*% This can be seen by comparing the two terms with the aid of Egs. 4.6~
4.8 for the velocities and Eq. A.4 for the current density.
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since all terms in Eq. 2.l4 have a clear conceptual meaning, Varnerin's
objections [4] to using Eq. 2.14 as a starting point for the derivation
of the charge-control parameters have been overcone,
An alternative interpretation of the velocity v, can be obtained

from the usual expression for electron current density in low injection
i = - L 1] 2.1
1= -enf n'-ed ¥n (2,15)

where Eo is the electric field due to any impurity gradient. Com-
parison of Eq. 2,14 (in vector form) and Eq. 2.15 shows that

3

Yo = = Mo = Dy (2.16)

so that v~ can be interpreted as the component, in the direction of
current flow, of the vector sum of drift and diffusion velocities.
Under low-injection conditions (for which Egs. 2.14 - 2,16 are valid),
the shape of the spatial distribution of excess electrons is independent
of the magnitude of n' (or the externally applied bias). Hence, it
may be concluded that v as given by Eq. 2.16 is independent of the
injected electron density, as it must be if Egs. 2.14 and 2.15 are to
give the same result. The velocity v, can be considered eilther as
the point-average equilibrium velocity of individual electrons or as
an ensemble velocity. The former interpretation was used in the dis-
cussion of Eq., 2.11, while the latter description is more appropriate
here. Since the excess density gradient is of opposite sign (and may

be of different shape and magnitude) for emitter and collector injection,
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it follows that in general vy is not the same for emitter and collect-

or injection, or
¥ # e (2.17)

where uvO is the ensemble velocity of carriers that were injected at
surface u.

Equation 2,16 leads to the conclusion that v, becomes in-
finite when n' becomes zero if the excess density gradient approaches
zero at a slower rate than does n', or remains nonzero. This is, of
course, impossible. There are three conditions which may cause the in-
jected electron density to become zero at a certain position: first, the
trivial case of zero applied voltage or current: second, the condition
of infinite recombination rate, which is excluded here; and finally, the
condition of a forward-biased emitter and a reverse-biased collector. If
the collector injection is considered to be negative, the net injected
density will go through zero in the base region, while the gradient re-
mains nonzero, In this case, the problem of an infinite velocity can be
eliminated by retention of the distinction between emitter and collector
injection., 1In this way a v, can be defined for each injecting junction,
neither of which becomes infinite. Alternatively, the distinction be-
tween injected and equilibrium carriers could be eliminated and only the
total electron density (which is never zero) considered. Unfortunately,
this does not lead to easily understandable results, Conventional first-
order theory contradicts the above argument by assuming that the density
of emitter-injected electrons is zero at the collector. This is impos-

sible and will not be considered further. (See Middlebrook [28,29] for
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a discussion of this point,)

2.l.,2 Characteristic Times and Charges

To simplify the analysis in a general three-dimensional
geometry, it will be convenient to introduce a set of orthogonal flow-
tube coordinates., In this system, x 1is defined to be the position
coordinate along the axis of a flow tube of current (i.e. along the
direction of current flow Q/j), and y and z are the position coordi-
nates, orthogonal to each other, lying in the surface normal to the
flow tube (i.e. on a constant quasi-Fermi level surface)., This coordi-
nate system is illustrated in Figure 2.2. It may be noted that this
coordinate system reduces to the familiar Cartesian system if the base
region is rectangularly shaped and the impurity gradient is appropriately
directed.

With this definition of coordinates, Eq. 2.14 may be written

as (for emitter-injection only)

i(x,y,2) = e En‘(x,y;z) Evo(x,y3z) (2.18)

where En' is the excess electron density due to injection from the
emitter, EvO is the ensemble velocity of electrons injected from the
emitter, and Jj(x,y,z) is the current density along a flow-tube.
(Similar notation will be used for collector injection and for holes.)

Rearrangement of Eq. 2.18 and integration over the base volume leads to
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Fig. 2.2 Example of a flow-tube coordinate system,
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jjj E%§%§¥§?%7 &de.-JUJ en n'(x,y,z)d(vol) (2.19)

Base Base

where dS 1is the cross-sectional area of a flow tube and is not
necessarily constant along a flow tube, Since recombination has been
excluded, the current must be constant along a flow tube, so that
j(x,y,2)dS must be independent of position x along the flow tube.

Thus, Eq. 2.19 can be rewritten as

gfg(x ,Y,2) I _V_(§7§;—7 as = gﬁf e n'(x,y,z)d(vol) (2.20)

ase

where W(y,z) 1is the length of a flow tube from the emitter to the
collector, and the surface integration may be carried out over any sur-
face that crosses all of the flow tubes in the base region. The X
integral on the left-hand side of Eq. 2.20 yields the emitter-to-collector
transit time for a particular flow tube

W(y,z)

etc(Y;Z) f —;fzgjy:—j (2.21)

This is essentially the same expression for transit time as given by
Moll and Ross [13] except that here it has been generalized to an arbit-
rary three-dimensional geometry and the velocity has been given a clear

conceptual interpretation as the point average equilibrium velocity of
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excess electrons (Eq. 2.11) or the ensemble velocity of excess electrans
(Eq. 2.16). Recognizing that the right-hand side of Eq. 2.20 is the total
excess charge of electrons in the base due to injection from the emitter

EQ', we have

gfj(x,y;z) etc(yyz)ds = EQ' (2.22)

The average transit time can now be defined as

[36em,%) b (,2) as

b o=(t) =2 (2.23)

E .
G = & gfa(x,y,z) ds

so that is the average emitter-to-collector transit time per flow

EtC
tube, weighted by the current carried by the flow tube. It is important
to note that, since vy is different for emitter and collector injec=

tion, the average emitter-to-collector transit time is not equal to the

average collector-to-emitter transit time:
=& # ot (2.2k)

Since recombination has been excluded, the current through any
surface S 1is the same as the current through any other surface (delay
time neglected), so that the denominator of Eq. 2.23 is simply the total
current, If we substitute Eq. 2.23 into Eq. 2.22 and rearrange, we

arrive at the desired result
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=

(2.25)

&
]
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This is the usual charge-control result. However, the reason for using
the total excess (injected) electron éharge EQ' in the base is now
clear: this quantity arises "naturally" from integration of the equation
of carrier transport over the entire base volume (a "natural" choice for
the integration region)., Furthermore, the "time constant" involved in
the result has been directly related to internal processes (i.e. carrier
transport) rather than being defined as the ratio of charge to current.

The charge _Q' may be given either of two interpretations.

E

The usual description is that _Q' 1is the total excess electron charge

E

stored in the base; however, this implies a static condition which does
not exist (any steady-state condition which may exist is a dynamic steady-
state). A dynamic interpretation is that EQ' is the electron charge

Ql

injected into the base. In the absence of recombination, as here, -

is also the collected charge and the charge in transit associlated with

one transit time. That is, a total charge _Q' crosses the base from

E

the emitter to the collector in one transit time,

2.2 Three Dimensions, Recombination

In this section only Shockley-Read [30] or similar recombination
mechanisms will be considered,

2.2.1 Velocities

The presence of recombination in no way affects the discussion
of velocity in Section 2.1.1. The point-average equilibrium velocity of

the injected electrons (vo) is unchanged and is to be associated with
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an electron as long as it exists in the base.

2.2.2 Characteristic Times and Charges

As in Section 2.1.2, the electron current density due to in-

jection at the emitter (for low-injection) may be written

E.j(x,y,Z) = eEn’(x,y,z) EVO(X,Y,Z) (2'26)

However, in the presence of recombination, the current is no longer
constant along a flow tube*, so that Eq. 2.26 cannot be integrated as

was Eq. 2.18. In order to overcome this difficulty the injected charge
is separated into two components, 1) the density of emitter-injected

(E) electrons at point (x,y,z) that are destined to recombine (r) before

reaching the collector n'r(x,y,z), and 2) the density of emitter-

E
injected (E) electrons at point (x,y,z) that are destined to reach the
collector (C) En'c(x,y,z). If collection by the base contact were to
be accounted for, it would be necessary to add another component En'B’
but this current will be neglected here., These components are shown

schematically in Figure 2.3. Clearly we have
En'(x,y,z) = En'r(x,y,z) + En'c(x,ygz) (8.87)

2. (Cy,2) =0 (2.28)

* We consilder the electron flow tubes only. The hole flow from the
base contact does not affect the electron flow tubes under low in-
Jjection conditions.
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BASE

En'(:y,/z) NG (x,y,z)\

e

ELECTRONS

Fig. 2.3 Schematic diagram showing the
destinations of emitter-injected
electrons in the DC steady-state.
Similar diagrams can be made for
holes or for injection from other

surfaces.
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En' (C,y,2) = En’C(C,y,z) (2.29)

if En'B is neglected, where C indicates the x coordinate at the
collector,
The current density of nonrecombining (collected) electrons

may now be written as

ch(x,y3z) = e En'C(x,y',z) Evo(x,y,z) (2.30)

and the current density at the emitter as

EJECY’Z) = EJ(E,y,Z) = € En'(x,y,z) EVO(X’y’Z)]E (2-31)

where it has been assumed that the electrons that recombine and those
that survive (do not recombine) have the same energy and velocity dis-
tribution, so that the same average velocity may be used for both.

The separation of the injected charge into two components has
led to an expression for the collected current density which can be
integrated in the same way as was Eq. 2.18 with no recombination. This
is possible because ch(x,yyz) is the current density of the electrons
that do not recombine and hence can be treated as though there were no

recombination, Thus, Eq., 2.30 becomes

EC - %t (2.32)
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where
g = (e g o (%, ¥, 2)d(vol) (2.33)
Base
Lgia(xy,2) 8, (v, 2)ds
st = = (2.34)
IIEJC(X’ y,2)ds
C
and
W(Y,2) gy

) = [ Sy e
Equation 2.34 can also be rewritten as

f e.n' (x,y,2z)d(vol)
ase © ©

rbo = (2.36)
gIeEn'C(X: Y Z)EVO(X’ y,2)ds

It can be seen from Eq. 2.36 that under conditions of low injection

level and neglect of the Early effect [1h], EtC is independent of the

applied current or voltage.

Under DC conditions, Q'C is the charge that is collected in

E

one transit time, or is the charge in transit across the base associated

with one transit time.
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It is seen that EQ'C is the total electron charge that is removed
from the base by collection in one transit time, Thus, it is clear

that EQ rather than EQ', is the relevant charge for determination

'C’
of the collected current.

The quantity EtC is the weighted average emitter-to-collector
transit time of the injected electrons that reach the collector. That
is, any electron injected at the emitter either reaches the collector
in an average time EtC or does not reach the collector at all (i.e.
recombines),

The emitter current may be obtained by integration of Eq. 2.33

over the emitter junction

oI = éIEjE(y)z)dS - gfeEn'(x,y)z) Evo(x,y3z)dS (2.37)

We now define

[T egn' (x,¥,2)d(vol)

_ Base
gt = ‘geEnr(x,y,z)Evo(x,y,z)ds (2.38)

so that substitution of Eq. 2.38 into Eq. 2.37 yields the expression

5 (2.39)

L

1l
= Itlj
-

where
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%JI e.n'(x,y,z)d(vol) (2.40)

ase

which is the usual charge-control relation for the emitter current under
DC conditions. A conceptual interpretation of ET (the emitter injec-
tion time) will be given in Section 2.2.5. Again, the reason for use of
the total injected charge in the expression for the emitter current is
clear, This charge enters "naturally" from integration of the carrier
transport equation over the entire base volume (a "natural" choice for
the integration region). Also, EQ' is the total charge injected in
one emitter injection time,

The total injected electron charge that recombines may also

be obtained by integration of the density of injected electrons that

are destined to recombine before being collected:

gjje 7 (x v, 2z)d(vol) (2.41)

ase

This result will be used in Section 2.2.4.

