
Chapter 5
THE BIPOLAR JUNCTION TRANSISTOR (BJT)

5.1 The Transistor Action
The bipolar junction transistor (BJT) was invented in 1948 by Bardeen, Brattain and Shockley at

the Bell Laboratories. One year later, Shockley presented the basic theory of operation of the device.
Bipolar transistors became widely used in the 1950s and their technology progressed quickly until it
became well established by the end of the decade.

The bipolar transistor is an active three terminal device composed of 3 layers of a
semiconducting material (silicon). Fig. (5.1) shows a simplified picture of the to basic types of bipolar
junction transistors, npn and pnp, along with their symbols when used as circuit elements.

The three regions are refered to as emitter, base and collector. Both types of carriers play an
important roke in this device; this is why the adjective "bipolar" is used to describe the junction transistor.
The arrow on the emitter lead indicates the direction of current flow when the emitter- base junction is
fonward biased. The emitter curent is denoted by l,, the collector current l and the base curent l,,
The mechanism of operation i.s essentially the same for both structures.

The bipolar transistor is mainly used in amplification and switching applications. To understand the
transistor action, we must first visualize the transistor as two coupled pn junctions put back to back with very
thin base width to allow coupling between the two junctions. For amplification to take place, the emitter-base
junction should be fonward biased, and the collector-base junction reverse biased. This is called the active
mode of operation (Fig. 5.2). Consider pnp transistor. The emitter seres as a reservoir of holes, which are
injected into the base region to constitute an excess minority carrier concentration. Now, if the base region is
sufficiency narrow, most of the holes injected into the base will be able to reach the collector - base junction
and will be swept by the electric feld which causes the flow of holes towards the p collector. Therefore,
despite the collector base junction being reverse biased, a large current flows through it. This is due to the
presence of the fonward biased emitter -base junction, which supplies plenty of minority carriers to the base
region. Therefore, if the emitter base voltage changes وي! by , وg آا a small variation occurs in the base
curent. But this small vaniation will مlط cause a large change in the emitter current equal to . له The
variation in lي is expected to be quite large due to the foNward bias of the emitter base junction. If the
recombination of holes in the base is neglected. The variation of the hole emitter current will جlه be
transferred as it is into the collector curent. Thus, a curent gain ,lه/,lه results. A considerable voltage
gain can, thus, be obtained if this large variation in the collector current is multiplied by a sufficiently large
koad resistance.

Fig. (5.3a) shows the potential distribution across a pnp transistor before biasing and Fig. (5.3b) with
the emitter junction fonward biased and the collector junction reverse biased. Notice that in Fig. (5.3a), the
built-in potential4 is assumed the same for both junctions. ln reality, this is not the case since the doping
kevel of the emitter is usualy much higher than that of the collector. Fig. (5.3b) shows that the potential
barier of the emitter base junction is lowered by the magnitude of the applied forward bias [Ak, . ا This
potential barier lowening allows holes to be injected into the base, where they diffuse towards the collector.
Once the hokes reach the collector-base junction, they are swept across the junction by the action of the
electric field in the depketion layer. Note that the potential barrier across this junction is increased by the
magnitude of the reverse bias [Dkأم , which causes a significant increase in the electric fkeld. It should be
mentioned also that the extension of the depletion layer inside the base region increases with increasing
reverse bias.
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Fig. (5.1) BJT
a) schematic diagram for pnp and npn BJTs
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Fig. (5.2) A pnp transistor biased in the active mode of operaton
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5.2 Current Components and Current Gains
Let us now examine more closely the different current components which flow inside the bipolar

transistor and the ratios between them. ptil ا now, we have implicitly assumed that the emitter current
consists only of holes injected from the emitter into the base. ln fact, this component (which we will
designate l,م ) is not the only one that fows across the fonward biased emitter-base junction. Electrons
injected from the base into the emitter constitute the second, component of the emitter current (which
will be denoted by lج, ) as seen in Fig. (5.4). Therefore, the total emitter current l,is given by

4 =ءl عم/+ء(1-5)
Natrally, bipolar transistor designers would like to make lع, much greater than l, since

electrons injected from the base into the emitter (i.e. l,م ) do not contribute to total collector current. For
this reason, the emitter doping in commercial transistors is much higher than that of the base.
Therefore, increasing the doping of the emitter with respect to that of the base increases the emitter
efficiency 7, which is defined as the ratio of the hole emitter current to the total emitter curent:

 عم/ عم!
 =ش=م(2-5)

l  \+ء ء'
Let us now follow the holes injected into the base in their course towards the collector. Some of

these holes (constituting lمي ) will recombine with electrons in the base region and will not reach the
collector.

