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Assuming a drop of 0.4 V across the diode when it conducts, a base-emitter
voltage of 0.7V and h; =100 (see Sec. 8.;%), calculate the base and collector
currents and also the current in each resistor. :

Assuming an operating temperature of 300 K, determine the saturation
current of the diode.

Ans. 0.028 mA, 2.75mA, 0.43 mA, 2.35mA, 78 pA

26. A hypothetical device consists of a p-type semicpnductor, resisjcivity
0.1 Q@ m, diameter 100 pm, thickness 2 um and workfunctlop 1 eV, sandwiched
between two different metal contacts, M, with workfunction 1.4¢eV and M,
with workfunction 0.6 V. Explain in general terms how the structure would
behave electrically. ; .

When a voltage of 0.5 V is connected between M anq M, with M, positive,
10 nA flows. Estimate the current flowing with the polarity reversgd, assuming
operation at 290 K, explaining the reasoning behind the calculation. Neglect
all surface-charge effects.

Ans. 6.5 mA

8 The bipolar junction
transistor

8.1 Introduction

The physical processes that determine the electrical behaviour of bipolar
junction transistors (BJT) will be discussed in this chapter. It will become
evident that the operation of tramsistors in this class depends on the
interaction of both majority and minority carriers, and because two carrier
types are essential such devices are classified as bipolar. This term serves to
differentiate the devices discussed here from another main class, unipolar

transistors, in which the current is transported by majority carriers only; these
will be discussed later.

8.2 Phenomenological description of current transport in the abrupt\
junction bipolar transistor ;

The bipolar junction transistor consists essentially of a single-crystal semi-
conductor, most often of silicon or germanium, which contains a narrow
central region of opposite conductivity type to that of the rest of the material.
For example, an npn transistor contains a narrow p-type layer sandwiched
between two n-type layers with ohmic contacts made to each region, as shown
diagrammatically in Fig. 8.1(a). Now, the physical construction of a modern
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transistor, which will be discussed in more detail later, may well be very
different in appearance from the simple model shown; for example, a planar
version of a discrete transistor structure may be as shown in Fig. 8.1(b).
However, it will be seen that sections at A, A’ encompass an npn sandwich not
unlike the model and for the moment at least the simple model will be sufficient
to help understand the basic transistor action.

The transistor thus consists of two back-to-back pn junctions closely
coupled electrically by a narrow region of material common to both. In
normal operation, one of the junctions is forward-biased and the other
reverse-biased, as shown in Fig. 8.2. Briefly, what happens is that minority
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Fig. 82 (a) Normal biasing arrangement for an npn transistor; (b) circuit element representafici

carriers are injected from the emitter into the base region as a consequence al
the forward bias appearing across the emitter—base junction and, becausc (he
base is deliberately made very thin, nearly all the injected carriers reach the
reverse-biased base—collector junction, eventually determining the collecior

current. Although these physical processes have resulted in convenient lihels
for the various regions, not too much significance should be attached (o the
names, since in some applications a particular part of the transistor may il

behave as its name suggests; for instance, the collector may be emitting rathe

than collecting electrons.
Of course, transistor action will also be possible if the conductivity type il

emitter, base and collector regions is reversed so as to produce a pnp device

This will behave in a similar way to the npn transistor, provided the polirities
of the bias voltages are reversed, so for simplicity we shall initially restrict o
attention to the npn device, assuming that parallel arguments can canily he

developed for the complementary device.
The npn transistor is usually preferred in Sigince the mobility and it

THEP Q.

A
R JUNCTION TRANSISTOR 203
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continuity in the Fermi level through the transistor in equilibrium, contact
potentials and potential barriers are established at the emitter—base and
base—collector junctions which prevent diffusion of majority carriers across
the junctions, as described earlier. When the correct d.c. bias voltages are
applied the band structure is modified to that shown in Fig.8.3(b). The
potential barrier between emitter and base is reduced by virtue of the forward
bias to e(V, — V) and an electron current is injected from emitter in to base
region, J,,, and a hole current in the reverse direction, J, . We shall see later
that efficient transistor operation is achieved if most of the current across this
junction is carried by carriers originating in the emitter, i.e. J ., > Jy,. This is
achieved by doping the emitter to a higher degree than the base. The reverse
bias at the collector-base junction causes an increase in barrier height to
e(V, + Vep); as a consequence, there is no majority-carrier diffusion and the
only current flow across the junction is due to the motion of minority carriers.
Thus a very small saturation current, I, called the collector leakage current,
flows across the collector—base junction, which has contributions J ., and J,,
from minority carriers in the base and collector regions.

Turning our attention now to the base region, let us first assume that its
width I is longer than the diffusion length for minority carriers L, and L, . The
density of minority electrons in the p-type base will be increased above the
equilibrium value near the emitter—base junction because of the presence theic
of electrons injected from the base. This excess of electrons decays exponentially
away from the junction because of recombination with majority holes,
reaching the equilibrium value at a distance of order L, from the junction
Near the reverse-biased base—collector junction the electron density is lowc
than the equilibrium value since minority electrons from the base are swepl
into the collector, but again the equilibrium density is restored at distances
greater than abeut L, from the junction. The electron density profile for (h
thick base transistor is then as shown in Fig. 8.4(a). This situation is artificial in
that an essential property of the base region for efficient transistor operation i
that it is very narrow and made of high-lifetime material, such that its length i«
much smaller than the diffusion length for minority electrons, or Iy <L The
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1}1?1'1nor1ty-carrier concentration in the base region is then as shown in
ig. 8.4(b). Under these cncumstangs there is little recombination in the base
nglorl; and nearly all the electrons injected from the emitter diffuse across the
. :gmzﬁa;uss; eoft the steep electron density' gradient existing in it and are
i (1))11 aiross fthe t?ase—collector Jjunction down the potential hill
el ector. Ih, as is usqal!y the case, the emitter is more heavily
- ase, so that the majority of the current across the emitter—base
Junction 1s transported by electrons, then the collector current, ... i 1
slightly less than the emitter current, Ig. S
]aréiél;vﬂilnzzpréztéz;ctl t(l)lfat Vthe e;ectr%ndcutr;:nt flowing into the collector is
rgely endent cs» provide is is large enough
L?;lflél(l)irtltg-carr;r d!ﬂ"uswn across .thfz junction; as a coﬁsequenci, tl:: cglrlee‘éfg;
e ra; 12(1) wﬁ?} 1mdpedance. This is in contrast to the emitter circuit, which
e pedance b;cause small voltage changes at the emitter—base
I. on cause large changes in the current flowing across it. Since the collector
:..ur-rent 1s nearly equal to the emitter current, as explained, the large difference
::)tl,mge;ilanc? level between.collc‘ctor and emitter circuits can result in
potentially high power amplification. Incidentally, this description of the
u«:n.on _of the device in terms of the transfer of current frong al to
il nghqmpedance circuit accounts for its original name, transfe i
whufh was subsequently contracted to transistor. ’ i
If we now consider the base current, Iy, it can be seen from Fig. 8.5 that it
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Fig. 8.5 Components of the base current in a transistor.
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8.3 Gain parameters of the bipolar transistor