.2.3 Average Recombination Lifetime in the Base

The DC continuity equation for electrons is

Z"i =e U (2.,)-#2)

Integration of Eq. 2,42 over the base volume and use of Gauss' theorem

leads to
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E, = ]w e U d(vol) =R (2.43)

ase

where R may be considered to be the recombination rate of excess

charge for the entire base volume, while U 1is the recombination rate

of excess carriers for an infinitesimal volume, In analogy with the

point lifetime, which Shockley and Read [30] define as

an(x,y,z) E'Eﬁéﬁf%fgg (2.44)

the recombination lifetime for the entire base (for ihjeétion from the

emitter) may be defined as

Q’l
e (2.45)

Ean

Use of Egs. 2.43 and 2.44 in Eq, 2.45 gives.

il
. [[[ = a(vol)
- ase nr . 2.&-6
Ean £££e En d(vol) ( )

*
so that Ean may be interpreted as the average excess electron life-

time in the base for injection from the emitter, weighted by the density

* l/'rnr is related to the probability of capture [30]; it is really
the probability that is averaged.
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of electrons subject to a particular recombination rate (lifetime, or
probability of capture).
If the recombination rate is spatially uniform and independent

of the carrier density (low-injection), then

- (2.h7)

and
T = T (2.’48)
On the other hand, if the recombination rate is not spatially

uniform or if high injection conditions exist, Eq. 2.47 is not valid.

In general,
gt (%,9,2) # 0" (%,7,2) (2.49)

so that the reciprocal lifetime is not averaged with the same weighting
function for both emitter and collector injection. Hence, in general
(2.50)

Ean % Can

2.2.4 Collection Lifetime and Recombination Transit Time

In the previous section the collector current wés obtained in
terms of the collected charge and its transit time, In contrast, Beaufoy
and Sparkes [1,2], Sparkes [8], Baker and May [9], Gray, et al. [31],

and others, express the collector current in terms of the total injected
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charge to define a collector time constant

i (2.51)
T [ 24D
EC I

Il

. *
to which they give no conceptual interpretation ., In this section, we

will give a conceptual interpretation to ETC and show that it is ana-

logous to the recombination lifetime ETr'

Ignoring microscopic details, we may say that recombination
and collection in a transistor base are similar mechanisms in that
they both serve to remove injected carriers from the base region., Thus,

since the recombination lifetime is given by (see Section 2.2.3)

_EY 2.52
E'r T (2.52)

we may, be comparing Egs., 2.51 and 2.52, consider to be a transit

E C
or collection lifetime. That is, ETr is the mean time required for a

carrier to be removed from the base by recombination alone, and e is
the mean time for a carrier to be removed from the base by collection
alone,

Furthermore, in analogy with Eq. 2.32 for the collected current,

we may define a recombination time constant by

* Gray, et &l, [31] show that _T, = WZ/ZDn in a one-dimensional,
uniform-base transistor if recombination is neglected, but fail to
identify this term as the carrier transit time,
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o (2.53)

Since is the mean time for a carrier to travel from the injection

EtC
point to the collection point (where it is removed from the base), Etr
may be interpreted as the mean time for a carrier to travel from the
injection point to the recombination point (where it is removed from the
base). Thus Etr is the recombination transit time for injection at
the emitter. It is obvious that the recombination lifetime is equal to

or larger than the recombination transit time, or

T & 3 (2.54)

since the carriers with longer recombination transit times are collected
before they can recombine and are not included in the determination of

Etr'
that the collection lifetime is larger than or equal to the collection

A similar argument for the collection times leads to the conclusion

transit time, or

g'c 2 gl (2,55

If we define

(2.56)
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: *
as the fraction of injected charge that recombines then the integrated

)

form of Eq. 2.27 yields

Q' = (1~ ;8).Q (2.57)

Furthermore, Eqs. 2.32 and 2.51, and Egs. 2.52 and 2,53, together with

Egs. 2.56 and 2.57, lead to

t
EC
Ec~T- 38 (2.58)
E
and
t = 6 T (2059)

from which Egs. 2.54 and 2.55 follow immediately, since g < 1.

The foregoing results may be interpreted as follows., The
entire injected charge is to be associated with the lifetimes, both
recombination and collection, whereas only the charges involved in the
particular mechanism are to be associated with the transit times. Since
ETr is related to the probability per unit time of recombination [30],

it may be said that is related to the probability per unit time of

E'C
collection, Also, EQ'r can be interpreted as the charge removed from

the base by recombination in one recombination transit time, In the DC

* The quantity 8§ can also be interpreted as the probability of
recombination ¥or minority carriers injected at the emitter.
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steady-state, this charge is also the majority charge injected through
the base contact in one recombination transit time Etr'

2.2.5 Base Current and Injection Time

To complete the solution of the transistor, the base current
must be obtained, If we use Egs. 2.32 and 2.39 to obtain IB as the
sum of collector and emitter currents, the result will be valid only
under DC conditions since we have, in those equations, not accounted
for the increase in excess charge in the base region due to the nonzero
emitter-to-collector transit time, In the derivations in Section 2.2.2
an instantaneous redistribution of charge after a change in the boundary
conditions was assumed, whereas, of course, a nonzero time is required.
During this time there is a component of base current consisting of
majority carriers being injected at the base contact at a rate equal
to the rate of increase in minority carriers due to emitter injection.
There are two ways to account for this base current component. The
tedious method is to include the time delay when calculating the emitter
and collector currents so that they can be used to obtain the total (time-
varying) base current. The easier method is to use the charge-control
approach to obtain the base current from the continuity equation.
Furthermore, this approach will lead, in a straightforward manner, to
the inclusion of the recombination lifetime in the result.

For emitter injection, the electron continuity equation is

egn’ g’

. E

Pug = = & B (2.60)
v
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where the recombination lifetime Tr includes both bulk and surface
recombination [32-35] and may vary with position or carrier density.
Integration of Eq., 2.60 over the volume of the base, and use of Gauss'

theorem in the left-hand side, leads to

& i - 1T -

Base Base

XQ‘JJ e_n' d(vol) (2.61)

On the assumption that electrons do not cross the base contact (i.e. ideal
base contact), so that the left hand side of Eq, 2.61 is the difference
betﬁéen the emitter and collector electron currents (which is just the
base hole current), this result can be written as

Q' Q'
EX0 e 2.62)
Er

This is the usual charge-control expression for the base current [7,9],
except that it has been extended to nonlinear, nonuniform, and surface
recombination,

We can now obtain an expression for the (time-varying) emitter
current accounting for the increase in excess charge in the base, and

thus extend Eq. 2.39, by using Egs. 2.32 and 2,62, Thus

e = 5 " £le (2.63)

Q' Q! Q
» ET 5 Et ¢ ZFC (2.64)
Er E C
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From Egs. 2.39, 2.57 and 2,64 it is seen that (for DC conditions)

1
SneRaduk (2.65)

The numerator of the transit time term is explained by the fact that
only a fraction (1 = E&) of the injected charge is to be associated
with the transit time, whereas all of the injected charge is associated
with the recombination lifetime and the emitter injection time, as dis-
cussed in Section 2,2.4, From Eq. 2.65 it is seen that ET is the
parallel combination of the recombination and collection lifetimes.
This is in accordance with intuition since the two mechanisms for re-
moval of carriers from the base operate independently and simultaneously
on all carriers. It is now seen that the emitter injection time g
as defined by Eq. 2.38, has the significance that-in the time ET all
of the injected carriers are removed from the base and replaced by new
carriers (in the steady-state).

2.3 Conclusions

The basic charge-control parameters have been derived from the
carrier transport and continuity equations in a clear and logical fashion.
No restrictions have been made as to geometry or impurity distribution,
and spatially nonuniform recombination (bulk and surface) has been in-
cluded, Most of the detailed discussion is for low injection levels,
but the concepts are also applicable to high injection levels; this
extension will be made explicit in Chapter IV. Throughout the discussion,

a one-to-one correspondence has been maintained between charge-control
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parameters and conceptually clear processes., In this way the original
Beaufoy-Sparkes model, which is more mathematical than conceptual (as
has been pointed out by Hamilton, et al. [16] and Koehler [18]), has
been converted into a model which can be used to obtain an understanding
of and insight into device operation for DC as well as low frequency AC
and slow transient conditions.

The major obstacle to a clear conceptual interpretation of the
charge-control parameters has lain in the meaning of the transit time
in the presence of recombination, as has been pointed out by one of the
originators of the charge-control model [36]. The separation of the
injected charge into that which is collected and that which recombines
removes this obstacle and allows a clear conceptual understanding of the
transit time and carrier velocity to be obtained, with or without re-
combination. A conceptual interpretation of the Beaufoy-Sparkes [1]
collector time constant, which heretofore was a strictly mathematical
parameter, is also obtained. Two new parameters have been introduced:

the recombination transit time, and the fraction of charge that recombines.
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CHAPTER IIT

LIMITATIONS OF CHARGE-CONTROL CONCEPTS

In the previous chapter the basic charge-control parameters
were defined and derived without an indication of the range of conditions
over which they are meaningful. It is generally understood that the
charge-control concepts are valid for sufficiently slow variations in
the external boundary conditions [31], and that this frequency limitation
is in some way connected with the carrier transit time across the base
f3]. However, this connection is not always fully explained.

In this chapter some frequency limitations of the charge~
control concepts will be presented. Some other limitations of usefulness
or convenience will also be discussed which, while not fundamental, are
of importance. One of these limitations will be overcome by a modifica-
tion of the theory.

3.1 Continuity and Transport Equations

A1l derivations of charge-control relations [1,8,9,16,18],
including those in the present work, assume the validity of the carrier
transport and continuity equations. This is true also for the Ebers-
Moll [20] circuit model and Linvill's [19] lumped model. Thus, all of
these results are limited to conditions in which these equations are
valid, as has been pointed out by McKelvey, et al. [37], McKelvey [38],
and Hemilton, et al. [16].

If the transport and continuity equations are to be valid, then
the concepts of drift and diffusion must be meaningful, This requires
that the mean time to recombination (lifetime) be large compared to the

mean time between collisions, and that the dimensions of the base region
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be large compared to a mean free path [16,37,38].
For most devices, these restrictions are almost always satis-
fied, so that this limitation will not be further considered.

3.2 First-Order Approximation

The charge-control relations obtained in Chapter ITI are valid
within, and limited by, the usual first-order approximations made in
conventional transistor analysis, In particular, it has been assumed
that the device can be separated into fully depleted regions and quasi-
neutral regions, with abrupt boundaries between them, It has been
assumed that the density of injected minority carriers is zero at the
collecting junction; that is, the collecting junction is an infinite
sink for minority carriers. Also, carrier generation and recombination
within the depletion layers and the emitter and collector regions has
been neglected, as have any other phenomena which may occur outside the
quasi-neutral base region (such as charge storage in the collector region).

3.3 Delay Time

In Chapter II, in the expressions for the emitter, base, and
collector current, it was assumed that all of the currents could be ex-

*
pressed in terms of the same charge Q'. This assumption is clearly

E
violated for a time-varying signal. Account must be taken of the fact
that the collector current at time t 1s not determined by the charge

being injected into the base at time t, but rather by the charge that

was injected approximately one transit time earlier. This is the delay

* This is essentially the assumption of instantaneous redistribution
of charge that appears in the literature [5,16-18].
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time which must be used in the boundary conditions in the solution of
the continuity or diffusion equation, For sufficiently low frequencies
and signal levels that the injected charge does not change greatly
during one transit time, this effect can be neglected. It is thus re-
quired that
21

<< . aa
tdelay T e (3.1)

in order that the delay time should be negligible, where « is the

signal frequency, T is the signal period, and t is the delay

delay
time, which is of the order of magnitude of the transit time,
For a one-dimensional, uniform-base transistor, Baker and May

[9] have determined the delay time as

(3.2)

;

tdelay

However, instead of associating the delay time with the charge in transit,
they consider it as a time-dependent transit time, Mathematically this

is perfectly valid, since in an equation of the form

- ', (s)
o (8) = E-t?cw 7(s) (3.3)

where s 1s the Laplace transform variable, it is arbitrary as to

whether F(s) 1is associated with EQ'C(S) or with EtC' However, it

is clear that association of F(s) with EQ'C(S) would more closely
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represent the process involved.
The delay time limitation can be circumvented by evaluation

of the transport current as

H
]
Alo

(3.4)

where T 1s sufficiently small that the current and charge are approx-
imately constant during the time T, For T < by (where t, 1is the
average transit time) a time interval can always be chosen (e.g. T/100)
such that I 1is approximately constant during T, If this is done,
however, then T has no direct conceptual significance and is a direct
function of the applied signal. In this case charge-control no longer
gives simple, understandable results: it is valid, but not useful. This

approach will ultimately lead back to

dqQ
I=g (3.5)

for sufficiently high frequencies and small T,

3.4 Displacement Current

As usually formulated, the charge-control relations assume a
sufficiently low signal frequency that the displacement current can be
neglected, This is tantamount to the assumption that the period of the
signal T 1is large compared to the relaxation time trelax' Since the
transit or injection time is usually largef than the relaxation time, the

effects described in the previous section limit the validity of the re-

sults to a lower frequency, so that the displacement current can be
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neglected., This assumption will be made throughout this work. However,

if

trela.x . tt (3'6)

where t, is the average transit time, then the displacement current

must be accounted for.