Therefore, the hole collector current l is lower than by م,1 the amount of the bulk
recombination current in the base region. This recombination process increases with increasing base
width. For this reason, the base width of a bipolar transistor should be kepi less than the diffusion
length of minority cariers in the base. This leads to the definition of the base transport factor B,, which
is the ratio of the hole curent reaching the collector junction l to the hole current at the emitter

unction :عم  ز1
1B,=3-5)ع )
4 يم

lt is evident that the product pB, gives the ratio of the hole collector current to the total emitter
curent. The product is called the curent transfer ratio and is denoted by a

I
a=7B,= (54)

١ ء
The factor a should be very close to unity for a good bipolar transistor. This implies that the

emitter cument should consist mainly of holes (i.e. y=1) and that all these holes traverse the base
without recombination to reach the collector (i.e. B,=l).

Taking a look at Fig. (5.4) we realize that l is not the only component constituting the collector

curent l. lndeed, the collector - base junction, being reverse biased, passes a reverse saturation
cuIrent l in addition to lج , amiving from the emitter base junction. Therefore, the total collector
curent is given by:
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Fig. (5.3) Potential distribution across a pnp transistor
a) without bias b) wit fonward bias

From Fig. (5.4), the base curent l, consists of two components: The first is emitter base junction
forward electron curent and ي1 the second component is (1-B,)lج , which represents the holes lost by
recombiretion in the base region. Under steady state condition, an ekectron current equal to the hole
recombiretion current is supplied by the base teminal. lt is evident that the sum of the three temminal
curents should be zero. Therefore, the base current is governed by:

l٤=4+l٨, (56)
Making use of eqn. (5-5) and neglecting the reverse saturation curent I, the ratio I/1, is gien by

,l ء"ع}٥(57 1-a
Eliminating l, between ens. (5-5) and (56) and using eqn. (5-7)

4=8l, +(8+1I, (5-8)
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Fig. (5.4) A schematic diagram of a pnp transistor showing
the diferent components fowing through it

c

Since a is only slighty less than unity, the factor B, which is defned as the base to collector dc
current gain can be very large. lt is this high value of 8 that gives rise to a large voltage variation in the
output current due to a small variation in the base current, and is the cause of amplification in the
transistor.

5.3 Current - Voltage Characteristics of an ldeal Transistor
To simplify the derivation of the l-٧ characteristics of a bipolar transistor, we are going to make

the following assumptions:
1- The doping concentration is unifom in all three regions of the transistor.
2- The base current is camied only by diffusion.
3- The injection level into the base is low.
4- Neglect the electron current in the emitter by making the emitter heavily doped (p')

Consider a pnp configuration. From eqn. (4-71) and the discussions on the p-n junction theory,
the emitter electron current just at the emitter - base junction i.e., at x=0(Fig. 5-5) is given by

AD n  'اارو.ر3م"(٤٤٠-١١(5٥)
Lعم' 

E

where Y, is the voltage directly across the emitter junction with L and n, being the minority carrier
diffusion length and eguilibrium concentration in the emitter region, respectively. As for the hole current
injected into the base across the emitter-base junction, the situation is quite different. This current is not
identical to that found from ordinary p-n junction theory, since the width of the base region is small and
coupling occurs between the two junctions. ln this case, we have to solve the continuity equation for minority
carriers (holes) in the base region.
From egns. (444) and (462)
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The general solution for p,(r) is given by.

P.()-P.=K,٥"+K,12-5)-"٤ ا)
where K, and K, are constants to be detemined by the boundary conditions, whike L, is the minority
carier diffusion length in the base.
At r=0and r=7, (W, being the width of the base), the minority carrier concentration p,(0) and
p,(٣م) are given from egn. (4-56) by

(5-10)

(5-11)

٧١٧p,(0)=p.٤"""٥ (5-13)

p,(%,)=p.٤"" (514)
where Y, is the emitter junction voltage and V is the collector junction voltage.