Let us assume initially that the external circuit of the transistor js as shown in
Fig.8.2; the arrangement is the common-base connection, since the base
contact is common to both collector and emitter circuits. If the emitter current
is changed by increment Al, there will be a corresponding incremental change
in collector current, Al, and the relative change is described in terms of a gain
parameter, which is defined by

change in collector current (—AIC> g 8.1)
i =ay g

Al

change in emitter current Vionconst.

where ag is the common-base current gain. Since by previous argqments
a change in emitter current results in a change in collector current t.hat is qnly
marginally smaller, Al ~AI and ag is only slightly less than unity, typical
values being in the range 0.900-0.999. i
Although it has been convenient to discuss the common-base operation of
a transistor first, it is far more usual for the device to be operated in the
common-emitter circuit configuration shown in Fig. 8.6, in which the emitter
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Fig. 8.6 Common-emitter configuration.

connection is common to input and output circuits. Arguing as before,
a change in base current, Al, produces a corresponding change in collector
current, Al ., and a common-emitter current gain, ag (or alternatively hg, — scc
Sec. 8.5), is then defined by

i AIC
i (E)

IB +IC+IE=0

(8.2)

V cE const.

Since by Kirchhoff's law

then

AT (AT, +ATE)
Using Eq. (8.1) to eliminate Al gives

ALy =AI[1—(1/o)]
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and finally
Al /ALy = o =0 /(1 —agy (83)

Thus, we arrive at a relationship between the common-base and common-
emitter current gains. Since o, is usually very nearly unity, it is evident from
Eq.(8.3) that ax is much greater than unity, typically being in the range
10-1000.

It is possible to estimate the value of the gain parameter oy, and hence ag,
through Eq. (8.3), in terms of the physical processes occurring in the transistor,
its structure and its composition. It is evident that a; will be dependent on (@)
the number of electrons injected from the emitter into the base and (b) the
proportion of these which diffuse across the base, without recombination, to
the collector. It is therefore convenient to subdivide the gain parameter,

aB,
Into two components:

o =1gf (84)

where #1g, the injection efficiency, is the ratio of the electron current injected
into the base from the emitter to the total emitter—base junction current, and B,
the base transport factor, is the ratio of the electron current at the collector
junction to that at the emitter junction. Current transport in an npn transistor
in terms of these components of oy, is shown schematically in Fig. 8.7. Since the
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Fig. 8.7 Current transport in an npn transistor (note that I, is omitted).

current flowing into the base to replace holes lost by recombination is
1yAlg(1— B), and the base current flowing to provide the hole current across

the emitter junction is AIg(1 —#y), then, ignoring the collector leakage current,
(he total base current is

Alg=ngAI(1 - )+ Al (1 —ng)=(1 —ap)Al

which is the same as that required to satisfy Kirchhoff’s law.
We now consider the components of «; in more quantitative detail.

KA1 Emitter inmjection efficiency, n,,

F'rom the definition given above and by referring to Fig. 8.2(a) it follows that
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the emitter injection efficiency can be written as
nE = ‘Ien/(Jen * Jhp) (8'5)

It is tempting to use the arguments outlined is Sec. 7.6 and assume that the
ratio of electron to hole currents at the junction is approximately equal to the
ratio of emitter to base conductivities, but this would apply only if the base and
emitter widths were substantially longer than the minority-carrier diffusion
lengths, which we know is not usually the case in a transistor. A rigorous
derivation of ngywould follow the analysis for the pn junction with finite
dimensions, which is outlined in Sec.7.7, but the following approximate
approach will be sufficient for our purposes.

Consider first the density variation of minority carriers to the base as
illustrated in Fig.8.8. Electrons injected from the emitter raise the local

linear
approximation

including
recombination

Fig. 88 Minority-carrier density in the base of an npn tramsistor.

electron density just inside the base from n,, the equilibrium value, to n,,
given by Eq.(7.11) as

n,o =n, exp(eVye/kT) (8.0)

At the collector end of the base region the electron density is depressed below
the eduilibrium value by virtue of the reverse bias there, to a valuc
n, exp(—eVyc/kT), which can be assumed zero since usually Vzc > kT. Since
the length of the base, I; < L., the diffusion length for minority carriers, there
will be little recombination in the base and the minority-carrier density falls ofl
almost linearly with distance. Assuming such a constant density gradient, the
electron diffusion current is

Joa=eD.n,/lg B

On comparing this equation with (7.20) for the electron current flow in a wide
n-type region of a pn junction, it will be noticed that the diflerence between the

THE BIPOLAR JUNCTION TRANSISTOR 209

two expressions is that Izin Eq.(8.7) replaces L, in the earlier equation. It
follows that Eq.(7.22) is applicable to the thin-base, thin-emitter junction
provided that L, and L, are replaced by I, and I, respectively. Using this
modified equation and applying similar arguments to those used in Sec. 7.6
gives

Jerd Do,  Dip, og lg (8.8)

Jhp Iy lg —O'B

—
t

—~—
-]

Substituting this expression in Eq. (8.5) gives the emitter injection efficiency as

=1
nEz(l e I—B) e L 8.9)

og lg ogle

Thus, the emitter efficiency is largely controlled by the relative doping of
base-emitter regions but it is also influenced by the ratio of the lengths of such
regions. For example, if the conductivity of the emitter is made, say, 100 times
that of the base, then provided the base length is less than the emitter length,
which is usually the case, 7y is in excess of 99 per cent, and such values can be
achieved in practice. :

An alternative approach is used in the heterostructure bipolar transistor
(HBT) described in Sec. 12.6. Semiconductors having different energy gaps are
chosen to form the emitter and base such that the resulting heterojunction, as
will be seen, contains band offsets that create a relatively small barrier to
injected electrons from the emitter but a large barrier to minority holes flowing
from base into emitter. As a consequence, a high emitter efficiency is ensured,
which is independent of the relative doping of emitter and base.