3.5 Other Frequency Effects

So far, only phenomena which are fundamentally involved in
the operation of a transistor have been considered. However, other
effects must sometimes be taken into account. In particular, for suf-
ficiently large applied bilases and/or small base widths, the depletion
layer widening effect on the base width may be significant [14]. This
can introduce an additional time dependent term into the transit time
and must therefore be accounted for. Its effect, through the change in
base volume, on the injected charge and charge in transit must also be
included, as must the time delay between a change in the external signal
and the attendant depletion layer change in width,

In general, most second-order effects have some frequency
dependence assoclated with them which must be considered in determination
of the region of validity of the charge-control equations, These are
generally not fundamental to transistor operation (but may be of practical
importance) and can more or less easilyvbe accounted for, These effects
will not be considered.

3.6 TLoss of Simplidity

The discussion of charge-control in Chapter II was mainly
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concerned with first-order effects encountered under low-injection
conditions, although high-injection was explicitly allowed for in a
few places. This was not intended to imply any basic limitation of the
theory, but rather to simplify the discussionj; in Chapter IV the theory
will be extended to high-injection conditions and other phenomena. In
this section it will merely be noted that, while the charge-control
concepts and methods can be extended to some higher order phenomena (ex-
cept possibly high frequency effects), such an extension is almost
always accompanied by an attendant increase in complexity of the para-
meters and concepts. This, of course, is also true of other models.
For high injection levels or base width variations with voltage, for
instance, the transit time is no longer a constant dependent only on the
device structure, but becomes a (possibly complex) function of applied
bias, injection level, or time, If the restriction to low-injection
Shockley-Read recombination is eliminated, then the lifetime also be-
comes a function of injection level, It is to be emphasized, however,
that the charge-control principles are valid and useful under these
conditions, although the low-injection simplicity is lost.

3.7 Differential Versus Integral Results

A limitation of the charge-control theory arises in switching
applications., This is due to what Gray, et al. [31] refer to as charge
storage in the remote regions of the base (see Figure 3.1l). In transistor
switch-off operation (i.e. removal of all injected charge from the base)
the first charge to be removed is that which is physically between the
emitter and collector junctions, in the active region. This is because

the time for these carriers to reach the emitter junction is less than
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EMITTER
® /\ © /N <l—BASE
REMOTE ACTIVE \ REMOTE
COLLECTOR
®

Fig. 3.1 Remote and active regions of the

base in a planar transistor.

%//PREMCTED BY CHARGE-CONTROL

OBSERVED

Fig. 3.2 Emitter current during switching from
the saturation to the off condition,
illustrating the "wiggle" effect.
(After Gray, et al. [31])
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that for the carriers in the remote regions. After the rapid removal
of charge from the active region, the.charge from the remote regions
diffuses and drifts into the active region, causing an increase in
current, Thus, the current waveform is similar to the solid curve
shown in Figure 3.2. However, the theory as developed in Chapter II
combines the active and remote region transit times into one average
transit time, so that this "wiggle" effect is not predicted by the
theory; only the average behavior is predicted (dashed curve in Figure
3.2},

The above result is inherent in the charge-control approach,
in which only the gross, average, or integrated behavior of the device
is represented. Integration of the transport and continuity equations
results in the loss of detailed information, but the average behavior
is correctly predicted*. This loss of detalled information may be
important in certain applications, and thus constitutes a limitation on
the range of applicability of the theory.

For the specific situation referred to above, of remote charge
storage in the base, it is possible to modify the theory to overcome
this limitation. Instead of the total injected charge and one transit
time (for each injecting junction) being considered, the injected
charge and transit time may be divided into "active" and "remote" com-
ponents so that the (possibly) very different transit times in the two

regions can be accounted for. By this means, the concepts of a lumped

* Hamilton, et al. [16] claim that the integrated equations represent
an approximation, but this is incorrect; they represent an accurate
average., ‘
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model [19,39] can be adapted to the conéepts of the charge-control
model, and & synthesis of the two thereby obtained.

3,8 Conclus ions

Limitations to the validity of the charge-control concepts
have been discussed. The most fundamental restriction is the assumption
of the validity of the transport and continuity equations; without these
equations, all else is meaningless, even for DC. Also of great import-
ance is that the theory is only valid within the framework of the first-
order approximations of conventional transistor analysis. The most
important frequency limitation is that imposed by transit (or delay)
time, although relaxation time effects may be important, especially for
switching or transient analysis. Second-order frequency effects must
also be considered.

Other limitations of the theory are related more to convenience
or utility than to validity. In the attempt to include high injection
levels and second-order effects, the parameters and concepts lose their
simplicity, and the entire theory may lose its attractiveness, although
not its validity. This, however, is also true of other models,

By integration of the basic equations and consideration of
only average behavior, detailed information is lost, as in the case of
remote charge storage in the base., This constitutes only a loss of
information, not a loss of accuracy; the average behavior is accurately
described, By combination of some of the concepts of the lumped model
with the charge-control model, this limitation can be overcome at the

cost of added complexity.
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CHAPTER IV

APPLICATIONS AND EXTENSIONS OF THE CHARGE-CONTROL THEORY

In this chapter it will be shown how the basic concepts of
charge~-control, as developed in Chapter II, can be used to determine
device capabilities and performance., The theory will also be extended
to high injection levels and second-order phenomena, and a relation
between the injected charge and the applied voltage will be obtained.

4.1 Common-Emitter Current Gain

In this section an expression for the DC common-emitter current
gain B will be obtained, under the assumption that majority carrier
injection from the base into the emitter can be neglected (unity emitter
efficiency). Then

= (k.1)

Ec
5

Using Egs. 2.32 and 2.62 in Eq. 4.1 we obtain
Q' /b
E”C/EC
R (4.2)
E Er

Equation 2.57 for _Q° yields

E”C
(L - _8).T
B e (4.3)
EC
)
p ==X (4.k)
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where Eq. 2.58 for has been used., Gray, et al. [31] have obtain-

v
EC
ed the same result under the restriction of a one-dimensional, uniform-

base transistor, without giving a clear interpretation of the parameters,

The result obtained here is valid for an arbitrary geometry and impurity

distribution.

If is considered as a collection lifetime, Eq. L.k

E'C
indicates that B is the ratio of recombination to collection lifetimes,
If the fraction of recombined carriers Eé is sufficiently small, the

current gain approaches the ratio of recombination lifetime to collection

transit time.

4.2 High Injection Levels

In this section the results of Chapter II will be extended to
the case of high injection levels, It will also be shown that the
usual high-injection equations can easily be derived from charge-control
principles.

For high-injection, the electron current density can be written

as (from Section 2.1.1)

4 — 1§ 1 L 14
Jy =en'v o+ env' o+ en'v . (4.5)
where
Vipo = = (uE) - 2 (:.6)
% - T i D
Vi T (“ng ) © X (%.7)

W
v = - (Dn '—n—,-) e X ()4.8)
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and X 1is a unit vector in the direction of current flow, so that Egs.
4,6 « 4,8 represent the component of the velocities along a flow tube.
For the case of no reconbination* Eq. 4.5 can be integrated
to obtain
Qno + Q'n s 1

I = ——— + Q' (o + —) (4.9)
B 5 nD B tnDo tnd

where Qno and Q'P are the equilibrium and excess electron charge,

respectively, and

ffen’vnDodS
1 S
= ; (k.10)
tnDo Q n
ffen‘vndds
1. S
= 7 (L.11)
tnd Q n
ffenv'nDdS
b o=E (4.12)

Q =+ Q' (4.13)

* The methods of Section 2.2.2 can be used in the presence of re-
combination,
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Since recombination has been neglected, the integrations can be carried
out over any surface that crosses all of the flow tubes in the base
region. It is clear that Eq. 4.9 could have been written down immedi-
ately (without starting with Eq. L4.5) from a knowledge of the various
forces and pseudo-forces (diffusion, equilibrium drift, excess drift)
acting on the equilibrium and excess carriers, and the charge-control
principles.

A comparison of Egs. 4.10 - 4,12 with Eq. 2.36 indicates that
t and tn are the transit times due to the built-in field and

nDo d

diffusion, respectively, while t'nD can be considered as the transit

time due to the injection-caused field., This interpretation of t'nD
leads to the conclusion that Qno/t'nD represents a shift in the dis-
tribution of equilibrium carriers., This is not to be taken literally
since all electrons are indistinguishable, but it may be a useful con-
cept.

For low injection'levels, the injection-caused field (or

velocity) is negligible, so that

Ale ol
I = G s o= (1)
n n tnDo tnd

For high-injection Q'n >> Qno’ leading to

(4.15)

Thus it 1s seen that for both low and high injection levels, the equilib-
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rium minority charge contributes a negligible amount to the total
current, For medium injection levels, where the above approximations
are not valid, this term cannot be neglected.

The hole current can be similarly expressed as

Qp it 1
I =——+ Q' ( - —) (k.16)
p t pD p tpDo tpd

where the terms are analogous to those of Eq. 4.9.

An expression for the electron current (assumed the minority
carrier current) that does not contain the transit time due to injected
carriers (or the injection-caused field) will now be obtained,

First, it is noted that since the hole and electron drift
velocities differ only by the mobility ratio, the transit times of in-~
dividual holes and electrons will differ only by the mobility ratio.
Therefore the average drift transit times must also differ only by the

mobility ratio., Thus

C+
ct
=

D D
8L u_n (L.17)
nDo nD P

under all conditions.

Solution of Eq. 4.16 for t!' and use of Eq, 4,17 leads to

pD
1 1 i ! 1 1
..__ill______E ?“__E(.____E_E ) (4.18
B Sk T8 TE % 3 .18)
pD n  nD P p pd n nDo
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Substitution of Eq. 4.18 for t' o into Eq. 4,9 for the electron

current and rearrangement, yields

Q' t .u Q' Q Q' Q' Q. Q
a nd pd up n Q‘p nDo n QP QP P

Equation 4.19 is essentially the integrated form of Eq. A.4
(appendix) generalized to arbitrary geometry and a three-dimensional
impurity distribution.

The assumption of quasi-neutrality results in

n' = p' ()4‘.20)

Q,' - Q.’ ()’".21)

Under these conditions, the diffusion velocities (Eq. 4.8) also will

differ only by the mobility ratio, so that

*pa
tnd

'CI'C
Lol o)

(4.22)

With substitution of Egs. h.zl.and 4,22 into Eq. M.19, the electron

current is obtained as

Q! Q' Q. M, Q
1=§u+%+§m-ﬁ+££1 (k.23)
e % o % Mp% P
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which is the integrated, three-dimensional, generalized form of Eq. A.7.

For high injection levels n ~ p, so that

Q,n ~~ Q‘p (4.24)

and Eq. 4.23 becomes (compare with Eq. A.9)

2Q' M
In — = = + -‘1} I ()'l'.zs)
nd Hp P

which shows the usual multiplicative factor of 2 as compared with the
low-injection result [4O,L41] (see the appendix). Since the conventional
interpretation is that high-injection causes the diffusion constant

(and hence the carrier diffusion velocity) to double, it is seen that
the diffusion transit time can be considered as halved.

Equation 4.25 (together with the results of Section 4.6 below)
is the usual first-order high-injection diode or transistor solution,
except that it is more general. The solution presented here is valid
for any geometry or impurity distribution, whereas the usual results
are strictly valid only in one dimension with uniform doping, although
they are usually assumed valid in three dimensions, The generalization
to three dimensions has been obtained at no cost of added complexity as
compared to the conventional solution, while the generalization to non-
uniform doping is equally simple by either method.