For the active mode of operation, the collector - base junction is highly reversed biased and
p,(م# ) is nearly equal to zero. This is understandable since the hokes amiving at the colector - base
junction are swiftly swept by the ekectic fekd across the depletion layer into the collector. It is not difficult
to obtain the exact values of K, and K,, however, since the width of the base region is made very
namow wtth respect to L, in order to minimize minority camrier recombination, we are going to simplify
the gereral solution given by eqn. (5-12) to the following fom:

P.()-P. =K, +H1 (5-15)
Therefore, the excess minority carier concentration varies lineary with distance inside the base

region. Consequenty, the difusion cument is independent of distance inside the base, which implies
that reoombinaton is negligibk (i.e. B,=1). Therefore, the curent L0),,1(=0مي) ) is given byp

l,(0)=-وا /D,٨H =consant, 0 <r<h, (5-16)
Making use of the boundary conditions to detemine K,, the hole curent L,(0) becomes

AD ٢. إ#.ير4و8٠ %ي(٠. "ء٠.٤ ر(51  ،د م

 .م٣

The total emitter cument 1,E the sm of I(0) and l0م) ):

4 =ء4+)(42,0)(0
AD AD4}l/ s و8٠ »ي(٠ /إ/,ر.ج_ ,ا448 (  د د ل د ءل•• رر

٢, L
It is corwenkent to rewrite thwe emitter cument l, in the following fomm

٥٥ AD  =,اka±s ا"ر_ءءرEك-, ٠لوي لى(-١ ر
٢, L, W,

١17

(5-18)

(5-19)
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Fig. (5.5) Excess minority carrier distribution around the forward biased
emitter - base junction of a pnp transistor

If the transistor is operating in the active mode (i.e., collector - base junction reverse biased and
emitter - base junction fonward biased) then l, will be given by

D Dn, AD 4-=,٨ ي" ر"}, ."ء ا"لأر- واوي(520)
٢, 4, W,

The emitter efficiency y can then be approximatey given by
0,R,

4, W,
i/ د ر +I. Bn, BM,

 عع4٤ ي

٢, L,
1 1
 ،ر

,,2M, 1+d,K,/aAl
D,NA

where Nم and N, are the base and emitter doping concentrations, respectively. The emitter injection
efficiency can be improved by increasing the ratio of the doping concentration in the emitter to that in the
base. A typical value of this ratio is 1000.
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EX. 5.1
A sikcon n'pn transistor has a base widt of 2Lm and base resistivity of 0.001Qm. Take lي =lرm and

the emitter resistivity 0.000019m. Calculate the injection efficiency of hokes for the emitter of this transistor.

Solution
The injection effciency for npn transistor is given from

1
 كل .ح

1+٥,٣,/6,L
1 1 »٥

r و"لآ == )أ=9)(9
2+10١+٩(001Y2x10%)/م. 

 د

(1/0.0000Ix106)
p til now we have regkected any recombination inside the base region. However, an estimation

of the recombination curent is not difficult as the total minority carier charge g, inside the base can be
easity found by integratng its linear distribution of Fig. (5.5) and following the steps of the charge control
model of egns. (4-75) trough (4-80)

g,-\£٠(٨  د ، لا(522)

٥ 2
If the average hole lifetime inside the base is r,, then the hole recombination curent which is l, given by

sa)»ء ي,٠tقإb.-1, ءلإرأ ',2r,21ه 
The hoke curent reaching the colkector (1) is, therefore, obtained by substracting the above

recobiation curent last in the base from the initial emitter hole curent lيي :

 و/-عر!=م'
which is Approximately given by

2L ايورا.- ا
wtwere L,=JD,r, is the diffsion Eength of hokes in the base. The tansport factor is given by

E,-525)يلإرث )
4، 24;

Thus, the transistor alpha in the active mode is given by
١-%;/24}
,٠٣6:a ج صد DN,F, (526)
1+٥

D,NA
We notice that in te calculation of the base minority curent we have assumed that the excess

hoke distnibution inside twe base is linear. lrdeed, this approximaton is quite accurate in the case of
narow base widths (#, <<L). Howewer, according to this same approximation, the diffusion current
inside the base is constant and the colkector hoke current is exacty the same as the emitter hole current.
This implies that the base curent is zero, which is not true. In fact, the distribution of excess holes
inside the base is rever perfecty linear ewen for very small base widths.
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Fig. (5.6) Minority carrier distributions across a pnp transistor for
the four different modes of operation.
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The dashed curve of Fig. (5.5) shows the real situation, where the skope of the distribution varies slightly
from the emitter to colkector. The deviation from linearity will satisfy the condition that the colkector hole
curent ،is different from the emitter hole curent. On the other hand, the value of the calculated base
curentwill not be signifkcanty affected, since the area under the curve is nearty the same.

