4 Bipolar Junction Transistors

INTRODUCTION

A bipolar junction transistor (BJT) consists of two p-regions separated by an n-region as shown
in Fig. 4.1 (a) or two n-regions separated by a p-region. The former is called p-n-p transistor and
the latter n-p-n transistor. The middle region is designated as the base of the transistor and the
regions at the ends as emitter and collector. A BJT consists of two p-n junctions (emitter-base
junction and collector-base junction) and three terminals (emitter, base and collector).

A two diode equivalent of p-n-p transistor is shown in Fig. 4.1(b). Diode D; is forward-
biased and D; is reverse-biased. Large current flows through D; and the current through D is
very small (reverse saturation current). Therefore, this structure does not function as a transistor.
The same situation arises if the width of the middle region (base) is large. But if the width of the
middle region is very small, most of the charge carriers reach the collector-base junction
without recombination. (The current through a reverse-biased p-n junction can be increased by
increasing the minority carrier concentration within the depletion layer or within a diffusion
length from the edges of the depletion layer). These charge carriers increase the current through
the reverse-biased collector-base junction and the collector current is nearly equal to the emitter
current. Here, the emitter acts as the injector or emitter of minority carriers and collector
collects the minority carriers emitted from the emitter to base.

The current is transferred from a low resistance region (forward-biased emitter-base
junction) to a high resistance region (reverse-biased collector-base junction). The name
transistor is derived from the terms transfer of resistor. A change in current at the emitter
causes almost same change in current at the collector. The same current is transferred from low
resistance region to high resistance region.

We assume the structure in Fig. 4.1 (a) only for the simplicity of analysis. The other
simplifying assumptions are:

(1) The cross-sectional area of emitter, base and collector regions are equal,
(2) All the regions are uniformly doped and

(3) Junctions are abrupt.
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Fig. 4.1
4.1 FABRICATION OF MONOLITHIC BJT

The actual structure of the transistor is entirely different from that shown in Fig. 4.1(a). The
structure and fabrication procedure of a discrete transistor is given in section 2.3.2. The cross-
sectional view and fabrication process of a monolithic transistor is shown in Fig. 4.2.

The starting material for an n-p-n transistor is a p-substrate which acts as a mechanical support
to the device. Substrate has a resistivity 3-10 2 cm and thickness 250-400 um. The important
steps involved are:

Step 1: Buried layer - Grow thermal oxide and etch window using mask 1 for n+ buried layer.
Diffuse donor impurity through the window.

Step 2: Epitaxial layer - Strip off the oxide after step 1. Deposit n-epitaxial layer over the enitre
surface of the wafer. Thickness of epi-layer vary from 1 to 20 um.

Step 3: Isolation - The collector regions of adjacent transistors on the wafer are isolated by
forming a p-region extending from the surface to the substrate through the epi-layer using mask
2. This forms islands or tubs of n-layers surrounded by p-region. Highest negative potential is
applied to the substrate. Reverse-biased p-n junctions are formed between substrate and
collector regions which isolate the collector regions of adjacent transistors.

Step 4: Base diffusion - Using mask 3 windows are cut for the base region and boron is diffused
through it.

Step 5: Emitter and collector contact diffusion - Using mask 4 emitter and collector contact
regions are defined and n+ regions are diffused, n+ diffusion is done in the collector region to
form ohmic contact.



262 Bipolar Junction Transistors

7z M N

- - >—

p substrate P
(a) Buried layer (b) Epitaxial layer
7 2 |
N
n
(c) Isolation (d) Base diffusion

B E C

(e) Emitter diffusion (f) Contact metailisation

(g) Pattern definition

Fig. 4.2 Fabrication sequence of monolithic BJT

Step 6: Contact metallisation - Using mask 5 windows are opened for metallic contacts of the
transistor terminals. Aluminium is deposited on the entire surface.

Step 7: Pattern defenition - Using mask 6 which defines the interconnection pattern, the metal
formed by step 5 is etched away to form interconnecting metallisation.