When neutrality breaks down at the diode contact [42] or the

collector junction [28,29] for very high injection levels, then for
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Egs. 4.20 - 4,25 to be valid, the Q's must represent the charge in
the quasi-neutral region and the t's must refer to the transit times
across the quasi-neutral region,

The above derivation is for a diode or transistor with no re-
combination. However, recombination can be included, and the device
treated as ¢ither a transistor or diode according to whether the re-
combination current is considered as a separate (base) current or is

combined with the collected current [21,26].

4,3 Nonlinear Recombination Rates

In Chapter II only Shockley-Read [30] recombination mechanisms
were considered; however, regardless of the type of recombination, a

lifetime can always be defined as

=]
Ml

(k.26)

nr

=%

Further, an average recombination lifetime can always be defined as in

Section 2.2.3 (for injection from surface )

1
T = .__Efill____ (4.27)
Koo ITIU d(vol)
Base B

This average lifetime can be used throughout the charge-control
equations, but it is only in the case of a linear recombination rate
(Uh = n') that Han is independent of the injected density. For high
injection levels and nonlinear recombination rates, Han is a function

of the injected charge and the expressions for recombination current



55
become correspondingly complex,

L. 4 EBarly Effect

So far in the analysis, the base volume and the length of a
flow tube have been assumed to be independent of the applied bias.
Unfortunately for the simplicity of the model, the depletion layer
width varies with the voltage across it and hence affects the base
width, as Barly pointed out in 1952 [14]. As Gray, et al. [31] have
noted, this variation of base layer width affects both the transit
times and the total charges.

One way of accounting for these effects is to introduce a
voltage (or time) dependent base volume (or width) into the integral
expressions for the various characteristic times (transit time, average
lifetime, injection time) and charges (injected charge, recombined
charge, charge in transit). However, this complexity is not always
necessary.

The flow tube length can always be represented as

Wo=W_ +W (L.28)

1.

where W 1is the initial value and W; is the change (positive or
negative) due to the depletion layer variation., The transit time per

flow tube may also be written

= t e t ()4'-29)

where etco is the iniltial value and etcl is the change (positive or
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negative) due to the depletion layer variation. If Wl/WO is suffi-
ciently small that the ensemble velocity can be considered unaffected,
then etcl .is merely the transit time across the distance Wl. In
general, however, the change in base width will affect (through the
diffusion equation) the injected density gradient and injected density
in such a way as to change the ensemble velocity. In this case, etcl
will include both effects, Similarly, the average transit time may be
written as

£ = 2o * L (k.30)

As expressed above, W, and EtCl include the effects of both the

emitter and collector depletion layer variations; however, these effects

can be separated for low injection levels.

The average lifetime can be written as

1 SN (4.31)

T T
E nr E nro Eanl

where Eanl is to be attributed to the volume added or removed from

the base by the depletion layer variation. It is to be noted that
Eanl’ while conceptually clear, may be mathematically quite complex
if the recombination rate is nonuniform. However, for a linear and

spatially uniform recombination rate the lifetime is unaffected, so

that

= ..T = 7T ()4-.32)
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The charges can also be separated into components (following

Gray, et al. [31]) as

Q=@ +Q (%.33)

where Qo is the initial charge (in transit, injected or recambined)
and Ql is the change in charge (positive or negative) due to the
base width variation.

Care must be taken in using Egs. 4.30 - L4.33 that linearity is

not assumed. The change in base width W, 1is certainly nonlinear in

1
voltage, except for sufficiently small fluctuations, -while Q,l and
EtCl may never be linear in voltage (or eV) or in injected density.
The quantities Ql and EtCl are composed of two effects, The first

is a change in base volume which enters directly as a change in the
region of integration. The second effect is less direct and results
from the fact that the base width affects, through the diffusion equa=-
tion, the shape of the excess carrier density distribution. However,
this separation of times and charges into components is justified on
the hasis that the components have clear conceptual significance and
hence this separation can enhance understanding of the effect of base
width variation on device behavior, regardless of the mathematical form
of the equations.

4,5 Additional Transport and Injection Processes

In Chapter II, attention was focussed on electron injection
from the emitter to the base of an NPN transistor with an ideal base

contact. In this section those results will be extended to both hole
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and electron injection and collection by the emitter and collector
Jjunctions and the base contact.
Regardless of the injection level, the currents can always be
written* as (with neglect of the displacement current)

Io=glpt EIPE + ol m +CIpE ok BIpE (4.34)

Lo = otac * o¢%po * Ehe * e * 3Tac * Blpe - (h.35)

L =glp* BIpB gl # EIpB + ol * CIPB (4.36)

where I, is the total current through surface Vv and uIv is the
¥

current through surface v due to injection at surface p . The

subscripts n,p have their usual significance.

The charge-control principle, that a transport current is

simply the charge divided by the relevant time, results in

Q" Q' Q" QT
EInE - ET n - ET Tl + Et nB g Et nC ()-I-.37)
En E nr E nB E nC
Q!
C” nE
s JUETPRp O .. (4.38)
C nE CtnE

* For simplicity dQ/dt terms are neglected. These must be insert-
ed where appropriate for each injection mechanism for AC analysis,

**  Injection at surface p may, of course, be affected by the volt-
age at surface Vv or A,
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Q!
B nk
(4.39)
B nkE BtnE

Q!
v 1s the charge

and similarly for all the other components, where u
injected at surface p which reaches surface VvV and utv is the
transit time from surface p to surface v, Thus the total emitter

current can be expressed as

] T t T 1] T
EQ n EQ P EQ nB EQ PB EQ nC EQ pC

T S T R
Enr Epr EnB E pB E nC E pC

I =

CQ’HE C ' B B” nE BQ' XK
+ P . + L (4.40)

CtnE CtpE BtnE BtpE

Q Q'

Additional terms can, of course, be added to account for excess (non-
equilibrium) carrier generation and devices with more or fewer contacts.
The base and collector currents can be expressed by equations analogous
to Eq. 4.40.

It is important to emphasize that the separation into com-
ponents carried out above requires absolutely no assumptions as to
injection level or linearity. Superposition has not been used. We
have merely used the obvious fact that, for instance, part of the
emitter current is contributed by electrons injected by the collector
Junction that are received by the emitter Jjunction. Equdtions 4,34 -

4 .40 do not preclude the possibility that the density (or total number)
of these electrons is partially or wholly determined by the emitter

Junction voltage, conditions at the base contact, or by anything else.
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We have merely enumerated the possible origins and destinies of carriers
in the base region. Only for low injection levels may the assumption
be made that the T's and t's are constants and that the charges
depend only on conditions at the injecting surface. For high injection
levels, the Q's, T's, and t's may be so interrelated as to render
the equations mathematically useless. However, they will always remain
conceptually useful.

The utility of this separation into components can be seen
in the calculation and understanding of the DC common-emitter current
gain., The usual first-order approximation was given in the first

section of this chapter. That result corresponds to setting

-Q!
B nc
T T et B0 (4.41)
E°C E"nC EtnC
and
Q!
E”n
I =_I_= (4.42)
E'B E"pB Ean

Examination of Egqs. 4.35 and 4.36 (rewritten similarly to Eq. 4.40 if
necessary) will readily show which current flow mechanisms have been
neglected. Further study of these mechanisms can lead to quantitative
limitations of the first-order result. A less detailed analysis can
lead to qualitative results from which we can determine which mechanism
is of secondary, tertiary, etc. importance. Expressions like Eq, 4,40
allow us to enumerate all factors entering into the current gain (or
other parameter) and to study them systematically, severally or individ-

ually according to whether they are interrelated or not. By including
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the dQ/dt terms in Egs. L4.34 - L4.36, this discussion can be extended
to slowly varying signals.

4,6 Charge-Voltage Relations

Charge-control, as introduced by Beaufoy and Sparkes [I,2]
and extended by others, is restricted to current-charge relationships.
However, relations between the injected charge and the applied voltages
are also of interest, and will be derived in this section. Shockley,
Sparks, and Teal [L3] show that, for unity injection efficiency

v
iE L.L
n(E,y,2) = nP(E,y3z)e J (k.h3)
where nP(E,y,z) is the equilibrium electron concentration in the base
at the emitter Jjunction and VjE is the portion of the applied voltage
which appears across the emitter junction (normalized to the thermal

potential V_ = kT/e).

t

Van Vliet [4k4], among others, has obtained relations analogous
to Eq. 4.43 which are valid for high injection levels and nonunity in-

Jection efficiency. He obtains
n(E’y’Z) = nP(E’y)Z)[bE(VJE) + l] ()-l-.)-l-h-)

where

ZVJE B

\)
a o
nP(E;y)Z)pN[pP(E:y:Z) = nP(E}y)Z>]e + nI(nN"PN)e

bp(Vyp) + 1 = V.
2 . [n(8y,2)1% e IF
o i p Y Py

(L.L45)
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so that

0 (B, 2) = nP(E,y3z)bE(VjE) (k.46)

where nN and pN are the equilibrium carrier densities in the emitter

at the depletion layer edge. This relation assumes that a quasi-equili=~

brium condition, obeying the Boltzmann relation, is instantaneously

established among all carriers (including injected carriers).

For low-
injection conditions we have
Vg = Vep (b.l7)

where VEB - is the externally applied emitter-to-base voltage (normal-

ized to Vt)' Then Eq. 4.43 or 4.44 becomes

V.

n(E,y,2) = ny(E,y,2)e (4.18)
and Eq. 4,46 becomes
VEB
En'(E,y,z) = nP(E,y,z)(e -1) (4.49)

Equation 4.46 represents the emitter boundary condition to be
used in solving the diffusion equation. At the collector, the boundary

condition is

2 (Cy,2) =0 (4.50)
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Using Eqs. 4.46 and 4.50 the emitter-injected electron density may be

written as
En'(x,y,z) = nP(E,yyz) bE(VjE) Ef(x,y,z) : (k.51)

where it is required that

1l
l_.l

Ef(E)y,’Z) (k.52)

1l
o

pf(Cy,2) = (+.53)
This is the result of Ebers and Moll [20] generalized to arbitrary
injection levels. For low-injection and negligible Early effect, Ef
is independent of the injection level.

To obtain the total injected charge, Eq. 4,51 is multiplied

by the electronic charge and integrated over the base volume, so that

' = fff & nP(E’y’z) Ef(x,y,z) bE(VjE) d(vol) (4.54)
Base
Similarly
Q' = fﬁfe nP(C,y,z) Cf(x,y,z) bC(VjC) a(vol) (4.55)
Base :
where

Cf(E,y;z) =0 (k.56)



of(Cy,2) =1 (&.57)

and. bC is analogous to bE'

The integral of Eq. 4.54 is clearly a function only of the

applied voltages V., and V.. Thus, Eq. 4,54 may be written as

R (k.58)

EB’ VCB) 5l BE(VE

B’VCB)

where K is a constant, and Bp(Vg

E is a function which depends

B’ VCB)
on the applied voltages. If the device is such that the equilibrium

concentrations and VjE do not vary along the depletion layer edges,

or the injection level is sufficiently low, bE will be spatially

constant, so that (with the neglect of depletion layer width variation

with voltage)

By = Py (4.59)
and
=K = Ifje nP(E,y,z) Ef(x,y,z) d(vol) (L.60)
Base

For low injection levels, regardless of equilibrium carrier density
variation with position along the depletion layer edge, Eq. 4.L8 is

valid, so that

b, =e =1 (k.61)
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If any dependence of Ef on voltage (i.e. because of the Early effect)

is neglected, Eq. 4,59 is valid and

By = e -1 (4.62)
so that
v
. EB
R = gK(e *o-1) (k.63)

For high injection levels, if the equilibrium carrier density
is constant along the depletion layer edge, first-order theory results
in [L4O, k1]

B =b ae 0 (4.64)

(k.65)

and K is given by Eq. L. 60.

Thus, for low injection levels, a simple relation between
applied voltage and injected charge can be obtained regardless of the
equilibrium carrier distribution. For high injection levels the same

formal relation exists, but it is more complex.