5.4 Modes of 0peration
So far, we have been ooncemned onby with a single mode of operation, in which the emitter-base junction

is forward biased and the colkector-base junction reverse biased. As mentioned before, this is called the
active or nomal mode and it is in this mode that a bipolar transistor Ks usually empkyed in almost all analog
circuits. ln practice, hoever, there are tree other modes of operation, depending on the voltage polarities
of the fwo tanskstor junctions. Fig. (5.6) shows the minority canier concentation profiles for the different
modes of operation of a pnp bipolar transKstor.

ln the cutoff mode (Fi. 5.6b), both junctions are reverse biased. The colkector curent is nearty zero and
a wirtأa open circuit exists between te colkector and the emitter teminaks. No excess mhority carrier
carge Ks stored in thwe base and the base curent approaches zero. This mode coresponds to the OFF state
of te tmensistor wten used as a switch. On the other hand, the aturation mode (Fig. 5.6c) corresponds
to te ON state of the tansistor in digitaأ appkications. ln this mode, both junctions are forward biased and
the resuhtant colkector to emitter voltage Vي approaches zero. As a result, the transistor acts as a short
circuit anwd the colkector cument is contolked by the extemnal circui ekements.

When the emitter-base junction is reverse biased and the colector-base junction is forward biased,
the traresistor is said to be operating in te inwere mode. ln other words, the emitter serves as a collector
and the colkector as an emitter. ln this mode, the tansistor alpha (denoted a,) is smalker than the nomal
cument transfer ratio (a,). This is because the injection efficiency of the colkector is much lower than that of
the emitter, due to te kow doping level of the colkector with respect to that of the base. A plot of versus م]

0.5V the colkector curent is very small. This is called cutin region. Ofإم= Fi. 5.7) shows that up to Y)7 عي
course for Yع negative we have cutof. When Yg0.7ع= V this is the active region. Where V>0.7V we
have saturation.

5.6 Transistor Confguratons
There are three different configurations for the transistor as a circuit ekement. So far, we have

only refered to the common base (CB) confguration (Fig. 5.8a) in which [he base teminal is common
between the input and output circuits. Fig. (5.8b) and (5.8c) show the common-emitter and common­
colkector configurations.

A) The'Common- saB Confgurationم
The action of the common-base configurabion as a voltage amplifer has been demonstrated at the

beginning of this chapter. ln this confgguration, the input signal is introduced between the collector and base
teminaks. lt is clear that this configuration dces not produce curent amplification since the output current
(l) Ks 6e same as the input cument lم or slighty less.

Fig, (5.9a) shows the relation between Yg, and l, with Vو as a parameter. This family of curves is
know as te input characteristics.
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Fig. (5.7) Plot of collector current against base-toemitter voltage
(lم is not shown to scale)

When the collector-base junction is open circuited, the relation between Yوي and l, is nothing but that
of a nomal pn junction. However, when the collector-base junction is short circuited or reverse biased, the
emitter current at a given value of Yج , becomes greater. This is due to the reduction of the active base width
as the depletion layer extends into the base region and the effective sweeping action of the collector junction
which is called Early effect. Such a reduction is the value of the active base width makes the gradient of
minority carriers in the base more steep and consequently, the emitter curent increases. On the other hand,
Fig. (5.9b) shows the output characteristics of a pnp transistor in the common-base configuration. This is a
relation between lم and Wم , with the input current l, as a parameter. When the emitter base junction is
fonward biased and the collector-base junction is reverse biased (i.e., is م% negative), the transistor is said to
be in the active region and .l= ج1 lf, however, the emitter-base junction is reversed, so that l=0, while
the other junction is also reversed, the transistor is in the cut off mode. Hence, the condition for cut off is
l=0٠

ln the saturation region, forward bias of the collector causes large increase in collector current for small
changes in the collector voltage. The collector curent then increases exponentially with voltage as in a
diode characteristic.

B) The Common-Emitter Confguration
The commonemitter confguration is the most frequenty used of all three. As shown in Fig. (5.8b) the

input signal is applied between the base and the emitter temminals and the output is taken across a load
connected between the colkector and the emitter. When the transistor is connected in this configuration, it
can amplify both input current or voltage signals. The collector curent is controlled by the base curent and
any small change in lم is amplifed to produce a large change in l.
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Fig. (5.9) Plots ofl-٧ characteristics of a pnp bipolar transistor
in te common-base configuration
a) input relation b) output relation

ln the common-emitter configuration, the base curent is controlled by the outer circuit elements.
Fig. (5.10a) shows the input characteristics of a pnp transistor in the common-emitter configuration. Each
curve gives the relation between the base current and the base to emitter voltage for a given value of the
output voltage, that is the collector to emitter voltage k. When V0م= , the collector and emitter regions
are tied together and the resultant is a paralkel combination of the two pn junctions. Therefore, the l-٧ curve
in this case is the same as that of a nomal pn junction diode. lf V is Zero, l, wil be zero. lncreasing  اي!/

with constant Vعي causes a decrease in base width (Earty effect) which decreases the recombination base
curent.