Step 8: Bonding pads and packaging - Contact to the IC are formed on metallic pads located at
the periphery of the chip. IC chip is bonded to package leads through bonding pads. Mask 7 is
used to define bonding holes on the aluminium pads. Gold wire of diameter 25 um is used to
connect package leads to bonding pads.
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4.2 MODES OF OPERATION

Depending on the bias conditions of the emitter-base junction and collector-base junction, there
are different modes of operations for a transistor as listed in Table 4.1. In most of the
applications transistors are operated in the forward active mode. This mode of operation is also
referred to as normal mode or normal active mode of operation.

Table 4.1
Bias condition
Mode of operation Emitter-base junction Collector-base junction

Forward active Forward-bias (FB) Reverse-bias (RB)
Inverse active RB FB

Forward saturation FB FB; [Ves|>|Vcs|
Inverse saturation FB FB; |Ves|<|Vcs|
Cutoff RB RB

4.3 CURRENT COMPONENTS

Fig. 4.3 shows the different current components in a p-n-p BJT under forward (normal) active
mode of operation. In normal active mode of operation, emitter-base junction is .forward-biased,
and collector-base junction is reverse-biased. Holes are injected from emitter to base and
electrons from base to emitter. A portion of holes injected into the base recombine with
electrons in the base region and the remaining portion reaches the collector. Minority carrier
current Icgo flows across the base collector junction.
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Fig. 4.3 Current components in a p-n-p BJT in forward active mode of operation

The following are the major components of current:

le - Emitter current due to holes injected from emitter to base.

Ine - Emitter current due to electrons injected form base to emitter.

I:s - Base current due to recombination in the base region.

Ioc - Collector current due to holes reaching the collector which are injected from the emitter.
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Iceo - Reverse saturation current of collector-base junction with emitter open. This current is
constituted by the minority carriers crossing the junction. It is also known as leakage current of
collector-base junction.

4.4 TERMINAL CURRENTS

Emitter current (lg), collector current (Ic) and base current (Is) are the terminal currents of a
BJT. The terminal currents of a p-n-p transistor can be expressed in terms of the current
components as

le= |pE+ =

Ic = - (lpc - IcBo)

Is =-(Iis *+ lng + lceo)

Emitter current (lg) is constituted by the holes injected from emitter to base and electrons
injected from base to emitter.

Collector current (lc) is the negative of difference between (lpc) and (Iceo). Base current (Ig)
consists of three components - current due to carriers injected from base to emitter (l,g), current
due to electrons supplied for recombination in the base (I:g) and the reverse saturation current of
base collector junction (Icso). The major component of base current is Iis.

For a transistor, the currents flowing into the device is taken as positive. Therefore for a p-n-
p transistor, emitter current is positive, collector and base currents are negative. For a n-p-n
transistor, emitter current is negative and collector and base currents are positive,

‘a) Circuit symbol of (b) Circuit symbol of (c) Currents and voltages
n-p-n transistor p-n-p transistor ofa BJT

Fig. 4.4 Circuit symbol of BJT

The circuit symbol for transistors are shown in Fig. 4.4(a) and (b). The arrow on emitter
terminal represents the actual direction of emitter current. The designation of different currents
and voltages in a BJT are shown in Fig. 4.4(c).

4.5 BASIC PERFORMANCE PARAMETERS

The most important parameters of a transistor are its emitter injection efficiency (injection
efficiency) and base transport factor (transport factor). As far as a circuit designer is concerned,
short-circuit common-base current gain (o) and common-emitter current gain () are the basic
parameters of a transistor. But these parameters are decided by the injection efficiency and
transport factor.
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Injection Efficiency

Emitter injection efficiency (y) is the effectiveness in injecting charge carriers from emitter to
base rather than that from base to emitter. It is the ratio of emitter current due to holes injected
from emitter to base to the total emitter current, for a p-n-p transistor. Emitter injection
efficiency (y) for a p-n-p transistor may be expressed as

(4.1)

InE
1+

Equation (4.1) shows that injection efficiency can be maximized by minimizing l.e / lpe. TO
achieve this, ratio of emitter doping to base doping must be maximum. (See also the expression
derived for injection efficiency of a p-n junction in Problem 3.10). Thus, injection efficiency of
a. transistor is decided by the ratio of emitter doping to base doping.