4,7 Conclusions

The charge-control principles have been used to derive the

DC common-emitter current gain under the assumptions of low inJjection
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level and unity injection efficiency. It has been shown that the usual
high-injection solution of a diode or transistor can be obtained as
easily for three dimensions by charge-control methods as for one dimen-
sion in the conventional manner. The results have been further general-
ized to arbitrary three-dimensional impurity distributions; this can be
done as easlly for one dimension by the conventional approach,

The concepts of Chapter II were extended to include nonlinear
recombination mechanisms and the results of that chapter were extended
to cover the Early effect.

Allowance was made for majority carrier currents, collector
injection and an injecting and collecting base contact. It was demon-
strated that all of these effects are easy to account for by charge-
control principles; however, for high injection levels these results
are more useful as an aid to insight and understanding than for math-
ematical manipulations. The charge-control model was extended to in-
clude charge-voltage relationships at all injection levels; however,

these relations are more useful for low than for high injection levels,
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CHAPTER V

THE EBERS-MOLL CIRCUIT RELATIONS

In 1954 Ebers and Moll [20] derived expressions for the emitter
and collector currents in terms of the Jjunction voltages. Their results

are valid under the following assumptions:

1) Low injection levels, so that the emitter efficiency
is constant and all of the externally applied voltage
appears across the junctions. (This permits the use
of superposition.)

2) Second-order effects (specifically the Early [14]
effect) were neglected.

3) Equation 4,48 for the minority carrier density at
the junction is wvalid.

The Ebers-Moll equations can be written as

V. \
I =8y (e o-1) + o (e Pu1) (5.1)
V. \
I, = azl(e EB-l) + azz(e CB-l) (5.2)
V. Vv
I = (all + aZl)(e EB-l) + (al2 + azz)(e CB—l) (5.3)

Shockley, Sparks, and Teal [43] obtained these results earlier.
By employing various circuit operations (i.e. open or short
circuiting various terminals) Ebers and Moll related the aij to open-

circult saturation currents and common-base current gains, to obtain
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V. o I v

I
_ _EBO ( EB_jy _ _I°CBO , CB_ n
k= 1 oy ( L) l-aNuI ( L) (5.1)
:NIEBO VEB ICBO | VCB
IC = -i—_———-]—:- (e -l) + 'i'—"'—'—':'[' (e -'l) (5-5)
(L-cq) I ( VEB 1) (1-0) g, ( Vs 1) (5.6)
e R S, Aol e . 4 —— (e - ‘
IB quﬁxI l-o'NocI

where Qy Op are the normal and inverted common-base current gains

(5.7)

SN

N

il

CB

(5.8)

EB

and IHV is the reverse saturation current through terminal u when

0]

the third terminal is left open circuited.

In terms of the normal and inverted common-emitter current

gains
T a
C N
B. = | = = (5.9)
N 3 Vyp = O 1-ay
T 04
_ B I
B =| = = el (5.10)
I v o 101
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Egs. 5.4 - 5.6 can be written as
CBO CB

= -1) - (e 77-1)
IE 1+ BN + BI 1+ BN + BI

(1 + ) (2 + Py ERo eVEB - B (1 + BT v

(5.11)

- By(d + BTy, (eVEB_l (1+ By (1 + B)Tegg e

To=—T1vp, 8, fTIT R TR -1)
(5.12)

(1+ BI)IEBC VeR (L + B)Topg, Ve
I.o= TR 7 B, (e -l)+—ml+aN+BI(e =1} (5.13)

As has been pointed out by Narud, Hamilton, and Lindholm [15,16],
and by Koehler [17,18], Egs. 5.4 - 5.6 are predominantly electrical
equations. That is, they are more oriented toward circuit operations
than toward a conceptual understanding of internal processes. In this
chapter these relations will be given a clear conceptual interpretation
by deriving them from charge-control principles. This will lead to the
conclusion that short-circuit, rather than open-circuit, saturation
currents would have more conceptual significance in these equations.

It will also be shown how, using charge-control, Egs. 5.1 - 5.3 can be
extended to high injection levels. Finally, Egs. 5.1 - 5.3 will be
inverted to obtain the voltages in terms of the external currents and
short-circuit current parameters.

5.1 Derivation From Charge-Control Principles

All of the material needed for this section has already been
developed in the previous chapters. Here, the previous results will be

restated in the appropriate context, In conformity with convention,
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minority carrier flow through the base contact will be neglected. For
conciseness, only minority carrier current will be explicitly considered;
majority carrier current can readily be added. Under these conditions,

Egs. 4.34 - 4,36 Hetons
Iy = ot % L (5.1k)

o =gl * olc (5.15)

]

L=zl * ol (5.16)

Then, use of the appropriate portions of Eq. 4,40 for the emitter cur-

rent and similar results for the collector and base currents results in

Ql Ql Q'
E E” C C™ B
Er EC CE
--Q' Q' Q'
I, = 5L . SRR (5.18)
EC Cr CE
Q’l Ql
E C
Er c 2z
* The base current can be considered as a majority carrier (hole)

current due to majority carrier injection at the base contact

(BI B) or as a minority carrier (electron) current due to minority
carfier injection at the junctions (I _ + I _). Since only
minority carriers are being considereg Bgre,ctﬁg latter description
will be employed,
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Since the injected charge is more easily related to the external voltages

than is the collected charge, the explicit reference to the charge in

transit may be eliminated, so that

1l 1-.5 CQ'(l-cs)

E
- Q,'( 4 ) - (5.20)
® TR T s
-.Q'(1~.5) 1 1-.6
T = R i G (———-+ tC ) (5.21)
c ECC C" e CE
] Qt
I, - Eg_ % EL_. (5.22)
E r C xr

where Eé’ Cé are the fractions of injected charge that recombine, as
discussed in Chapter II, Using the results of Section 4.6 (Eq. 4.58)

we can write Egs. 5.20 - 5,22 as

I 16 K(1- od)

c
. Veg) K - B (V V)——-——(523)
Iy = By (Vg Vi) (E B} Etc ) EB’ o
K(1-_6) i d- 3
i} E_ B K -
I = = Bp(Vgp V) 5 %o Ve Veale (c r CE )
(5.2k)
2K o
Iy =8 ( CB) T ¥ BC(VEB’VCB) E;; (5.25)
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In obtaining Egs. 5.23 = 5.25, no restrictions as to injection level
or second-order effects have been made, thus they can be considered
as a generalized form of the Ebers-Moll equations., However, the Ebers-
Moll restrictions will now be imposed so that their results may be ob-
tained, Substitution of Eq. 4.62 for B_ and a similar relation for

E

BC into Egs. 5.23 = 5.25 results in

v v
BB1)  K(1-gd) (e G843
g = T - T (5.26)

E CE

\ v
K128 (e PPa1) k(e Po1) _
I,= #* i
C EtC CT
v s
EK(e EB-l) CK(e CB-l)
L, =—= + = (5.28)
Er Cr

where Eq. 2.65 has been used for the emitter injection time (and a
similar relation for the collector injection time).

Equations 5,26 - 5.28 are the Ebers - Moll equations (Egs.
5.4 - 5,6) except that the coefficients of the voltage terms are ex~-
pressed differently. They have been derived entirely from the charge-
control theory as developed in the previous chapters. It is clear that
the basis for charge-control, and hence for the above derivation, is
exactly the same as for the derivation given by Ebers and Moll, so that
it is not surprising that the results are identical for identical re-~

strictions, The significance of the derivation given here is that the
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results are given in terms of conceptually, rather than electrically,
significant parameters. (This may not be an advantage for the designer
of discrete circuits, but it may be important for the design and under-
standing of integrated circuits.) Thus these two derivations provide a
means of relating circuit and conceptual parameters, From Egs., 5.23 =
5.25 it can be seen how these relations can be extended to high in-

Jection levels and second-order effects,

5.2 Conceptual Interpretation of the Ebers-Moll Parameters

Now that the Ebers-Moll equations have been derived from two
conceptualiy different bases, the different parameters will be related
to each other. This will be done for both open and short-circuit
saturation currents and it will be shown that the short-circuit sat-
uration currents are a more useful indicator of device behavior,

From Section 4,1 the current gains are

I T
_ B i
B =|—=—= £ i (5.29)
N gl E'C
I T
(G G
B B | ~=rm| & —— (5.30)
: olp ¢'R

Equations 5.29 and 5.30 can be used to determine the normal and inverted

common-base current gains

T T
.661_.=:L+-!B'—--=:L+1-3-'—]_-9-:@—;‘:-(2 (5.31)
N N Er E
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—

Q

L3

R
w3

5.2.1 Open=-Circuit Saturation Currents

The reverse-saturation current through the emitter with the

collector open-circuited (I can be obtained in terms of the

EBO)
charge-control parameters by comparing Egs. 5.&, 5.11 and 5.26. Then

EK(l-aNaI) 2K (1 % By + 51)

TiRo = B = E? FL + 5&)(1 r 55) (5.33)

Use of Egs. 5.29-5.32 for B, By, Q, o and Eq. 2.65 for .7

E
yields
K T T
E CEELQC
I == (1 + ) (5.34)
EBO ETr 1+ CTE7CTr
or
21 O‘Nu-%)) (5.35)
T on == (14— 3
EBO ~ 5T, l—ocN
or
K B
E N
g5 B L1 :
TEBO - 2 1*51) (5.36)
Similarly
K i T
c EC/CE ) (5.37)

s = —— (l + —__——__77——_
CBO CTr 1+ ETC ETr
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or
I = Q_Ii_ (1 + iii___. N)) (5 38)
CBO T 1l-qa ‘
(0 L
or
K B
C L
Tone =5 L1 & geimn) (5.39)
CBO CTr 1+ BN
The conventional interpretation of IEBO is that it is the

emitter-base diode leakage (reverse-saturation) current, modified by
a factor which accounts for the effects of the collector Jjunction. It
can be seen that the expression in parentheses reduces to unity if the
transit times become infinite, which corresponds to the junctions
having no effect on each other.

From Egs. 5.34 and 5.37 it can be seen that in the limit of no
recombination (ETr’ CTr - ®) these two currents become zero and hence
are useless for describing device behavior. Under this condition GN
and Q. become unity and it can be shown (see next section) that the
ratio of L. or I.n, to (1 - aNqI), which appears in Egs. 5.4 -
5.6, remains finite,

The reason for the loss of utility of these open-circuit sat-
uration currents is not hard to see. They are used because, for instance,
a transistor with the collector terminal disconnected is generally
assumed to be similar to a diode (the emitter-base diode). That this is
not so is clear from Middlebrook's [21,26] discussion of the separation
of the control and collection functions, In a diode, the contact is

ohmic and combines both the control and collection of the moving carriers.

In an ideal transistor, however, these functions are separated. The
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collector Jjunction is nonohmic and fulfills only the collection func-
tion for the minority carriers, while the base contact (ideally) will
not pass minority carriers and fulfills only the control function.
Thus it is seen that the emitter and base terminals, with the collector
floating, do not represent the external connections of a diode, so that
the usual interpretation of IEBO as a diode leakage current is in-
correct for an ideal transistor.

In most real transistors, however, the open-circuit saturation
currents are useful parameters. This is because most real transistors
have an ohmic, rather than ideal, base contact which can serve both the
control and collection functions. (In normal operation, the collection
function is minimized by the physical or geometrical location of the
base contact.) Another way of looking at this is to realize that the
base contact is part of the base region. In order to have no recom-

bination in the base (which leads to I 0) there must be no

EBO’ 1cBO
volume recombination and no surface recombination, including at the
base contact*. This latter condition is violated in almost all real
transistors.

Ffom this discussion it can be seen that the open-circuit
saturation currents are not mainly indicators of the junction behavior,
as is generally assumed, but are, to a much greater extent, indicators
of the recombination characteristics of the base region, particularly

the base contact., Thus, far from being fundamental parameters of the

device, they are only second-order parameters which are of little

* This, apparently, is not universally recognized. See, for instance,
Sparkes[45] who considers , 0. <1 and . 5 # 0 in the
absence of recombination. aN - IEBO WEG
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theoretical significance, but of somewhat greater practical importance.