§.3.2 Base transport factor, f

The base transport factor gives the efficiency with which minority carriers are
transported across the base region, and for the particular case of an npn
{ransistor

=£'°°‘ﬂ‘£ﬁ."&ﬁﬂ (8.10)

Je ,emitterjunction

Since in this expression the numerator is only slightly less than the
denominator because of the usually slight recombination that takes place in
the base, a more accurate method for determining J_ is required than that
described in the previous section; the linear approximation to the electron
density profile in the base region is no longer good enough to calculate the
electron current, and the lower curve of Fig. 8.8 is now applicable. The shape of
thiv curve can be found by applying the continuity equation for excess
glectrons in the base region, on, which gives

A (dm)/dx? = én/L 2
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which, as we have seen, has the general solution
on=C, exp(—x/L.)+ C,exp(+x/L,) (8.11)

The constants C,; and C, can be determined from the boundary conditions,
which are

on=n,,—n, at x=0

and

on= e at x =1, since n,<n,o

Applying these boundary conditions to Eq.(8.11) givés

n,o—n
Sn=—-P0 P L.)—exp(2ly/L,)exp(— x/L 8.12
P Lo/ L) —exp2h/Lexp(—x/L)] (.12
Now, since the electron diffusion current is proportional to the gradient of the
electron density given by Eq.(8.12), performing the differentiation and
substituting in Eq.(8.10) gives

_Jels=ip_ [d(Om)/dx]l,_yy _ 2exp(l/L.)
Jel=o  [dOn)/dx]l,oo  1+exp(2ly/L,)

Since Iy < L, usually, this expression simplifies to
B=[1+3(s/L 1™ ~1—3(g/L.)? (8.13)

Thus, for high base transport factors giving current gains as riear to unity as
possible, the lifetime of minority electrons in the base region must be high so as
tomake L, large. An advantage of Si or Ge in this respect is that relatively high
lifetimes in the range 1-100 us are realizable; for base widths of 1-5 um, which
are readily fabricated using modern technology, transport factors in the range
0.95 to in excess of 0.99 can result.

p

8.4 Non-ideal transistor structures

Although the model used so far is satisfactory for explaining basic transistor
mechanisms, it needs considerable modification before it is applicable (o
physically realizable transistors. Some of the additional effects that occur in
real transistors and the manner in which these limit their electrical perfor

mance will now be discussed.

8.4.1 Avalanche breakdown and multiplication

An upper limit is set on the collector voltage V5 by avalanche breakdown in
the reverse-biased collector-base junction, as discussed previously in Sec. 7.1
Fields of order 10°V m™" are required in the depletion layer for breakdown (o
occur, which usually limits Vi to a maximum of several tens of volts.
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For collector voltages lower than that necessary for the onset of avalanche
breakdown, V., there is a voltage range in which minority electrons in the
base—collector depletion layer are accelerated sufficiently to cause electron-
hole pair production by ionizing collisions with the lattice, but the holes
produced by the process are not sufficiently energetic when accelerated in the
field to produce the secondary ionization that is essential to maintain
a self-sustained breakdown. In this voltage range, although no complete
breakdown occurs, there is some electron multiplication and the number of
electrons collected is greater than the number arriving at the base—collector
layer edge. Under these conditions the current gain, ay, is increased by a factor,

1., called the collector efficiency, which has been found to be given empirically
by

Ne=01—Vcp/Vap) ™" (8.14)

where n is usually in the range 2—4. It is thus possible for the effective current
gain, which includes this additional factor due to avalanche multiplication, to
exceed unity; the emitter circuit may then display negative-resistance effects,
which can lead to undesirable instabilities.

8.4.2 Base-width modulation and punch-through

[t has been tacitly assumed that the base width, I, is always constant, but in
a real device the effective width of the base, I; ., is dependent on ¥, and to
i lesser extent on V. This is because the boundaries that delineate the extent
of the base are the edges of the depletion layers at the junction, which vary in
position with changing bias voltages. For example, the assumed almost-zero
minority-carrier concentration occurs at the edge of the collector—base
depletion layer, which in turn is dependent on the collector voltage V. If the
base is relatively lightly doped, the collector-base depletion layer extends
mostly into the base and the effective base width, using Eq.(7.49), is given

ipproximately by
DeVia\ Y2
l gl B BC ;
B.eff = ‘B < eN, ) (8.15)

where I is now the distance between the metallurgical junctions and N, is the
icceptor concentration in the base. Therefore, as V. is increased, the effective
base width is reduced; there is a corresponding increase in the slope of the
finority-carrier density profile as shown in Fig. 8.9, which leads to a higher
collector current. It follows that the emitter efficiency, the base transport factor

and current gains oy and «; are dependent in a non-linear way on the voltage
|

‘n

I'he variation of collector current with changing Vg, an effect known as
bage-width modulation, also affects the output characteristics of a transistor
snce the I Vi curven are no longer horizontal but take on a positive slope
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[P ————— |

Fig. 89 Variation of effective base width with collector voltage V.

indicating that the device has a finite output impedance that is voltage-
dependent. The input characteristics are also affected; since the input circuit
behaves as a forward-biased diode and the input current is given by

I~ Ioexp(eVyg/kT)

where I, is dependent on the effective base width, the input impedance is then
to some extent influenced by V.

At high collector voltages or for low doping concentrations in the base, it is
possible for the collector—base depletion layer to extend completely across the
base region, thus effectively short-circuiting the collector to the emitter. The
minimum voltage for this punch-through effect to occur can be obtained by
letting Iy .., g0 to zero in Eq.(8.15), which gives

VBClmax T eNalBZ/ZE (81 (‘)

Punch-through may thus set an upper limit to the permissible collectos
voltage but in many transistors the maximum value of V. is set by the onset ol
avalanche breakdown, which often occurs at lower voltages. It is of coursc
possible to raise the punch-through voltage by increasing the ‘doping
concentration in the base, but since this automatically reduces the emiitci
efficiency, #, the particular choice of N, is an engineering compromise.

8.4.3 Base resistance

It has been assumed in the simple transistor model that all externally applicd
voltages appear across the relatively high-resistance depletion layers and that
.voltages dropped across the bulk semiconductor regions are negligible. Whil:

itis usually permissible to ignore the resistance of collector and emitter regions
in this way, the base region is relatively lightly doped in modern transistors

and effects due to its finite resistance must normally be tiken into account
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Consider, for example, the planar transistor shown in Fig. 8.1(b) and in section
in Fig. 8.10. Base current, I5, flowing to the active base region, passes through
aregion that can have a significantly high resistance, which is represented by
a lumped resistance, ry, in the diagram. As a consequence, the effective

Fig. 8.10 Base resistance and emission crowding in a real transistor.

emitter—base voltage is given by
Veg,ett = Vae — InTs b (8.17)

Unfortunately, the situation is more complicated than is suggested by
Eq.(8.17), since Iy itself is dependent on Vgg o

It should be noted that the arguments-so far are also applicable to a.c.
signals; indeed, whereas it is often possible to omit ry; when calculating biasing
conditions, it is usually necessary to include an effective base resistance in the
small-signal equivalent circuit.

A more serious consequence of a finite base resistance is that it causes
¢mission crowding in the base. This arises because the base current, which is
moving laterally in the active base region, i.e. perpendicular to the minority
electron flow, causes a voltage drop across the face of the emitter that is in such
i direction as to reduce the effective forward bias voltage in the centre of the
emitter relative to that at the edges. Electron current from the emitter thus
tends to concentrate towards the periphery of the emitter, as shown
dingrammatically in Fig.8.10. Under high-current conditions, irreversible
(lnmage can be caused by excessive current densities at emitter edges. At more
imodest current levels, emission crowding is not so serious and can be
ficcounted for by inclusion of an additional resistance in the effective lumped
bise resistance.