Base Transport Factor

The base transport factor (or) of a BJT is the effectiveness of the base in transporting charge
carriers injected from the emitter to the collector through the base. During the transit through the
base some of the charge carriers are lost due to recombination. A better transport factor means
less loss of charge carriers in the base due to recombination.

|
Base transport factor ar = <
pE

—_ I pC
I
1
= 4.2
1+ I'; (4-2)
Equation (4.2) shows that transport factor can be maximised by minimising ls . Iz can be
minimised by reducing doping in the base region and by reducing the width of the base. If the
width of the base is comparable to the minority carrier diffusion length (Lg), most of the charge
carriers that are injected from emitter to base recombines in the base region and those reaching
the collector will be very small. Therefore, the width of the base must be much less than the
minority carrier diffusion length (Weg << Lg).

Short-circuit common-base current gain (o) of the transistor is defined as

Olde = LC:M;LC (4.3)
e e |
_ 9 dl. -
Olac = —[-(lg = lgo)l=—== (Q Icso is independent of Ig) (4.4)
ol ol
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For a good transistor ouqc) and oy ac) must be close to unity.

In the reverse-biased collector-base junction, carrier multiplication occurs with increase in
Vce and multiplication factor (M) increases with increase in Vcg. The avalanche multiplication
in the collector region is given by

Current leaving collector region
Currententering collector region

M =

- (lc_lcso) (4.5)
loc
The common base current gain (o) is related to injection efficiency (y) and transport factor (owr) as

o =yar M (4.6)

- ILEILC_(lc —leso)
le e I

— _(lc B ICBO)
Sl — 4.7

Common-emitter current gain (B) is given by

B =l (4.8)
B VCEcur\stam
Itis related to o as
l-a

 is maximum when a is maximum (close to unity), o and 3 of a BJT can be maximised by
maximising injection efficiency and transport factor. For that emitter doping must be maximum,
base doping must be minimum and base width must be minimum.

Collector Region

Our discussion so far shows that the performance of a transistor are decided by parameters in
the base and emitter regions. To improve switching speed and to reduce parasitic capacitance,
the collector resistance must be as low as possible. For this collector doping must be as high as
possible. But this poses a serious problem known as punch through.

The base region is very narrow, its width cannot be increased at any cost. As the reverse bias
at the collector-base junction increases, the depletion layer extends more and more into the base
region. If the base doping is less compared to collector doping, depletion layer penetrates more
into the base reducing the effective base width. The base gets completely depleted at a low
reverse voltage itself. The complete penetration of depletion layer into the base region is called
punch through, which is a form of breakdown. The collector-base voltage loses control over
collector current. To avoid premature punch-through (punch through at low Vcg) the collector
doping must be less than the base doping so that depletion layer penetrates more into collector
region. The low collector doping increases the collector resistance, reduces switching speed and
increases power dissipation.
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Fig. 4.5 Practical doping profile of BJT

This poses two conflicting requirements for collector doping. To overcome this to some
extent, the collector doping near the base is kept lower than tlie base doping and collector
doping away from the base is kept higher than the base doping. A practical doping profile is
shown in Fig. 4.5.

The doping in the collector near the base is much less than that in the base which avoid
premature breakdown by punch through. At the same time, collector doping is high away from
the base collector junction which helps to reduce the effective resistance of the collector to some
extent.

Example 4.1 The following parameters are given for a p-n-p transistor. l,e = 10 mA, l.e = 0.02
MA, lpc =9.99 mA, I,c = 0.002 mA. Determine v, ar, a, B, Is, Ic, Ie and lceo (Neglect avalanche
multiplication in collector-base junction).

Solution

|
ar = -2=23_ 0999
. 10
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e _ 10 _gog
le+le 101002
o = oar. y=0.999 x 0.998 = 0.997

a 0.997 =332
l-a 1-0.997
lc=— (lpc - Inc)
=(9.99 + 0.002)
-9.992 mA
= (Ipe + Ipg) = 10 + 0.02
10.02 mA
= -(|c + |E)
-(-9.992 + 10.02)
-0.028 mA
Ic _IBIB

1+ 8
9.992+332x0.028
1+332 B

|
— 'pE _
’Y _I—_
E

@ om
(T T T T T ||

Iceo

2uA

4.6 ENERGY BAND DIAGRAM

The energy band diagrams of p-n-p transistor under thermal equilibrium, forward active region
and saturation region are shown in Fig. 4.6(a) to (c). Some tips to draw energy band diagram of
BJT are given below.