124



The output characteristics of a pnp transKstor in the common - emitter confrguration are depicted in
Fig. (5.10b). Each curve represents the collector current l, as a function of the collector to emitter
vohtage Yي for a given value of the base curent Iم . Similar to the output characteristics of the common
base configuration, tis family of cures may be divided into three regions: the active, the cutoff anwd the
saturatio regions.

ln the active region, the collector curent is very sensitive to variations in tHe base current l,. lt is in
this region that a transistor should be biased to act as a curent or voltage amplifier. Making use of
eqns. (5.5) and (5.6), we obtain:

I ,6l+/٩+١)=,٤l +ك=,-,I=6 ا (5-27)
·-a-١aا- aا- 

Actualy ff a were truly constant Iم woukd be independent of Vم . Due to Early effect a increases with

[Yاي . Thus an increase in 8 is more pronounced.
The above eqn. proves that the collector curent could be controled by the base curent in a very

sensitive manner, since the factor B is nomaly very high. The colkector curent increases with

increasing in ام] the active region due to the subsequent reduction of the active base width and the
increase of the transistor a which approaches unity. ln other words, the increase of the collector curent
for a fixed value of L, in te active region is due to the increase of the factor 8 as the collector to

emitter woltage [Vام is increased.
ln the cutoff region, both junctions are rewerse biased. ln fact, the condiion for cutoff is that l,=0.

ln this case, the collector curent and the base current are both equal to the reverse saturation curent
of the collector-base junction lج . It is to be noted that reducing the base curent to zero is not sufficient
to drive the transistor into cutoff.

According to eqn. (5.48), if L,=0, then I=lع =l/(1-a), which is much higher than l. So, it

is necessary to reverse the bias of the emitter-base junction, so that a may drop to zero and l=l.
When both junctions are forward biased, te collector to emitter voltage falls down to a value in the

order of 'a few tenths of a vokt. This is caled the saturation region, in which case the colkector current
ceases to ircrease with increasing base cument and is mainly govemed by the extemal circuit
elements. From Fig. (5.8b) the colkector curent is given by:

,'e-52عا(٥ )
٤ R

2٠G ر ا ٢ (5-29)

ln the case of saturation, as mentioned above, the collector to emitter voltage is ج! very small
compared to the supply voltage k and the colkector saluration curent l is given by eqn. (5-29).

Consequenty, any further increase in the base current will be met with an identical increase in the
emitter cument, whereas the colkector curent reains unchanged. A transistor can be driven into saturation
by injecting a high current into te base region. This will cause the colkector curent to increase and V,, to
drop don due to the increasig dro acass R,. The ratio Y /1 K caled CE saturation resistance
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Flg. (5.9) Plots of ١ لا- characteristics of a pnp bipolar transistor
in the common emitter configuration

a) input relation b) output relation

The ratio I/l, in saturation is less than 8 at dc since an increase is l, does not produce an)#م(. 
equivalent increase in lم .

C) The Common-Collector Confguration
ln this configuration (Fig. 5.8c), the output is taken across a load connected beteen the emitter

teminal and ground. It is evident that such a configuration cannot produce a voltage gain, since the
output voltage is the major part of the input signal applied between the base and ground. ln fact, the
voltage gain of this configuration is only slightly less than unity, since most of the input signal goes
across R,, due to the very small fonward resistance of the emitter-base junction. For this reason, a
transistor in the common collector conffguration is referred to as a voltage follower. Such a configuration
is capable of producing current amplifcation not voltage amplifcation, and is mosty used as a buffer
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between two different circuits. A buffer serves to isolate two circuits connected in cascade. It should
have a large input impedance, low output impedance and shoukd provide unity gain. Conceming the
transistor operation in the common collector configuration, it is very much similar to that in the common
emitter ore. ln the cutoff region, the emitter current is equal to zero, whereas in the saturation mode the
cokector bo emitter votage is negligibly small.
To summanize:

A) Active Mode:
The base io emitter voltage is about 0.7V for Si transistors and the collector current is related to the

base crent by the relation l,=Pl,, where lم may be neglected.

B) Satration Mode:
The base to emitter voltage is about 0.8٧ for Si transistor. The colkector to emitter voltage is in the order
of a few tenths of a volt 0.2 ٧ for Si. The collector current no longer responds to variations in the base
curent and is governed by the extemal circuit elements.