5.2.2 Short-Circuit Saturation Currents

The Ebers-Moll equations can be written in terms of short-

circuit currents as

\ v

Ty = Tg, pcle 1) - Ty, 5e(® P (5.40)
v v

Iy = -IC,BC(e EB-l) + IC,BE(e CB-l) (5.41)
v v

I, = I pole 543 + L, pml® kB2 (5.k2)

where the symbol Ip,vx is defined as the reverse-saturation current
through terminal u when terminals V, A are shorted (VVX= 0 )
Electrically, then, IE,BC is the emitter reverse-saturation current
when the base and collector are shorted together.
In terms of charge-control parameters, the short-circuit

saturation currents are (from Egs. 5.26 - 5.32 and Egs. 5.40 - 5.42)

=

Iy sc = 7 (5.43)

|

(5.44)

Q Io
al =’

Ic, BE

E
Te,8c = 7 = %'k, Be (5.145)

T8 = 7o = %lc,BE (5.16)
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E C,BC
SR e U R 93T
fLh
C BE
’BE — -é—’-r—; = —-BZI— = (l - aI)IC,BE (5.)"'8)

It is clear that, as indicated in the previous section, the
emitter and collector short-circuit saturation currents (Egs. 5.43 -
5.46) remain nonzero as the recombination rate in the base region
i

approaches zero B) e

£ ¢'r " B B B B¢
From the discussion of control and collection functions given
in the previous section, it can be seen that by shorting the base and
collector terminals we are combining (externally) the control and col-
lection functions so that this combined terminal, together with the
emitter terminal, does indeed represent a diode. This is true even if
the control and collection functions are not completely separated ine-
ternally, since the shorted terminal completely combines them externally.
Thus the currents .IE,BC and IC,BE can truly be called diode leakage
IC,BC and IE,BE are 1ldeally the

collection components of the diode leakage currents. In real devices,

(or saturation) currents. The currents

however, it must be remembered that these currents do not constitute all
of the collection current and that they also contain part of the control
current, This 1s because the control and collection functions are not
fully separated. The other two currents, IB,BC and IB,BE are ideally
the control components of the two diode leakage currents, In real devices,
of course, they do not constitute the entire control current and they con-

tain part of the collection current.
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5.3 Voltages as Dependent Varilables

So far, the transistor currents have been considered as
functions of the external voltages. However, as Ebers and Moll [20]
point out, it may sometimes be convenient to consider the voltages as
functions of the externally applied currents. In accord with this,
they have solved Egs. 5.4 - 5,6 for the junction voltages in terms of the
external currents, Since their results are in terms of the open-circuilt
saturation currents, which are more sensitive to the base contact surface
recombination raté than are the short-circuit saturation currents, they
are difficult to interpret in the limit of no recombination and high
gain, In this section, Egs. 5.40 - 5.42 will be solved (with the aid
of Egs., 5.43 - 5,48) for the external voltages in terms of the currents,
and the no-recombination (high gain) limit obtained.

Solution of Egs. 5.41 and 5.42 for Von and VCB’ and re-
arrangement with the aid of Egs. 5.43 - 5,48 results in

(L+ B )L+ BT = (1 + BT, + (1 + B+ BI)IE,BC}

V. = 1n {
EB
(1+ By + PpIg 5c
(5.49)
By(l+ BTy + (L+ BTy + (1 + By + BT, oy
Vg = In § - i
+ B.+ B :
N I’°C,BE (5.50)

The collector-emitter voltage V can be obtained from Egs. 5.49 and

CE
5.50 as
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V. =V =X (5.51)

so that

B(l+f3j)15+(l+6)I+(l+5N+B)ICBE IEBC

Vi = 18 (L+ By (L + Bp)Ig = (L + Bl + (1 + B+ B:[)IE BC c BE

(5,52)

For common-base operation, it is more convenient to consider
the emitter and collector currents, rather than the base and collector
currents, as the independent variables. Use of Kirchoff's current law

(see Figure 2.1)

L =d,+ L (5.53)

in Egs. 5.49, 5.50 and 5.52 results in

{(1 + B (L BT + (L + BB Ty + (1+ By + 51)'%,30}

(1 + By + BT 5o

VEB = 1n

(5.54)

<
il

o (P2 BT (e Y BT ¢ (e By By gy
(1 + 8y + B)Ig po

(5.55)
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I {[BN(I + BTy v (14 B(L+ BT+ (L 4By + BT, oy Ty 4o

i (L+ By)(L+ Bp)lp + (1 +By)Bply + (1+ By + BI)IE,BCJIC,BE}

(5.56)

Ebers and Moll have obtained Egs. 5.52, 5.54 and 5.55 in terms
of the open-circut saturation currents and common-base current gains,
except that they neglected the saturation current terms in the expres-
sions for V_,. They have also used the reciprocity relation (see

CE
Chapter VI)

5,8 = T¢,BC (5.57)

or

g, Bc = %1, BE (5.58)

It is to be noted that the Ebers-Moll results are considerably
more concise than the above equations and hence are of more practical
value for the analysis of an existing device, for which all the para-
meters are fixed and known, However, the results obtained here are of
more theoretical significance since they are more easily manipulated to
yield the effect of varying recombination rates. This is primarily

because I“ Vik is less sensitive to the recombination rate than is

2

IHVO’ and B 1s a simple function of the lifetime,

In the limit of no recombination (Tr - @) we can show, from

Egs. 2.46, 2.58, 5.29 and 5.30, that

jo
+

=
A Q
=

i}
1]
=2

lim (5.59)
T — ®

=
Q

xr
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Also,
lim =1 = 1lim (5.60)
T amgﬁ T oo L
r r
lim By = @ = lim B (5.61)
T = T —®
r r
lim =0 (5.62
e G )

From Egs. 5.58 and 5.60 we find

lim =1im T =T (5.63)
. n Ip BC T oo C,BE s
T

Using Egs. 5.59 - 5.63 in Egs. 5.49, 5.50 and 5.52 we obtain

(1 + y)IS - I
(1 + Y)IS

&) (5.61)

VEB(no recombination)= 1n {:

(1 + y)Is + I

VCB(no recombination) = 1n { C} (5.65)

(1 + y)IS
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(1 + Y)IS+ I

V .. (no recombination) = 1n f{ T
s

C
- } (5.66)

- YIC

These expressions can be obtained with the open-circuit sat-
uration currents only if it is recognized that

. I . I
Llim EBO lim CBO = 5 (5 . 67)

Tp® l-QﬁaI B T l-aNaI s

which is essentially the same as using the short-circuit saturation
currents, as above.

Equations 5.64 - 5.66 (and also Egs. 5.49 - 5.52) show that
in a transistor with no recombination (or zero base current), if the
external voltages are not held constant, then the maximum current that
the device can sustain is limited by the short-circuit saturation cur-
rents and the ratio of BN to 51. This current limitation can easily
be understood by considering a zero recombination transistor to be
equivalent to two opposing diodes in series., Then, if a current is
passed through the diodes, it will be limited by the reverse-saturation
current of the reverse-biased diode (until it breaks down), With
neglect of voltage breakdown, the voltage across the reverse-biased
(high resistance) junction approaches infinity as the current is (at-
tempted to be) increased, while the forward biased (low resistance)
Junction sustains only a small voltage drop. In practice, of course,
this limiting condition will never be observed. Either the current
source will reach its limiting voltage and become a voltage source, or

the reverse-biased junction will break down and conduct (and possibly
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burn out).

5.4 Conclusions

The Ebers-Moll equations have been derived from charge-control
principles, thus relating two models of the transistor. It has been
shown that the open-circuit saturation currents do not have the signi-
ficance usually attributed to them since they are second-order, rather
than fundamental, diode currents. It was shown that the short-circuit
saturation currents are fundamental parameters and thus of more theo-
retical significance. However, owing to the nonideality of most real
transistors, the open-circuit saturation currents are of a useful
nature,

The expressions for the currents in terms of the voltages
were inverted to obtain the voltages as functions of the external cur-
rents, short-circult saturation currents, and common-emitter current
gains, These are of greater theoretical significance than the same
expressions in terms of the open-circuit saturation currents which are
of practical importance for most real transistors.. The high gain or
no-recombination limit of these expressions was obtained and it was
shown that the short-circuit saturation currents are more easily used

in this limit than are the open-circuit saturation currents,
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CHAPTER VI

TRANS ISTOR RECIPROCITY

In n-port circuit theory, if excitations and responses are

linearly related, the system équations can be written as

Rl = allEl + a12E2 + *°° + &lnEn
R.=a_.E. +a_ E. .+ °*°* + a_ B

? 25 L 22.2 2n n (6.1)
Rn = anlEl + an2E2 + eoe 4 annEn

where Ei is the excitation applied at port i, Ri is the response
measured at port i, and aij are constants. Equation 6.1 is of course

valid for any linear system, not only electric circuits, If the condition

Ri(o,o o Ej = E,0,0 ...) = Rj(o,o ..s By = E,0,0 eos) (all 4,3)
(6.2)

which is equivalent to

T (all i,3) (6.3)

is satisfied, then the system is said to be reciprocal. In words, the
principle of reciprocity may be stated as follows: given that an ex=-
citation E at port 1 produces a response R at port Jj; 1if the
same excitation E applied at port J produces the same response R

at port i, then the system is reciprocal with respect to ports i and

J

J. If all sets of two-ports are reciprocal, then it is simply said

that the system 1s reciprocal,
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This chapter is concerned only with the bipolar transistor,
considered as a two-port device, For this device, the principle of
reciprocity is valid for any geometry, any base impurity distribution,
linear recombination, low-level injection (linearity), and low fre-
quencies,

Searle, et al, [46] give a plausibility argument for the
validity of reciprocity from a circuit point of view., For sufficiently
small applied voltages, the Ebers-Moll equations (Egs. 5.1, 5.2) can be

written as

I = 8,Ven + 8, VCB (6.4)

¢ = %1Vgs * %22V (6.5)
They then argue that "On physical grounds, it is plausible that the
transistor must now be indistinguishable from a simple block of resistive
material with three leads. Thus it must possess under these conditions
all the properties of such an element, including the property of re-
ciprocity" [L6].

A rigorous proof of reciprocity is given by Shockley, et al,
[(43] for the most general geometry and impurity distribution in the
presence of linear recombination, While this proof is completely
rigorous it is strictly mathematical, and no conceptual or physical in-
terpretation of the derivation is presented., In particular, the authors

introduce a vector
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4. [En'(X,Y;Z)C;j,(X:y:Z) = Cn'(x,y,z)E,j,(x,y,Z)]

é(x,y,z) = nP X,¥,2
(6.6)

which is given no conceptual or physical interpretation. The proof con-
sists of mathematical manipulations of this vector, so that no conceptual
understanding is obtained. Ebers and Moll [20] use essentially the same
method, except that it is less general.

In this chapter the principle of reciprocity will be derived
for a bipolar transistor with arbitrary geometry, arbitrary impurity
distribution, and an arbitrary spatial variation of linear recombination,
from the principles developed in Chapter II and other conceptual con-
siderations. The only restrictions imposed will be low injection levels
and low frequencies. The trivial case of a perfectly symmetric tran-
sistor (with respect to emitter and collector) will not ke considered.
For such a device, it is obvious that reciprocity will be valid for any
injection level and any frequency, even if all carriers interact.

6.1 No Recombination

In the absence of recombination, transistor reciprocity can
be proven rather simply, directly from the Ebers-Moll equations (Egs.
5.1, 5.2). In this case, Egs. 5.26 and 5.27 or Egs. 5.40 - 5,46 show

that (since _§, 6 =0 and « oy = 5

E’C T
811 = 7 B (6.7)
85, = = 8, (6.8)

so that Egs. 5.1 and 5.2 reduce to



V. \
T (Vo Veg) = = 8y (e 1) + ap(e Pa1) (6.9)
VEB V
IC(VEB,VCB) - a21(e -1) - alz(e -1) = - IE( —_— )(6.10)

To prove reciprocity, it is required to show that

- (6.11)

o 21

Substitution of Eq. 6.1l into Egs. 6.9 and 6.10 leads to the conclusion
that with equal applied emitter and collector voltages the net current

. *
1S zero

IE(V V) = (v V) =0 (6.12)

Clearly, Egs. 6.11 and 6.12 are equivalent; that is, they imply each
other. Thus, a demonstration of the validity of Eq. 6.12 will con-
stitute an indirect proof of reciprocity. The proof is indirect be-
cause it is necessary to prove Eq, 6.11, whereas Eq. 6.12 leads directly

(with no assumptions as to recombination) to the conclusion that
12 77 %11 (6.13)

851 = = 85 (6.14)

The condition of no recombination must then be used to obtain Egs. 6.7

* This is a consequence of the infinite driving-point (base-emitter
or base-collector) impedance of a zero-recombination transistor,
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and 6.8 which, with Egs. 6.13 and 6.1k, will lead to Eq. 6.11.