(1) To draw the energy band diagram in any mode of operation, start with equilibrium

energy band diagram. (d:F = oj.
X

(2) Draw the Fermi level and leave space for depletion regions of emitter-base and
collector-base junctions.

(3) Complete energy band diagram in the neutral regions, knowing the dopings.

(4) Connect Ec and Ev in different regions continuously.

Biased Transistor

(1) For a biased transistor take energy band diagram in the base as reference. Draw the
energy band diagram in the base region exactly same as that in equilibrium condition.

(2) Leave space for depletion layers. Also notice the change in depletion layer width with
bias.

(3) The Fermi level position in the collector and emitter regions shift up or down with
respect to that in base by gVa. The Fermi levels move up in these regions if the
potential is negative with respect to that in base and shift down if the potential is
positive with respect to potential at base.

(4) Knowing Fermi level position draw the other energy levels, whose relative positions
with respect to Eris same as that in the equilibrium energy band diagram.



Bipolar Junction Transistors 269

(5) Complete the diagram by connecting Ec and Ev in different regions by smooth

continuous lines.
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Fig. 4.6 Energy band diagrams of p-n-p BJT

4.7 MINORITY CARRIER DISTRIBUTION

The terminal currents in a transistor are evaluated from the slope of the minority carrier
distribution as in the case of a p-n junction, Fig. 4.7 shows the minority carrier distribution in a
p-n-p transistor in saturation mode of operation.

p* p
- maraC) ol
E E P B, E ,: nco
Wg XE-w— O 0 —wx W 0 - X We
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Fig. 4.7 Minority carrier distribution in a p-n-p transistor in saturation mode of operation

The meanings of different symbols used are as follows:
2

N, ———, equilibrium electron concentration in emitter.
NAE
2

Ps, —N—', equilibrium hole concentration in base region.
D
2

Ne. —N—', equilibrium electron concentration in collector region.
AC

Age - concentration of holes injected from emitter to base at emitter end of base (x = 0).

Ane - concentration of electrons injected from base to emitter at the edge of depletion
layer (xe =0).

Apc - concentration of hole injected from collector to base at the collector end of the
base (x = Ws).

Anc - concentration of electrons injected from base to collector at the edge of depletion
layer (Xxc = 0).

Similar to equations (3.26) and (3.27),

n2

M =pon (e <2)= L () (4.102)
e =P (e _1):N_i(chwT ) (4.10b)
A =g (e _1):N”_i(evww 1) (4.100)
e =N (& _1):N”_i(ew =) (4.100)

The minority carrier distribution in the base region is almost linear. This is because the
current flow through the base is by diffusion only and recombination in the base is negligible.
Since, recombination is negligible, by continuity equation the current inflow and outflow must
be same throughout the base region, i.e. the diffusion current remains constant throughout the
base region. Thus the slope is constant and distribution of minority carrier is linear.

4.8 DERIVATION OF TERMINAL CURRENTS

In this section, we derive expressions for terminal currents of a p-n-p transistor. These
expressions are applicable to n-p-n transistors also, with suitable modifications. Terminal
currents of a transistor are derived with the following approximations.

(1) The area of cross-section is same for emitter, base and collector regions.

(2) The junctions are abrupt.

(3) Doping is uniform in all regions.