C) Cutof Mode:
The bo junctions are reverse biased and the emitter current Iي is zero. A reverse bias 0f 0V-0.5٧ is

sufficient to drive the baseemitter junction of a Si transistor into cutoff.

Ex. 5.2
Show that lمه is about 0.2 Vfor a CE Si transistor.

Solutior
ln the CE configuration of an npn transistor,

٧=٧٠ +/
ln the active region, V,ج for Si transistor is 0.7V, and V, of the CB junction is 0.5V. If V,1م= V, V,,

is 0.3٧ above, Yو and the CB junction is everse biased. If V=0.5 ٧, م becomes -0.2 V, i.e., the
CB junction is forward biased but at a voltage less than the cutin voltage of the CB junction. If
k=0.2V, Vو becomes -0.5 ٧ and the CBjunction begins
to conduct, i.e., the start of saturation occurs when both EB and CB junctions are fonward biased. As the
transistor is driven deeper into satration, Yع becomes 0.8 V and Vم becomes -0.6 V and Vم remains
constant. at 0.2 V.

Ex. 5.3
The silicon transistor of the circuit shown has B=100 and l20=م nA. Find the minimum value of

R, reguired to keep tEe transistor in the active region.

Solution
Assume that the transistor is in the active region. Therefore, Y0.7ع٧٠= 

THe tansistor will go into saturation if V is 0.2 V and

4I ٥ م-<

١27



Fig. (Ex.5.3)

Or

(10-0.7)٧(٥-0.2)١٧
 دلي

R, Ih 8

Therefore,

٨@0-07 ١ooao'
" (0-02)

R,< 100x10'n

The above value for R, is a critical value, below which the transistor goes into saturation. Therefore, it
is the minimum value that can keep the transistor in the active mode.

5.7 The Transistor as a Switch
Bipolar transistors are widely used as switches in digital applications. ln switching applications, the

transistor is made to operate either in the cut off region or in saturation by the action of a base current
control signal. ln saturation, the transistor acts as a virtual short circuit between the collector and emitter
temminals, since V0ي= , and l depends only on the external circuit elements. On the other hand, when
the transistor is driven into cutoff, the collector current is nearly equal to zero and a virtual open circuit
exists between the collector and the emitter.

A) Steady State Switching
Fig. (5.11) shows a transistor being driven from saturation to cutoff by a pulse wavefomm applied to

the base. This is the basis of using a transistor as an inverter in digital circuits.
When the transistor is in saturation, it is said to be in the ON state, whereas when driven into cutoff it

is said to be in the OFF state. In the cutoff region, the following conditions prevail:
1- Both junctions are reversed biased.
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1- BoB junctions are reversed biased.
2- The emitter curent is equal to zero.
3 The colkector cument is egual in magnitude to the base current, and both are equal to the reverse
satation curent of the collector-base junction.

When the input signal V, is high, thke transistor is driven into saturation giving an output voltage of

0.2٧ wtiah is low. When the input is 0V the tansistor is off and thke output is V, i.e., high. This is the
reakization of the tNth tabke of an inverter wioh is:

On the other hand the aturation conwditon is satisfied as both junctions are fonward biased, in
wti qase the collector to emitter voltage is nearly zero and l=lkR. Fig. (5.12) shows the
operatng points coresponding to the ON and OFF states on the output characteristics of a transistor in
the common emitter confkguration. The minimum base curent reuired to drive the transistor into
saturation is given by

(e (53o,عاج" 
٨ 8R,

To test if the transistor is in saturation or not the base and collector currents should be
detemined independenty from the koop equation, after assuming Vي and Vج have their saturation
values. If the detemined base current is greater than l,/8 then the assumption is correct and the
tansistor is indeed in saturation. lf however l, tums out to be equal to l,/8 then the transistor is not
in saturaton.

B) Trarsient switching
When a device is switched from one state to another it is desirable that such switching take place

instanty. As with the pn junction switching fom one state to another is accomplished by a change in the
carier distributions around the junctions. These carrier distributions need a finite time in order to be
establishwed or be swept away. This is calked the switching time. It is useful to summanize switching
times as folkos in Fig. (5.13) for a CE tansistor.

A)Delay Time
The delay time , ا is the time taken by the transistor from the instant of switching on till the

colector curent reaches 10 percent of its steady state value l. The delay lime is detemined by:
(1) te tie required to charge the transition capacitances,
(2) the time required by the caniers to cross te base and be colkected at the colkector teminal.