H44 Graded-base or drift transistors

Ihe transistors discussed so far have been assumed to possess a uniformly
doped base in which neglipible electric fields exist; minority electron transport
i thiy case is predominantly determined by diffusion effects. However, many

modern trangsistors, pacticularly those made by the diffusion process, have an
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inherently non-uniform base doping profile. For many applications this is
advantageous and in some devices, for example, high-frequency and switching
transistors, such a doping profile is introduced deliberately. Devices with
a non-uniform impurity concentration in the base are known as minority-
carrier graded-base or drift transistors; the latter name arises since an electric
field always exists in the base which causes the minority-carrier current in it to
have a drift component.

The origins of the built-in electric field in the base of a drift transistor can be
explained with reference to the typical doping profile and band structure of an
npn device shown in Figs 8.11(a) and (b). It will be noticed that the net acceptor

[ e ey
net donor
concentration emitter base ! collector
i
‘/ o X
net acceptor
concentration &,
N " ot| [

Fig. 8.11 (a) Idealized doping profile and (b) equilibrium band structure of a drift transistor.

level in the base has its largest value, N, ¢, next to the emitter and falls to zero a
the base—collector junction. The corresponding negative gradient in majority
hole density causes holes to move towards the collector, thus exposing fixcd
ionized acceptors and creating negative space charge. The resulting electin
field is in such a direction as to oppose further migration of holes and so
maintains the net hole current due to drift and diffusion at zero. The base
current due to majority holes will, in the absence of recombination, be given by
Eq. (6.52):

J,=eu,pé .—eD, dp/dx (B.18)

For low-level iniection. the hole density at any point i the base, p, o
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approximately equal to the acceptor concentration there, so, for zero hole
current, Eq.(8.18) yields
D, dN.(x) kT 1 dN
é,=—= __a(__)=___3 (8.19)
N, dx e N, dx
Since the impurity gradient is negative, &, is directed towards the emitter as
expected. Now, this built-in field, which prevents diffusion of majority carriers,
is in such a direction as to cause electrons injected into the base to drift under
the influence of the field towards the collector, and the net electron current in
the base is given by

J.=neu &, +eD dn/dx (8.20)

Further, since carriers usually drift with faster velocities than they diffuse, the
transit time of electrons across the base is very much shorter in a drift
transistor than in a corresponding diffusion transistor in which & is assumed
to be zero. This property has enabled drift transistors to be operated at
frequencies in the gigahertz range.

It is desirable for some applications that the doping gradient be arranged
such that the built-in field in the base is everywhere uniform. If the transistor is
constructed so that the doping profile is exponential and of the form

Na(x) = NaEeXp( il Cx)
then Eq.(8.19) gives

which satisfies the condition that &, is constant and independent of position.

8.4.5 Geometrical effects

The flow of minority carriers through the base of a transistor has been
nssumed to be one-dimensional. Of course, in real transistors this is not so and
the minority-carrier current flow from the emitter spreads out laterally to
some extent in the base, before it arrives at the collector. The proportion of the
current from the emitter that is collected thus depends in some part on the
geometry of the transistor. For example, if the base region is thin and the area
ol the collector is made much greater than the area of the emitter, then the base

[ransport factor approximates to the ideal value found for the one-dimen-
sional model.

HA.6 Transistors in the switching mode

5o far, the bipolar transistor has been considered in its near-linear amplifying
maode, butitis often vaed anan ON/OFE device in switching circuits, this being
the dominant recine lor the matoritv of inteorated cirenite
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To study switching behaviour, consider the dr.ain charac‘teris.tics of
a bipolar transistor in the common-emitter configuration, shovyn in Fig. 8.‘12.
The intersection of the load line corresponding to the load resistor, Ry, with
a particular drain characteristic determines the collector volt_age, VCE,.for
a given base current, iy. The amplifying region for a common-emitter amplifier

VCC

active
Vee saturation region
region

cut-off region

Veg (say) Vie Vee
@ © ®

Fig.8.12 (a) An npn transistor in commeon-emitter mode with a step voltage apl.’lie(! to the base; (b)
collector characteristics; and (c) the ideal equivalent circuit for switching.

in which the output current responds almost linearly to changes in inpul
current is shown as the active region (unhatched). However, if the base curren!
is made zero or negative, by making the base voltage, vy, zero or negative,
region (i) in Fig. 8.12(a), thereby reverse biasing both Fransistor junctions, the
operating point for the transistor enters the cut-off region (shown hatched). In
such an OFF state, at the bottom end of the load line, the collector current
becomes almost zero and the collector voltage almost equals V¢, the collector
supply voltage. The transistor is virtually open-circuit between collector and
emitter, corresponding to switch, S, in Fig. 8.12(c) being open.

If the base current is subsequently driven large and positive, f(?r examplc by
a positive pulse change in vy as shown in (ii) Fig. 8.1(a), the .tran51s'tor sth.chv:
into the saturation region, again shown hatched, via the active region, which 1
traversed at a rate that is dependent on factors such as gain and frequency
response. In this ON condition, large collector currents flow and the collector
voltage falls to a very low value, called Vg (sat), typically around 0.2V lor
a silicon transistor, most of the supply voltage now being dropped across K,
The transistor is virtually a short-circuit in this state, which almost duplicater
the closed condition of the ideal switch, S, in Fig. 8.12(c).

In the ON state, the collector current, I(sat), is dependent on the load
resistance and is given by

T fandt <M1/ Y/ fami\1/B (471
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This corresponds to a base current required to drive the transistor into
saturation of

iy > Io(sat)/h,, (8.22)

As iy is increased above this minimum value, to drive the transistor hard into
saturation, the bias across the collector—base junction changes from zero at the
outset to become forward biased when iy is bigger. Under these conditions,
both junctions are injecting electrons into the base, which accumulates an
excess of stored electronic charge. The distribution of minority electrons in the
base for the three operating regimes is shown in Fig. 8.13, the excess stored

density of
minority [ base p
electrons in the
base
ny, exp (eVeg /kT')
Say,,
re%o
emitter n collector n
stored
charge
ny, exp (eVep [kT')
QC[,'VG
cut-off

—» X

Vig. 8.13 Minerity electron distribution in the base for an npn transistor for cut-off, active and
saturated operating conditions.

electron charge in saturation being denoted by the hatched region. The
electron density at the emitter—base junction, from Eq. (8.6), rises from around
#ero at cut-off to n, exp(eVgp/kT) for saturation, as shown, but the correspon-
ding densities at the collector-base junction are n, exp(—eVcp/kT), which is
Again near zero, rising to n,exp(+eVy/kT), corresponding to electron
injection from the collector and the change in bias polarity. There will also be
atored minority-carrier charge in the collector region of an ON transistor as
shown, but this is much smaller and can often be ignored.