Eq. 6.12 can be proven by expressing the current in térms of
the electron and hole current densities, which can be expressed in
terms of the carrier quasi-Fermi levels., By showing that the quasi-
Fermi levels must be constant for equal applied emitter and collector
voltages, we will show that the current densities, and hence the cur-
rents, must be zero.

The total current can be written as

I(V,V) = I,(V,V) + I(V,7) (6.15)

gﬁp . ag + A“J‘,jn . as (6.16)

where dS 1is the cross-sectional area of a flow tube and is always
directed in the same direction along the flow tube (i.e. the positive x
direction) as in Figure 6.1, [ and Qp are the electron and hole
current densities along their respective flow tubes*, and the integra-
tions may be carried out for any surface crossing all of the flow tubes
in the base region. Attention will be focussed on the electron current;
arguments for the hole current are analogous,

The electron current density along a flow tube can be expressed

as

= S 1 1 1 1
An = eDn(nP + gt R )zwo + eD z(nP + g+ B ) (6.17)

%  Electrons and holes do not necessarily travel along the same flow
tubes.,
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COLLECTOR

EMITTER

Fig, 6.1 Examples of flow tubes showing the
vector cross-sectional area d4S,
which is always pointed in the same

direction along the flow tube,
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where ¢o is the electrostatic potential due to the built-in electric

field (normalized to the thermal potential Vt)’ given by

i
=

~0 1
Z\ljo = -Tt' — H-P- ZnP (6.18)
Integration of Eq. 6.18 yields
¥, = In(ny/n;) (6.19)

where the constant of integration has been taken as the intrinsic
carrier density nr.
The (normalized) electron quasi-Fermi level ¢n’ defined

by [L43]
(o - 2,)

n=n,+ n'+ n'=ne (6.20)

is now introduced, where np is the intrinsic carrier density. Sub-

stitution of Eq. 6.20 into Eq. 6.17 leads to

i,=-eDpyp (6.21)

Since recombination has been excluded, the current (in . d3) cannot
vary with position along a flow tube.

Since the direction of d3 is unchanging along a flow tube it
follows that j , and hence Y¢n’ cannot change sign along a flow
tube, so that ¢n must be monotonic,

Now consider the electron densities at the emitter and col-

lector depletion layer edges. The first-order approximation gives
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I
(@]

n'(collector) = En‘(C,y,z) = (6.22)

E

(@)

n'(emitter) = Cn'(E,y;z) = (B.23)

C

Use of Eqs. 6.22 and 6,23 in Eq. 6.20 results in

[WO(E; ¥y Z) - ¢n(E) ¥ Z)]
nIe

n(E,y,2) = nP(E,y,z) + En'(E,y,z)
(6.24)

[WO(C;YJZ) = ¢n(C)y: z)]
e

xﬂ@mz):nﬂ@yﬂ)+cmﬂgmz)—nl

(6.25)

For low injection levels Eq. 4.49 may be used for En'(E,y,z) and a
similar relation for Cn'(C,y,z). Then, also using Eq. 6.19 for

4 (B,y,2) and 4y (C,y,2), Egs. 6.24 and 6,25 become

V. - 7,

n(E’y’Z) = nP(E’y’Z) T nP<E)y)Z)(e EB-l) = nP(E)y: Z)e ¢n(E Y Z)
(6.26)
v - c,7,

I’l(c)yyz) = nP(C,y,z) + nP<C;Y,Z)(e CB_1> _ nP(C,y,z)e ¢n( Y. Z)
(6.27)

Comparison of Egs. 6.26 and 6.27 shows that if the applied voltages are
equal, the electron quasi-Fermi level has the same value at the emitter

and collector depletion layer edges:



95

g (E,v,2) = 9 (C,y,2) (6.28)

Since it has already been shown that ¢n is monotonic, it

is clear that

¢n = constant (6.29)

so that Eq. 6.21 results in

Ay =0 (6.30)

Since holes are subject to the same injection, collection and transport
mechanisms as are electrons, an exactly analogous argument for the hole

current density leads to

;p =0 (6.31)

Substitution of Egs. 6,30 and 6.31 into Eq., 6,16 immediately yields
Eq. 6.12,

This result (Eq. 6.12) can also be derived from circuit con-
siderations., Since there is no base current (because there is no re-
combination), the external voltages can be applied as in Figure 6,2
and the base lead can then be cut without affecting enything else, Then

it is obvious that, if

V., =V__ =V (6.32)
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COLLECTOR

Ic ¥

Fig., 6.2 Terminal currents for a transistor

with no recombination.
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the net voltage across the device is zero, so that there can be no net
current flow and Eq., 6,12 is satisfied.

Since Eq. 6.11 is equivalent to Eq. 6.12, the principle of
reciprocity has now been proven for a bipolar transistor with no re-
combination.

6.2 With Linear Recombination

In the presence of linear recombination rates the simple

arguments of the previous section cannot be used because

819 # =85 (6.33)

(6.34)

Bgp F =215

and Eq. 6.12 is not valid,
In this section a direct proof of reciprocity in the presence

of linear recombination rates will be presented by deriving Eq. 6,11

directly. For low injection levels, the emitter and collector collection

(or transit) currents can be expressed as (with the use of Egs. 5.1, 5.2,

5.14 and 5.15)

V.

Io (V) = 8, (e B 13 (6.35)
VCB

CIE(VCB) = alz(e -1) (6.36)

so that the condition of reciprocity (a,l2 = aZl) is equivalent to

glo(V) = JI (V) (6.37)
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Thus, it is necessary to prove that, for equal applied voltages, the
emitter and collector collection (or transit) currents are equal, Equi-
valently, the net current due to nonrecombining (collected) carriers
(EIC(V) - CIE(V)) must be shown to be zero. This is essentially what
was done in the previous section. However, the task was simpler there
since in the absence of recombination the transit current and the total
current are identical. Here, the total current must first be separated
into its transit and recombination components, so that the transit cur-
rent can be considered alone., Although the details will be more complex
owing to the presence of recombination, the derivation in this section
will be similar to that in the previous section.

Eq. 6.37 can be proven be expressing the transit current in
terms of the nonrecombining excess carriers, which can be expressed in
terms of pseudo-Fermi levels (see below). By showing that the pseudo-
Fermi levels must be constant for equal applied emitter and collector
voltages, it will be shown that the transit current density, and hence
the transit current, must be zero, so that Eq. 6.37 is valid.

The transit current I (V,V) can be written as

[l

TV, V) = g1, (V) = (V) (6.38)

1l

%f‘j‘gp(transit) . dg + gf,jn(transit) -ag (6.39)

where dS is the cross-sectional area of a transit (current) flow tube

and is always directed in the same direction along the transit flow
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tube (i.e. the positive x direction) as in Figure 6.1, < (transit)
and ip (transit) are the electron and hole transit current densities
along their respective transit flow tubes, and the integrations may be
carried out for any surface crossing all of the transit flow tubes in
the base region. Attention will be focussed on the electron transit
current; arguments for the hole transit current are analogous.

The electron transit current density along a transit flow tube

can be expressed as

. s . ' 1 ' 1

Qn(tran31t) = eDn(En ot QP E) LW, + €D, z(En s E) (6.40)
where Wo is the electrostatic potential due to the built-in electric
field (see Eq. 6.19). The (normalized) pseudo-Fermi level 6, of non-

*
recombining excess electrons , defined by

' (4 = 9) -
1 ] | =
Py Eptct TG (6.41)
is now introduced, where nty is the total density of nonrecombining
excess electrons.
Substitution of Eq. 6.41 into Eq. 6.40 results in
Qn(transit) = -eD n', Y8 : (6.42)
* The term pseudo-Ferml level is used rather than quasi-Fermi level

because only nonrecombining excess electrons are considered here,
whereas the quasi-Fermi level, as introduced by Shockley, et al.
[43] and as commonly used, refers to the total density of electrons.
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Since the electrons constituting the transit current do not recombine,
the transit current (Qn(transit) . d8) cannot vary with position along
a transit flow tube,

Since the direction of dS 1s unchanging along a transit
flow tube it follows that Qn(transit), and hence 8 , cannot change
sign along a transit flow tube, Hence, Gn must be monotonic along a
transit flow tube.

Now consider the densities of nonrecombining excess electrons
at the emitter and collector depletion layer edges. The first-order

approximation yields

A o(0,,2) = 0 (6.13)
cn'E(E,y,z) =0 (6.4k)
Use of Egs. 6.43 and 6,44 in Eq., 6.41 results in
[wo(E)y)z) - en(E;Y,Z)]
n't(E,y,z) = En'C(E,y,z) = npe (6.45)
H’O(CJ:Y;Z> - Gn(C,y,z)]
n't(C)y:Z) = Cn'E(C:y:Z) = nIe (6’)"’6)

The density of recombining electrons at point (x,y,z) due to
injection at the emitter can be written as the total density of electrons
at point (x,y,z) due to injection at the emitter mulitplied by the prob-
ability of survival (not recombining before collection) of these elec-

trons Eﬂ(x,y,z), and similarly for the electrons injected at the col-
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lector. Then

En'c(x,y5z) = Eﬂ(x,y,z)En'(x,y,z) (6.47)

Cn'E(x,y;z) = Cn(x,y,z) Cn'(x,y,z) (6.48)
Substitution of Egs., 6.47 and 6,48 into Eqs. 6.45 and 6.46 results in

HIO(E’ ¥y Z) = en(E) ) z)]
N(E,¥,2) ' (Ey,z2) =0 e (6.49)

I

[‘lIO(C,y,Z) = en(C;Y)Z)]
Cﬂ(C,y,z) Cn'(C,y?z) =n e (6.50)

For low injection levels Eq. 4.49 may be used for En'(E,y)z), and a
similar relation for Cn'(C,y,z). Then, with use of Eq. 6.19 for

WO(E:Y;Z) and ¢ _(C,y,z), Eqs. 6.49 and 6.50 become

7 W(E,¥,2) 'nP(E,y,Z)(eVEB-l) = 1,(E,v,2) e-en(E’y’Z) (6.51)
Vg -en(d,y,z)
oN(Cy,2) n(C,y,2) (¢ “-1) = ny(C,y,2) e (6.52)
which can be rewritten as
E (e By oo T (6.53)
v -en(c,y,z)

NGy, 2) (e Pa1) = e (6.54)
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Owing to injection at the emitter, there is a density
En'C(x,y,z) of nonrecombining electfons traveling along a transit
flow tube. From Eq. 6.47, En'c(x,y,z) can be considered as the
density of all emitter-injected electrons traveling along the same
transit flow tube, but with a probability Eﬂ(x,y,z) of not recom-
bining before reaching the collector. A similar argument holds for
collector-injected electrons, If it is assumed that the probability
of recombination of an electron at any point is independent of the past
history of the electron, then the probability of recombination or of
survival must be independent of the direction of travel of the electrons,
Thus the probability that an electron injected at the emitter will not
recombine before collection must be the same as the probability that
an electron injected at the collector will not recombine before collect-
ion, if they are injected at opposite ends of the same transit flow

tube so that they will travel along the same transit flow tube. Hence
SN(E,2) = [(C,v,2) (6.55)

By comparing Egs. 6.53 and 6.54, with the aid of Eq. 6.55,
it is seen that if the emitter and collector applied voltages are equal,
the pseudo-Fermi level at the emitter depletion layer edge is the same

as at the collector depletion layer edge:

Gn(E,yyz) = en(C,y,z) (6.56)

Since it has already been shown that en is monotonic along s transit
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flow tube, it is clear that

6, = constant (6.57)
along a transit flow tube, so that Eq. 6.42 becomes

Qn(transit) =0 (6.58)

Since holes are subject to the same injection, collection,
transport, and recombination mechanisms as are electrons, an exactly

analogous argument for the hole transit current density leads to

%(transit) =0 (6.59)

Substitution of Egs. 6.58 and 6.59 into Eq. 6.39 and then into
Eq. 6.38, immediately yields Eq. 6.37, so that reciprocity has now been
proven in the presence of recombination., It is seen that the derivation
g iven here reduces to that of the previous section if there is no re-
combination, so that 1 = 1.