B)Rطمe Time
It i the tie t, required by thwe cokector cument to rise from 10% to 90% of its saturation vale l. ln

othwer words, it is the time necessary to buikd up the active base charge, such that its gradkent reaches 90%
of is maxiu value.
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Fig. (5.11) Elementary switching circuit for an npn transistor
in the common - emitter configuration

a) circuit b) input wavefomm
c) inverter ON (low state either /, ا or0V) d) inverter OFF



l

٤--، ر ا

h =02٧ K h

Fig. (5.12) Outut characterietics and load line for the circuit of Fig. (5.11)

C)Fal TIme
The fell thme t, i defirwed as time taken for te collector curent to decrease from 90% to 10% of its

satration walue lج . Dring this time, the actiwe base charge or the excess minority camker gradient in the
base Ks swept off.

D)Storage THe
The storage time t, b te timne kapse beteen te moment when te base cument starts to reverse and

the moment when the colkector cunent reachwes 90% of l. This is the tine reguired to brig te tansistor
out of saturation. ln saturatio, an amount of excess carriers, beyond those necessary to mbtain the
colkector curent in the actiwe mode, b stoed i thwe base. This excess charge has to be first swept away
before thwe curent starts to decay. The tie required to evacuate such a charge is the prime limiting
parameter to te switching speed of bbolar tansistors. This is the storage tme t.

5.8 The Hybird - r Equivalaent Circuit
For smal signal dewiations around te 0 point we may develop an equivakent circuit for BJT which

relates various small signaks (an ac sinal does not necessarity mean sinusoial) arounwd thwe C point.
The hybrkd - r model is a high feuercy small signal eguivakent circuit for bipoar tansistors connected
hn twe comon emitier confguration ard biased in the active mode. This model deriwes its iportance
from twe fact that its eleents are directy related to the physial parameters of the transistor.
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Moreover, the common-emitter circuit is the most frequently used of the three transistor circuit
configurations, as it provides current gain as well as voltage gain. As a result, the hybrid-r model has
become the most widely used small signal equivalent circuit of bipolar transistors. The equivalent circuit
does not contain the battery or any dc biasing votages. But if the deviation is dc then it still can be used
for corresponding dc deviations or changes of voltages or currents around the C point.

The hybrid- m, or the Giacoletto model is shown in Fig. (5.14). The resistance r', is the base
spreading resistance; it extends between the base terminal and a non-accessible node b' inside the
base region. The voltage drop between the node b' and the emitter temminal is the net small signal
voltage change across the base emitter junction. As a result, small variations in the minority carrier
charge injected from the emitter to the base are determined by the voltage u. Therefore, the small
signal collector current, with the collector dc voltage constant or with the collector short circuited from
the point of view of an ac signal is directy proportional to u and the constant of proportionality is the
transconductance g, defined as:

iاسد-«ل.ة=,.8 ه 
where u,=u is the voltage directly impressed on the base-emitter junction. Making use of the collector
current expression eqn. (5.29), it is straightfonward (Prob. 5.8), to derive.

Iد افاد.ء 
M ٧

As seen from the above relation, the transconductance g, depends on the dc operating point and is directly
proportional to the dc collector current l. The transconductance is one of the most important parameters,
since it detemmines the small signal gain of the transistor. Bipolar transistors are characterized by their high
transconductance in comparison with other types of transistors.

The emitter capacitance C, is the overall layer capacitance of the emitter-base junction. lt is the sum
of diffusion capacitance and the depletion capacitance. The diffusion capacitance accounts for the
accumulated charge due to injection while the depletion capacitance is due to uncovered ions. Carriers
supplied through the base temminal, compensating for the recombination process give rise to the base
current. Therefore, the conductance g',=l/r is nothing but the ratio of the change in the base current L,
to the change in the emitter junction voltage Y.

(5.31)

(5.32)

, ,iه
 ن&- «ا,ة- اسدسه-

We can deduce (Prob. 5-9):
 عط٢ د بي أفاء1

١h

(5-33)

(5-34)

The capacitance . Cج is the depletion layer capacitance of the reverse biased collector base junction.
ln parallel with C,, we find the feedback resistance r,,. This resistance accounts for the variation of the
collector current due to the variation of the collector base junction reverse bias and the resulting base width
modulation. The resistance r, is the output resistance between the collector and emitter temminals and is in
the order of 80kO or higher. Finally rمي represents the base spread or ohmic resistance.
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Fig. (5.13) Switching transients in a common-emitter tansistor:
a) input voltage wavefom b) base current wavefomm c) colkector curent wavefom