As for the pn diode discussed earlier, switching between ON and OFF
atutes has to be accompanied by corresponding changes in the electronic
charge stored in the base. For example, if the transistor is hard ON and is then
awitched into the OFF mode, all the stored charge shown in Fig. 8.13 has to be
discharged before the current can adjust to the very small value corresponding
to the cut-ofl condition. Such o process cannot occur instantaneously, so
iemoval or msertion of stored charge out of or into the base leads to finite

Niltaliing timaase Hliah.snaad suiltalhiinag aleainlte cnee ~finee dan! ver ool ¢ el sl
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difficulty by arranging that transistors are not allowed to saturate, thus
reducing switching times.

8.4.7 High-frequency performance of tramsistors

The minority carriers take a finite time to traverse the base region ol
a transistor and it is this transit time, t,, that is usually the major factor limiting,
high-frequency performance. As the operating frequency approaches z,” 1 the
transistor becomes inoperative.

The transit time for electrons to cross the base region of length I in an npn
transistor can be estimated as follows. Let x be the distance from the
emitter-base junction, v(x) the velocity and n(x) the density of minority
electrons. The transit time is then given by

I

T, =j [1/v(x)] dx (8.23)
0

If the simple model for charge storage in the base given in Sec. 7.10 is assumed,

the velocity u(x) is given by Eq. (7.63). Substituting this expression in Eq.(8.21)

and performing the integral gives

1, ~13/2D, (8.24)

It is evident that 7, can be reduced, and the high-frequency performance
improved, by making the effective length of the base, I, as thin as possible
A similar expression for the transit time for holes in a pnp transistor could he
derived, which would include D,, the diffusion constant for holes. However,
since D, >D,, npn transistors have a smaller transit time than their pnp
equivalents and are to be preferred for high-frequency or high-speed
operation. The base transit time can be reduced further if electrons aic
accelerated across the base by an electric field, rather than moving solely undei
the influence of diffusion. This property is exploited in drift transistors, which
have a built-in drift field in the base region arising from a deliberatcly
introduced doping profile there (see Section 8.4.4).

There is an additional transit time, 1., associated with carriers moviny
through the collector-base depletion layer. For collector voltages, Vcp, greates
than a few volts, electrons in this region reach a saturated velocity, v, o
around 10° m s~ 1. If the depletion-layer thickness, which itself is dependcn
on the collector voltage, resistivity and so on, is d¢g, then

Tc:ch/vsat (H 23)

Finally there are two more time constants, associated with the capacitin
of the pn junctions in a transistor. First, the time constant due to tlu
emitter—base junction, tgg, 1s given by

AT
g =TCpn (B.26)

where Cpy is the capacitance of the forward-binsed junction and ry ity slopy
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resistance. Substituting approximate values for these gives

kT\ {e€.eqNop\t?
rEB_A(eI)( o (827)

where N o is the acceptor concentration in the base near to the emitter and V,
the net junction voltage. Hence in order to reduce 7z, the junction area, 4, and
N, must be kept as small as possible.

The time constant related to the base—collector junction, 4, is given by

Tac =R GO (8.28)

which can be reduced by decreasing the collector access resistance, R
doping concentration in the collector, or by increasing V.

The sum of all four time constants provides a value for the total delay time,
ty. The high-frequency operating limit corresponding to a particular value of
iy, f,» is then approximately

cc?

or the

fa() ™! (8.29)

Here, f, is the alpha cut-off frequency, at which the gain, g, falls 3 dB below its
low-frequency value.

H4.8 High-frequency response

Cinin parameters for a junction transistor have been determined in earlier
sections assuming near-equilibrium conditions and are only applicable to
low-frequency or slowly varying signals. The expressions obtained are
modified when the transistor is operated at high frequencies. For example, the
turrent gain in the grounded-base connection, oy, is not constant but falls off
With increasing frequency in the manner shown in Fig. 8.14. The fall-off in gain

| agp IT

Bo

g,

-

log f

Fig. 8.14 High-frequency common-base gain of a junction transistor.

uiives principally because of the finite time taken for minority carriers to
dilluse across the base; when the transit time becomes comparable to the
periodic time of an applied signal the minority carriers can no longer respond
fant enough and the gain fnlls to zero. The cut-off frequency, f,, is defined as that
frequency at which the magnitude of the current gain, oy, falls by 3 dB to l/\/2
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of its low-frequency value, ag,. The value of f, can be estimated by considering
the continuity equation for minority electrons in the base, assuming no electric
field exists there, which is, from Eq.(6.63)

ony__on , ) 0(n)

Olon). 8.30)
ot T s G (

The term on the left-hand side of the equation, which was neglected in the
time-independent solution, must be retained when discussing high-frequency
effects. If small sinusoidal alternating signals of angular frequency w are super-
imposed on the d.c. currents flowing in the base under equilibrium conditions,
the solution to the continuity equation is expected to be of the form

on(x, t)=on(x) exp[ j(wt + ¢)] (8.31)
Substituting this trial solution into Eq.(8.30) gives

j 0%
gt )
TLe 0x

0=

or

02(6n) _on(1+jory,)

o (832)

Comparing this equation with that given in Sec.8.3.2 it will be noticed tl.ml
L2?in the d.c. continuity equation has to be replaced by L%/(1+jwr..) to give
the a.c. version of the equation. Equation (8.13) will therefore still be valid for
the base transport factor in the a.c. case, provided Lf. is replaced by
L2/(1 + jwty ). Thus, the gain at high frequencies, agg, neglecting t}}e frequency
dependence of the emitter efficiency and assuming it to be near unity, becomes

B +jwrty,) iy ,
aBF:BF:(1+L2?L 8.39)

This equation, together with the corresponding low-frequency equation
derived from Eq.(8.13), gives

s B (8.34)
agy 1+jojo,

where

(8.19)

2L2+15 2L 2D,
wc = tLe lfzi = ’rLe lzB - l%
It is evident from Eq. (8.34) that |ogy| falls to ag, //2 when o = ®, and, henc
from Eqg. (8.35),

f.=w,/2n~D,/nl} (B.16)
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Although a transistor can be operated at higher frequencies, Eq. (8.36) gives an
indication of the frequency at which the gain is falling off rapidly and at which
phaseshift distortion becomes apparent. It will be noticed that, according to
the approximate analysis presented, the o cut-off frequency is dependent only
on the diffusion coefficient in and the width of the base. A thin base is again
advantageous for good high-frequency performance and there is also some
advantage in using npn transistor structures because the diffusion rate for
minority electrons is higher than for holes. However, there are physical
limitations to the reduction in base width and a more useful method of
reducing the transit time, and hence increasing the high-frequency operating
capabilities of a transistor, is to introduce a drift field in the base region by
means of some degree of impurity grading, as discussed in Sec. 8.4.4.