6.3 Conclusions

The principle of reciprocity has now been derived for a
transistor with an arbitrary geometry, arbitrary impurity distribution,
and arbitrary spatial variation of linear recombination, under the re-
strictions of low injection level and low frequency. The result is, of
course, not new. However, the derivation given here is based on con-

ceptual processes occurring within the transistor and is carried out
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in such a way as to yield a conceptual understanding of the processes

leading to the final result,
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CHAPTER VII

CONCLUSIONS

In this work the charge-control method has been considered as a
means of enhancing conceptual understanaing of device operation, and
this method has been given a sound theoretical foundation based on a one-
to-one correspondence between internal processes and charge-control
parameters. All of the results have been obtained for a device with an
arbitrary three-dimensional geometry, arbitrary impurity distribution,
and arbitrary spatial variation of recombination rate. The results are
valid within, and limited by, the usual first-order approximations in
which a semiconductor device is separated into completely depleted
regions and quasi-neutral regions with abrupt boundaries between them.
Some limitations to the theory have been presented and it has been shown
how the basic concepts can be used to account for second-order effects
and to give a conceptual interpretation to results which heretofore have
been given only mathematical or electrical (circuit) significance.
Finally, a conceptual derivation of transistor reciprocity has been pre-
sented in which the final result was related to internal processes of
the device,

In Chapter II the current density was first considered as a flux
density of mobile carriers. Separation of the velocity and the carrier
density into equilibrium and excess components permitted the several
average velocities to be given clear conceptual meanings, directly
related to the motion of the individual carriers. In the absence of

recombination, the point-average carrier velocity was used to obtain the
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average carrier transit time across the base of a transistor, and it
was shown that for the DC steady-state, the current is simply the ratio
of excess or injected base charge to the transit time. In the presence
of recombination the derivation could not proceed in exactly the same
way because all of the injected carriers do not reach the collecting
Junction. This difficulty was overcome by separation of the injected
carriers into those that recombine and those that survive. This sepa-
ration permitted the collected current to be treated in the same way as
the total current was treated in the absence of recombination. The
total injected current was then obtained in a formal mathematical
manner by definition of a new parameter, -the injection time, which was
subsequently shown to be the time required for the removal of the total
excess charge from the base by means of recombination and collection.
The Beaufoy-Sparkes [1] collection time constant was given a conceptual
interpretation by showing that it is the mean time required for an
injected carrier to be removed from the base by collection alone, and
hence can be considered to be a transit or collection lifetime. In
analogy with the collection transit time a new parameter, the recombi-
nation transit time, was introduced, This parameter is the mean time
for a carrier to travel from the point of injection to the point of
recombination. The similarity between recombination and collection as
mechanisms for removing carriers from the base was pointed out. In
the final section of Chapter II the base current was obtained from the
continuity equation and it was shown that the injection time can be

obtained as the "parallel" combination of the recombination and



105

collection lifetimes.

In Chapter III, some fundamental and practical limitations to
the theory developed in the previous chapter were discussed. An impor-
tant limitation is the neglect of the nonzero (delay) time required for
a variation in the signal applied at the emitting junction to propagate
to the collecting junction. Other limitations of the theory are the
loss of simplicity when high injection levels and second-order effects
are included, and the inherent loss of detailed information owing to
the use of gross or average quantities rather than point variable
functions (e.g., densities). A synthesis of the concepts of lumped
models and charge-~control theory was suggested as a possible means of
overcoming the latter limitation.

In Chapter IV it was shown that the charge-control concepts can
be used very easily to obtain the DC common-emitter current gain under
some simplifying assumptions. The results of Chapter II were extended
to the case of high injection levels and it was shown that the usual
high-injection results can be obtained as easily for three dimensions
by charge-control methods as for one dimension in the conventional
manner. The result was further generalized to include an arbitrary
impurity distribution. It was then shown how the charge-control
theory can be extended to account for nonlinear recombination rates,
other second-order effects, and additionai mechanisms for carrier
transport and injection, such as are encountered with a nonideal base
contact. Relations between applied voltage and injected charge were

also obtained.
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In Chapter V the Ebers-Moll circuit equations were derived
from and related to the charge~control model. With the tools developed
in Chapters II and IV it was a simple matter to derive the Ebers-Moll
circuit relations entirely from charge-control principles and to obtain
relations among various parameters. It was shown that short-circuit
saturation currents would be more appropriate in the circuit equations
than the original open-circuit saturation currents, since the former are
related to more fundamental processes than are the latter.

In Chapter VI the principle of reciprocity was proven for a
bipolar transistor with an arbitrary geometry, arbitrary impurity dis-
tribution, and an arbitrary spatial variation of linear recombination.

A derivation valid in the absence of recombination was presented, based
on the Ebers-Moll equations and the quasi-Fermi level of the carriers.
Reciprocity in the presence of recombination was then proven by using
the principle of the separation of injected charge into recombining and
surviving components, and the concept of the pseudo-Fermi level, to show
that the net transit current is zero if the applied emitter and collec-
tor voltages are equal. The derivatioﬁs given here are more closely
related to the processes occurring within the device than are previous

derivations.
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APPENDIX

CONVENTIONAL DERIVATION OF HIGH-INJECTION RELATIONS

In this appendix the carrier transport equations (non-charge-
control analysis) will be used to obtain the minority carrier current
density in a diode or transistor at all injection levels for which there
is a quasi-neutral region.

The P region of an N+P diode or NPN transistor with an
arbitrary one-dimensional impurity distribution will be considered. A
one-dimensional geometry and absence of recombination will be assumed.

The transport equations are

dn'
= 1] + 1 vam—
Jn eu nE en n EO + eD (A.1)
dp'
= e E' + e 'E - eD —=— (A.2)
Jp up P up prEy = b d*

where n,p are the total carrier densities, n',p' are the excess
carrier densities, EO is the built-in field, and E' 1is the excess

field. Equation A.2 can be solved for the excess field to obtain

1 dp'!
E' = - e 'E + eD —=— A3
- (Jp W, B'E, o ) (A.3)
upp

Use of Eq. A.3 in Eq. A.1l and rearrangement of the result yields the

minority carrier current as

dn' n dp'/dx np' U n
j =eD = (L + = ——) + ey n'E (1L - ——)+ —— 3 (A.L)
n n dx P dn'/dx n o P n' U P °p

Note that Eq. A.4 contains no approximations; quasi-neutrality has not
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been assumed.

The assumption of quasi-neutrality results in

n' = o (A.5)
and
' _ dp'
dx N dx (4.6)

Use of Eqs. A.5 and A.6 in Eq. A.l4 leads to an expression for the cur-

rent density

dn' n n WD
j =eD —(1l+ =) +eun'E (1l -=) +—=—3 (A.T)
n n Hisg P n o D up D P

which is validat all injection levels in the quasi-neutral region.

The usual derivation seeking to account for the excess field
[LO,41] is restricted to uniform impurity densities (EO = 0) and gen-
erally assumes that the majority carrier current can be neglected¥.
Thus Eq. A.7 is a generalization of the conventional results, but is
still restricted to one dimension.

For high injection levels

n € p (A.8)
so that Eq. A.T becomes
dn' My
s 2D —— 4 —= A.
o R w 3o (A.9)

%
Jonscher [L47] and Middlebrook [U48] are notable exceptions. However,

Jonscher makes other unnecessary assumptions, such as n=n_+ n' = n',
so that his results are not wvalid for very low injection levels.
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Thus, it is seen that for high injection levels, the built-in field is
of no importance, This is, of course, intuitively obvious, since at
these injection levels the excess densities completely overcome the
equilibrium densities so that the equilibrium gradients (and hence field)

are, in a sense, undetectable.
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LIST OF PRINCIPAL SYMBOLS

aij = parameter in Ebers-Moll equations
B = Dbase contact
Bu( L Kv) = function of voltage defined by Eq. 4.58
bu(VJu) = function of voltage defined by Eq. L4.LL
c = collector Junction
Dn(Dp) = electron (hole) diffusion constant
E = emitter Junction; electric field
EO = electric field due to impurity distribution
E! = electric field due to injected carriers
e = magnitude of electronic charge (e > 0)
uf = function giving spatial dependence of carriers injected
at surface yu
I = current
Iv = total current at surface v
uIv = current at surface v due to injection at surface u
I = reverse saturation current at terminal u when the third
W0 terminal is open circuited
= reverse saturation current at terminal wuw when terminals
VA v and A are shorted together
IS = IE,BC and IC,BE in absence of recombination
It = total current due to nonrecombining carriers
J = current density
Uj = total current density due to injection at surface u
ujv = current density at surface v due to injection at surface

u

j(transit) = current density due to nonrecombining carriers
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constant defined by Eq. 4.58
Boltzmann's constant
total electron density
equilibrium electron density
total excess (injected) electron density
total density of nonrecombining injected electrons
density of electrons due to injection at surface u
density of electrons due to injection at surface u that
will be collected at surface v (density of injected

electrons in transit from surface u to surface v )

density of electrons due to injection at surface U that
will recombine

intrinsic electron density

equilibrium electron density in P-type (N-type) material

total hole density

equilibrium hole density

total excess (injected) hole density

equilibrium hole density in P-type (N-type) material
total charge (positive for both holes and electrons)
equilibrium charge

total injected charge

injected charge due to injection at surface u

injected charge in transit from surface u to surface v
charge injected at surface u that recombines
recombination rate of charge for the entire base region
Laplace transform variable

absolute temperature; period of applied signal
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time
general transit time
transit time due to diffusion
transit time due to drift in equilibrium field EO
transit time due to drift in excess field BE'

average transit time from surface y to surface v (per
flow tube if subscripts are lower case)

average recombination transit time for injection from
surface

delay time
relaxation time
net rate of removal of carriers (reconbination rate)

velocity of individual carriers in the direction of
current flow

portion of u due to equilibrium conditions: indivi-
dual electron equilibrium velocity

portion of u due to injected carriers: individual
electron excess velocity '

thermal potential = kT/e
voltage across Junction U

external voltage across terminals u and Vv 3
terminal u positive with respect to terminal v for
Vuv > 0

point-average equilibrium velocity of carriers (due to
equilibrium conditions)

point-average excess velocity of carriers (due to
injected carriers)

average equilibrium velocity of carriers that were
injected at surface u

average drift velocity of carriers due to the equili-
brium field EO

average drift velocity of carriers due to the excess
field E!
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average diffusion velocity of carriers

length of flow tube

coordinate along flow tube (normal to y,z)
coordinate, normal to x,z

coordinate, normal to X,y

general (normal, inverted) common-base current gain

general (normal, inverted) common-emitter current
gain

ratio of BN to BI in absence of recombination

fraction of charge injected at surface u that
recombines

probability that an electron at point (x,y,z)
which was injected at junction wu will not recom~
bine before reaching the opposite junction

pseudo-Fermi level of nonrecombining electrons

electron (hole) mobility

time
recombination lifetime at a point

average recombination lifetime over the entire
base region for carriers injected at surface u

general collection (transit) lifetime

average transit lifetime for carriers injected at
surface u and collected at surface v

injection time = average lifetime due to recombi-
nation and collection of carriers injected at
surface u

quasi-Fermi level of (all) electrons

electrostatic potential due to impurity distribu-
tion
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w = signal frequency (radians per second)

Note 1

Subscript n(p) indicates electrons (holes).

Note 2

Subscript o indicates equilibrium or initial conditions.

Note 3

A prime (') indicates the component due to injected carriers.

Note L

Transit time is denoted by t .

Lifetime is denoted by 1 .
Note 5

A pre-subscript indicates the surface of injection of the carriers
contributing to the parameter of interest.

Note 6

A post-subscript indicates the destination-of carriers, or the

surface at which the current (density) is evaluated.
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