5.9 Simplifed h-odel
An euivalent simplifred hybrid model is also used (Fig. 5.15), wtere r,, is considered very high,

assuming no feuency effects, i.e., eliminating all capacitances and neglecting r, we end up with a
simplifked h-mOdel (Fig. 5.17).were te input resistance is h and the ac curent output is i, and the ac
input vohtage is V=v, and te ac input curent is i,=i,

h=٦
4،=٤٧٤=٤.(،h)=hAi =8i,

(535)
(5-36)
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Fig. (5.14) The hybrid m equivalent circuit
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u=-6i,٨

E

Fig. (5.15) Simplified h-model

We define the current gain as the ratio of small signal (ac) collector current to the small signal (ac) base
cument. This is 8 or hي gien by

h =8= .h. ع (5-37)
This means that a small variation in base current gives a large variation in the collector current. lt

is to be noted that h, varies with dc curents in the circuit as well with temperature (Fig. 5.15). The

voltage gain 4,is given by

(5.38)8iR ٨,٠٧ و8٤  ب ، ر

٧ i٠h h.
This is the basis of using a Bل T as an amplifier. But where, does this amplification com from noting that
energy cannot be generated or destroyed?
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5.10 Enwergy Considerations
We shoukd note that at dc (O point) we have,

7=٧+4R (539)
H4=٧l+42R (540)

This means that the colector input power is diided between the colkector emitter power needed to
pump criers to sumount the barier height and thke power loss across R,. When 1, is increased by an
incremental amount ,, &ل the collector curent l canges by a small amount . له

K(/+4/)=(٧ +4YX/+44+ل(+) l)'R, (541)
But fomn egn. (5-39), V =constant

(R(54247 م-=4ل
Rt can be shxO (Prob. 5.18),

(R 47 ج4ل {له-=543)
Thus, thwe output power comes from a sawing in te power loss in the BTT.
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Problems

1- A silicon npn transistor has a base width of 1.5 m. Electrons are injected into base fomming a
unifomm concentration gradient, which drops to zero at the collector junction. lf the electron
concentration at the emitter edge of the base is 1.5x10ح electron/m', determine the electron diffusion
current inside the base under steady state conditions. The electron mobility in silicon is 0.14 m'/(V.s).

2- Derive the ratio of bhe electron to hole currents l, crossing /ج4 ي, the emitter of a transistor in terms of
the conductivities of the emitter and base regions.

3- Derive the junction voltages V, and Vand the collector to emitter voltage Vم in terms of the
transistor currents.

4- Obtain the emitter - base junction voltage required to produce cutoff.

5- Find the input resistance and output resistance in the following cases using the simplified h-model.
a) CEwith zero R.
b) CE with R.
c) CC
d) CB

6- The connection shown is known as the Darlington pair. Assuming that the transistors are identical
and have the same 8, find the current gain, input and output resistances. Neglect the reverse
saturation currents. Show the advantages of this circuit.

7- Analyze the circuit in Prob.5 and find the current gain and voltage gain. Show the advantages of
using this circuit.

8- ١n CE circuit, R=3k0, R, =50k0.
Y=10V, 8=100. Determine whether or not the silicon transistor is in saturation and fnd,57 وو=٧

l, and . م1 Repeat if a 2k0 emitter resistance is added.

9- Find the transistor curents for the circuit shown. The transistor has 8=99 and l=20 nA and is

made from silicon. ls this transistor saturated? What happen if R, is changed to 500k0 ? What do
you conclude? What is the minimum value of R, to produce cutoff?

10-Repeat the problem above if a 1.8 k0 resistor is connected between the emitter teminal and
ground.

11-A silicon transistor is used in the circuit shown with W=22.5V, R=5.6 k0,, R,=I0 k0,
R,=90 k0, 8=50. Find the 0 point. (Hint: use Thevenin's theorem)
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Fig. Prob. (5.5)

v,

Fwو . Prob. (5.7)
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٨,

Fig. Prob. (5.9,10)

٧.

Fig. Prob. (5.1)

12-ln the Fig. (Prob.9) circuit, P varies from 36 to 90.
Find R,, R, and R,, where R =4k0, Y=20V, the nominal bias point V=10V, mA.(l =م12
should be in the range 1.75 to 2.25 mA as P varies from 36 to 90) Neglect l.

13-Find the voltage gain and current gain of the ac circuit shown using the simplified h model. What
happens when R, is zero and when R, exists in the emitter lead.

14-\n the above problem the output is taken across R, find the voltage gain. This is common collector
configuration. Show what it may be used for. Does R, have any effect on the gain or input
resistance? Why?

15-Convert the problem above to common base and find the current gain and voltage gain. What do you
conclude?
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