8.5 Small-signal equivalent circuit

Although the bipolar transistor is inherently non-linear for large-amplitude
signal variations, it may be considered to bahave in a linear manner over
a limited range of its operating characteristics and a small-signal equivalent
circuit can be derived to represent its electrical performance. Strictly, such
a circuit will only therefore be applicable to small-amplitude a.c. or
incremental d.c. signals. Many different equivalent circuits have been proposed;
an equivalent circuit based on our discussions of the physical processes that
take place in a transistor in the grounded-emitter configuration will be derived
as an example. The parameters of the circuit will then be compared with those
of a more usually encountered, more generally applicable circuit, that is based
on a four-terminal network, ‘black-box’ approach.

Consider the base-emitter current of an npn bipolar transistor in the
common-emitter connection (see, for example, Fig.8.5). In the normal
operating mode of the transistor, the base—emitter junction will be forward-
biased and the small-signal input voltage, v;, will be applied in series with the
(.c. bias voltage V. The input impedance presented to the signal includes the
effective dynamic resistance of the forward-biased junction. Since

Iz ~1,exp(eV/kT)

and
0I;/0V=elgz/kT

it follows that the dynamic resistance is given by

r=kT/el, ~1/(401) at room temperature (8.37)
which is a low resistance at room temperature and normal bias voltage. For
example, for typical standing currents, I, of order milliamps, r is a few tens of

ohim, The putciremt alasa includes the bulk resistance of the base region and
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this is usually lumped together witjhe dynamic resistance to give an effective
input resistance, ryg.

Turning now to the output circy, a large dynamic impedance will exist at
the collector-base junction by virt of the reverse d.c. bias across it and this
results in a high value for the ouipt resistance, rqg, Which is the resistance
looking back into the collector—e jitter terminals.

The signal current in the basejy, will be amplified and appear in the
collector circuit as a current agip vhere oy is the common-emitter current
gain. Therfore, a simple, low-frequacy, small-signal equivalent circuit based
on the physical processes discussd so far might be of the form shown in
Fig. 8.15(a), where a cutrent generzr ayiy is included in the collector circuit.

B "BE
ip
Y
O
E
B "BE c
ce Vo
|
-O
E

o
E

©)

Fig. 815 - Possible low-frequency, smallsignal equivalent circuits for a bipolar transistor.

The simple equivalent circuit shown in Fig. 8.15(a) is highly idealized and
can be refined somewhat so as to indude base-width modulation effects by (h
addition of an extra component jn the circuit to account for the built-in
feedback between output and input circuits. The feedback arises becaun
a change in output voltage changes the effective bane width, resulting in
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changes in collector, emitter and hence base currents. The sign of the change is
such that an increase in v, leads to a decrease in i5. The effect is accounted for
in the more comprehensive equivalent circuit shown in Fig.8.15(b) by
including a voltage generator proportional to the output voltage in the base
circuit, which is of such a polarity as to cause a reduction in the base current
when the output voltage is increasing.

It is sometimes more convenient to treat the transistor as a two-port active
network, as shown in Fig.8.15(c), and develop an equivalent circuit from
measurements that can be made at the two ports, rather than devising a circuit
based on the physical processes occurring in a particular device. Again, there
are several different forms for the defining equations of the equivalent circuit,
depending on which set of terminal characteristics is considered. As an
example, one possible set of measured parameters might be
(a) the input impedance with output short-circuited,

hie i (vi/ii)lv(, =0
(b) the reverse open-circuit voltage amplification

hre il (Ui/Uo)'ii =0

(c) the forward current gain with output short-circuited

hfc 0 (io/ii}*m,:O

and (d) the output conductance with input open-circuited
hoe o (io/vo)lii=0

These are the hybrid parameters of a transistor, so-called because they do not
all have the same dimensions. The additional subscript ‘¢’ is added to designate
the circuit configuration, in this example common emitter. It follows that the
small-signal voltages and currents at the input and output terminals of the
equivalent circuit are then related by the equations
b= hieii i hre U,
(8.38)
io o hfeii ir hoevo

The equivalent circuit shown in Fig. 8.15(c) used in conjunction with Eqs(8.38)
can be used to define the small-signal performance of a transistor completely
when it is included in a particular circuit.

The equivalence of the two circuit representations discussed can be seen by
noting that Eqs (8.38) are also valid for the circuit shown in Fig. 8.15(d). This
his obvious similarity to the equivalent circuit based on the internal physical

processes occurring in a transistor, Fig. 8.15(b), and it follows by direct
vomparison of the two circuits that

hy =ry, M=K he, =0ty h,, =1/rq
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8.6 Fabrication of junction transistors

Discrete transistors are usually made using one of the IC processes discussed
more fully in Chapter 10, using various combinations of diffusion, epitaxy and
_ion-implantation techniques. Many transistors are usually fabricated per slice,
the number being dictated by area-dependent considerations such as power
rating and device complexity, transistor chips being separated subsequently
and individually packaged.
Cross sections of a selection of possible transistor structures are shown in
Fig. 8.16. The diffusion process for fabricating transistors of the type shown in

aluminium
contacts

n* substrate

(© (@)

Fig. 8.16 Construction of some discrete transistor types: (a) diffused; (b) mesa; (c) planar; (d)
epitaxial planar.

Fig. 8.16(a), which is described in Chapter 10, has many advantages. Until
recently such technology was dominant but now newer techniques for
junction formation, such as ion implantation and polysilicon emitters, arc
becoming progressively more important. In the mesa version, Fig. 8.16(b), the
area of the collector junction is formed by an etching process, leaving the active
portions isolated on a tapered plateau or mesa, which provides improved high
-voltage performance. The planar discrete transistor, Fig. 8.16(c), is a dircct
derivative of the IC counterpart, all contacts being accessible from the top
plane. Similarly for the epitaxial variant, Fig. 8.16(d), where the lightly dopcd
epitaxial collector layer is grown on a highly doped supporting substratc,
which provides a low-resistance path from collector terminal to the active
collector region. Epitaxial diffused transistors have the additional advantag
of reduced collector capacitance and higher breakdown voltupes
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8.7 Silicon controlled rectifier

The silicon controlled rectifier, SCR, sometimes called a thyristor, is a four-
layer, three-pn-junction, single-crystal silicon device, as shown in Fig.8.17,
which shows the principal features of a practical device, a possible model for
the active silicon slice and the relative doping intensities in it. In an n* pnp*

G
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c / G / 5
]

tungsten

N—Q &

=
+

slice /24 ClIZ L7 AT

copper heat \

sink J)

A A
@ (b)
relative doping density
{ NG
hﬂ_i Na
— Ng
___*_I Na+
© )

Fig. 8.17 The §ilicon controlled rectifier: (a) a cross section; (b) a model of the silicon slice; (c)
relative doping in the layers; and (d) its symbolic representation.

device an anode connection, A, is made to the p*-layer and contacts are also
formed with the n* cathode, K, and the p-type gate region, G, as shown. Briefly,
the SCR usually operates in a switching mode, when small injected gate
currents control the point in the anode voltage cycle at which the device
switches and large currents are allowed to flow.

SCRs are characterized by a very high-resistance OFF state in which the
current flow between anode and cathode is very small, of order 1 mA, which on
switching changes rapidly to a low-resistance ON state, via a negative-
resistance region, in which large currents, typically kiloamps can flow. The
peneral I-V charactenistics for such operations are therefore as indicated in
Fig BB Three distinet operating regions are apparent, an OFF state, an ON
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; siton Boetiad assumed in the diagram when the anode voltage, V4, 1s positive with respect to

' biased pn junction the cathode, junctions J 1and J, are forward-biased but the current at low

voltages is controlled by the reverse-biased junction, J,. Under these
conditions, only a very small saturation current flows across I 2, which consists
of thermally generated minority electrons at either side of J , that are swept
across the junction by the energetically favourable energy barrier that
prevents majority carrier diffusion; see for example Fig. 8.20. However, since

Iy |---
~10 mA OFF N

minority
electrons

=
o
<V

/ R ~MQ

as for reverse
biased pn
junction

Fig. 8.18 VI characteristics of an SCR.

state and, for negative applied anode. vol.tages, a curve s;m:ai ti)o tt}}llaét (§(1)\§
a reverse-biased pn junction diode. Sw1tchlpg from the OF ; sta eV el
state can be accomplished either by appl'ylng an anode vo tagt:l, 'née’c%ing <
than the breakover voltage, Vg,, or by maintaining V, < V%% ar:i e:, i (j;e e
external triggering current, I, into the gate electrode. The O
switched back into the OFF state by allowing the anode curfren e
a critical holding current, I, as shown. Currents in the range from m p

i 1 in excess of kilovolts. s
kiloamps can be switched, up to voltages L
s e i i mafr)yh?espiztintilmeater; 1ink£d by Fig. 820 Carrier transport in the reverse-biased junction J,.
i & * np, the properties of which a
transistors, n* pn and p” np,

common regions, as shown in Fig. 8.19. Consider first the situation in which

simplici ias condition Gy ‘ '
the gate current is zero, I, =0, for simplicity. In the forward b R N i A i

there is an additional component of current at J , originating from the effective
emitter sections. Consider, for example, the p*'n junction shown in Fig. 8.21.
g - B dince the acceptor concentration in the p*-region, N > Ng, the donor
. 2 voncentration in the n layer, most of the current crossing the forward-biased J iy

p’ i . 7 I8 transported by majority holes. The proportion of the junction current
Ia - = Injected by holes is therefore 57, 1,,, where #, is the emitter injection efficiency of
3 I';, which will be almost unity. The injected holes become minority carriers in
n/ p n* the n-region and the number of holes that survive recombination and reach the

depletionlayer of 1, is 8, (5, 1,,), where 8, is a ‘base’ transport factor. Contrary
(o the situation in a bipolar junction transistor (BJT), the length of the n-type
Base” region inan SCR L s L the diffusion length for minority holes, so

T

H

Fig. 8.19  The four-layer diode, 1,0
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Fig. 821 Forward-biased junction Jie

B, <1 and most of the injected holes recombine in the base region and or(lilz
a few reach J,. Those that do are swept :}wross the depletion layer atJ, to a
rse bias saturation current, [,.

b ilte f:i:;;er values of V,, the voltage drop occurs mostly across ;he
reverse-biased depletion layer of J,, so the fields can become so high there that
there exists a possibility of avalanche multiplicatlop of the hqles as they are
accelerated across the depletion layers and collide with the latnie.‘So .the t’qtal
hole current reaching the p-region that originates from the p* ‘emutter” is

NP M ly=01, (8.39)

where M, is an avalanche multiplication faitor and_ o, 1S a conll'rlrclon—basc
large-signal current gain. In other words the p™ np section behaves like a poor
transistor because of the wide base region and,‘ fo_r low Va, 4, < L,

Turning to the n* pn transistor section, by similar reasoning, an el}c;tro:
current o, I, flows into its n-type cqllcctor, where oy =1,P, J\;I1 o tencl l
provided I, =0, the total current crossing J,, which must equal the externa

circuit current I,, is given by
Iy,=a,1,+oIx +1, (8.40)

as illustrated in Fig.8.22. It follows that, since I, =1Iy if I, =0 as has been

I3
i le

e lclos) [
| Mla BT |
e .
771[311;\' Ly |
| — Mi |
|holeslmﬂ1 3 |
|

Fig. 8.22 Currents crossing junction J,.
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assumed, then the anode current becomes

n I, (s I,
1—(a; +a5) 1—(n,8,M, +1,8,M,)

At voltages below the breakover voltage, V, <V, the M and n factors are
almost unity but the transport factors, §, are small so I a~Iyand a very small
reverse bias saturation current flows in this OFF condition.

At higher anode voltages, avalanche multiplication becomes more probable
in the depletion layer of J,, so that M > 1, until eventually, when V, = Vso and

nBi My +n,8,M, -1 (8.42)

then 1, as indicated in Eq.(8.41) approaches infinity and the device switches
into the ON state with current limited by circuit conditions.

The breakover voltage, Vg,, can be estimated, if it is assumed that
M, =M, =M, which is given by Eq. (7.70) where n~ 3 for silicon and V is the
applied junction voltage. Substituting this expression in Eq.(8.42) at break-
over, when V="V, gives

NiBi+1n28,=1—(Vio/Vip)

Ly (8.41)

or

Voo =Vap(1—1,8, _Wzﬂz)l/" (8.43)

It follows that the higher the gains, which are dependent on # and g, the lower
the breakover voltage becomes.

Physically what is happening in the switching process is that the holes that
are injected across J, are then swept across J, into the p-region where they
become majority carriers again. Electrons are then injected across J 3 into the
p-region to preserve charge neutrality. Similarly, electrons from the n* -layer
are eventually swept across J, into the n-region where neutrality is preserved
by extra injected holes. Clearly, this is a regenerative process and it is possible
for the total current to rise rapidly.

The holes swept into the p-region compensate some of the negative exposed
acceptors fixed in the reverse-biased depletion layer of J,, as shown in
F'ig. 8.23, thus reducing the effective depletion-layer charge. As the voltage is
increased so that V, approaches Vy,, the number of holes reaching the
depletion layer increases, for the reasons explained, until sufficient ionized
iicceptors are compensated so that the effective depletion layer becomes
similar to that for a forward-biased junction. In other words when the SCR is
switched on, the potential barrier of J, is reduced until the junction is
ellectively forward-biased, as shown in Fig. 8.24. In this ON condition, large
currents can flow but the anode voltage remains small.

The mode of operation discussed so far is known as voltage triggering.
When pate currents are mjected, so that ,n >0, it is possible for an SCR to be
current triggered, withe V< By With pate current the situation is as depicted
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Fig. 8.23 Reduction in effective depletion-layer charge by injected carriers.
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Fig. 8.24 Equivalent circuit of SCR for V> Vy,.

in Fig. 8.25. The current crossing J, is still given by Eq.(8.40) but this time
Kirchhoff's law indicates that
Ix=1,+1,
so this can be substituted in the equation to give
ayl, +1,

=—=5 - (8.44)
1—(oy +a;)

A

In the situation when V, <V, and I, is increasing from zero, inj.ectio.n of I,
increases I, and hence I,,. Now for gains <1, the gain of a transistor is very

,Jl JZ J3
' n pr it
—1 ;1 holes I
IP. 173 IK O K K
A electrons
—_— Io
Iy

G

Fig. 8.25 SCR with gate triggering
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dependent on the emitter current, in this case I, and I, so as ¢ INCTEases, 5o
do I, and Iy and hence o, and a,. This continues until (&, +a,)=1 in
Eq.(8.44), I, — co and is only limited by the circuit resistance as the device
switches ON. Since switching has occurred at V, < Vg, it follows that the gate

current can be used to control the point at which switching occurs, and as I ¢ 18
increased, V, for switching is reduced, as shown in Fig. 8.26. This is the most
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gl

OFF Vao
f L2 >0, >0

Fig. 826 17—V characteristics of SCR with gate triggering.
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common triggering mode since it only requires low levels of power to control
the switching of large currents. The ratio I,/I ¢ at switching is of order 10°, so
only a very small gate current, typically of order 10-100 mA, is required to
initiate switching,

Since the dissipation in the forward-biased gate junction is limited typically
lo a fraction of a watt, which it is possible to exceed with continuous gate
currents of say 100 mA and corresponding gate voltages of a few volts, the
(rigger current is often pulsed, to prevent possible device failure. Provided the
pulse of I, is supplied for a sufficiently long time for the current multiplication
process to occur and switching to take place, which is typically a few
microseconds, then the duty cycle of the pulses can be made such that the
iverage gate dissipation is never exceeded.

Dynamically the SCR is relatively slow. Its switching speed is typically of
order 0.1 us to turn ON and around 10 us to turn OFF, which is much slower
than a BJT. Its principal applications, therefore, are in the low-frequency,

hgh-current ficld, for example for motor control in trains and drills or in light
dimmers, and 5o on
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Problems

1. A certain pnp transistor has an effective base width o'f 20 pm under certain
biasing conditions. The thickness of the emitte.r region 18 5 pym and 1£s
resistivity is 50 x 107°Qm. The effective base lifetime is 20 us and Dy =

00047 m? s~ *. Estimate the common emitter current gain of the device.

Ans. 81

2. Draw a diagram showing the division of electron and hole currents 1nbthe
various regions of a pnp transistor and confirm that the sum of the base
current components is Tg(1 — o) — I,

3. When the collector voltage of a transistor is. sufficiently highitis po§51bhfr ;qr
the collector—base depletion layer to extend rl.ght across the base region. This
condition, called punch-through, is achieved in a partl'cular npn germﬁnutlm
transistor when the collector voltage is 30 V. Assuming tl_lat the co elcocz)f
doping density is very much greater than tl:lat of the base, whlch copt;uns =
acceptor atomsm~> and that ¢ = 16, estimate the base width with no

voltages applied.
Ans. 7.3 pm

4. The transistor of question 3 has a quoted low-frequency current gain g of
30. Estimate the lifetime of minority clectrons in the base of the transistor.

2 ail
Assume an emitter efficiency of 100 per cent and D,=0.0093m"s ".

Ans. 0.09 us

5. Show that the kg, of a high-gain bipolar transistor is approximately of the
form

he. ;[Cl(GB/GE)+C2/L£]—1

C. and C, depend on the geometry. ; )
Whgﬁc;:;n;??;isn cz)nditionzs of%ias, the he, of a ce'rtgi.n bllpolal.' traxzis_léto_r is
450. Assuming the ratio of emitter to base condugtlilitles is 109.1, a 1duls)101{
coefficient for carriers in the base of 3 x 19’3 m’s -anq emitter and basc
lengths of 10 and 20 um, estimate the lifetime of carriers in the base.

Ans. 3 pus.

: —8m—2 |
i an
6. A certain npn transistor has a cross-sectional area of 107"m AN

a doping density in the emitter of 102*m~3. It is operated at 20°C “lm.h
a base—emitter junction voltage of 0.65 V and a collector voltage of 10V, when
the collector current is 1.35mA.

B L, el i
Assuming electron and hole mobilities of 0.13 and 0.05m* V™" ™ “estimalc
et anerant aceMING A saturation cut rent (Icnsny ol

o A
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1 puAm~?; (b) the density of majority carriers in the base, assuming that
recombination in the base and collector leakage currents can be neglected; and

(c) the ratio of electron to hole currents flowing across the base-emitter
junction. :

Ans. (a) 1.5mA, (b) 2.5x 10?2 m ™3, (c) 10.4:1

7. If two bipolar transistors differ only in that one has a base width that is 90
per cent of the base width of the other, what will be the difference between the
base-emitter voltages needed to maintain the same current flowing in the two
transistors under reasonable forward bias and assuming an operating
temperature of 290 K. It may be assumed that the number of injected majority
carriers into the base is proportional to exp(eV/kT).

Ans. 1.1mV

8. An npn bipolar transistor has a base region of thickness 0.025 mm. If the
base region minority-carrier lifetime is 20 us, what base transport factor might
be expected?

The base region has a resistivity of (0.0005Qm. Holes injected into the
emitter region have a lifetime of 10 us. What emitter efficiency might be
expected for an emitter resistivity of 0.0001 Qm?

Estimate the common-base and common-emitter current gain of the device.

Assume throughout that the hole ard electron diffusion constants are 0.0044
and 0.0093 m? s~ ' respectively.

Ans. 0.998,0.975,0.975,39

9. A certain npn transistor has effective emitter and base lengths of 100 um
and 20 pm and the ratio of emitter to base conductivities is 50:1. Find the
emitter efficiency of the transistor.

If the forward current gain of the transistor is 50 and the diffusion constant

for carriers in the base is 3 x 1073 m? s !, estimate the lifetime of carriers in
the base.

Ans. 0.996, 4 us

10. A certain npn transistor has an effective base width of 20 um under given
bias conditions. Estimate its forward current gain in the common-emitter
configuration, he,, assuming a lifetime of minority carriers of 1us and
a diffusion constant of minority carriers of 0.01 m? s~ in the base. Assume, for
simplicity, an emitter efficiency of unity.

Ans. 49

L1, I a particular bipolar transistor, the effective length of the base, I, under
certuin bins conditions w1 yim, When the bias is changed, so as to change [,