(4) The minority carrier currents in the neutral regions are by diffusion only (By depletion

approximation). This type of transistor is called diffusion transistor.
(5) Low-level injection condition exists in all regions.
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(6) The transistor is in steady-state condition.
(7) Current flow is one dimensional.
(8) No generation or recombination in depletion regions.
The major components of current in a BJT are obtained from the slope of minority carrier
distribution in the base region. Under steady-state condition, with current by diffusion only the
continuity equation for holes in the base region reduces to

d’sp(x) _ 5p(x) (4.11)
dx’ L |

Solution to this equation is of the form
Sp(X) = C1e™P + Cpe¥lp (4.12)
Referring to Fig. 4.7, the boundary conditions are

at X =0;  p(X) = Ape
X =Ws; &p(X) = Apc

Applying boundary conditions to equation (4.12)

Ape =Ci1+C (4.13)
Ac = (e )4c, (™) (4.14)

[Equation (4.13) xe ™"’ ] - [equation (4.14)] gives

At e/l Aec = C, (e—WB/Lp _eva/Lp)

-We /L,
A (™) -4
_(eWB/Lp _e—WB/LP)

A=A (e

C,= (4.15)

e L, Wy /L,

—e
Ci=Ak -C

_ “Wy/L,
Al | A —Aee
PET | = o/l _ g el

Ae "™ —A
pE pC
= LT, (4.16)

e —€

Substituting the values of C; and C; in equation (4.12)
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W /L,

pEe —x/L

W5 /L
A e ® 7 —A
PE xe "
e

Bp(x) =K ey

aWello _ o WalL,

pC_A

A
elly _

—x/L, ~Wg /L. —x/L
C)e °+(Apc—ApEe ¢ P)e P

Wy /L,

Weil,
(Ae A,

Wll, _-Wg/L,

[¢]
ApE |:e(WEpX) _e(Wpr):|+Apc (ex/Lp _e—lep )

We /L,

e

o ~Wg /L,

_ A sinh(wﬁ’x) Ay sinh(L—xp)

Ly

sinh("f—:) " sinh(‘ﬁ’—:)

—€

(4.17)

The hole diffusion current in the base

d
Ip(X) =-gADy. &ESp(X)

D
= qAL—p(Cle’X’Lp ~Ce’) (4.18)

(
= qA& [ApE coth(w—:)—Apc cos ech(ﬂﬂ (4.19)

Ly

= qAIE—: [ADE cosech ("LV—:)—ADC coth (va_s)J (4.20)

Similarly by solving continuity equation in the emitter region for minority carrier distribution,
the current due to electrons injected from base to emitter may be evaluated as
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A, coth (\I/_V—E) (4.21)

nE

D
|nE = qA LnE

nE

The current due to electron injected from base to collector is given by

e =-gA [L’nc A coth(\ll_v—cj (4.22)

nC nC
13 = lpe + Ine
— ADP h Wp h We
=q N A cot (L—p)—Apc cosec (L—p)
P

+ qA SHE

A, coth [\C’—EJ (4.23)

nE nE

Substituting for Ape, Apc and Aqe from equation (4.10)

gAn? {%Nicoth(vf—:)vt IE”E 1 coth[\ﬁl—EH(eVﬁ’VT -1)

le
p D nE AE
+qAn—‘2&cos ech(W—B)(e"CB’VT -1) (4.24)

N, L b '

b bp
= (lpc + Inc)

AL [ecos() - con(

p

a
I

+qA ?nc

A, coth (XV—C) (4.25)

nC nC

= qAni2 {% x i coth (W_C] + % x Nicoth (th_:):l (eVCB Ny _1)

nC AC nC p D
2

D n
—qAL—F’;—' cosech (‘“L’—:)(eVEB’VT -1) (4.26)

p Vb

Is =-(Ic+ lg) (4.27)
4.8.1 DC Parameters
From equations (4.19) and (4.21), for a pnp BJT in the active region, neglecting Apc

e _ qA%'AnE-COth(%)
le QAS—:.ADE.Coth(%)

nE

. L .
if Weg<<Lp, coth (%)EVT" [ifx << lcothx =2
B
We \ ~ I‘nE
and We << Lg coth (LT) =
E
InE lE:EEs nE \I;V"i: 12:5 AnE WB
e T (4.28)
pE TpApE We pE "E
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Substituting for A.E and ApE from equation (4.10)

le _De No We (4.29)
IpE DD N We
Injection efficiency y = 1|
14 "€
le
1
_ (4.30)
1+ DnE X ND X%
Dp NAE WE
| 450
Transport factor o = -2 = —— =t
IpE S oo

In the active region of operation Apc = 0
From equation (4.17)

o SiNN
() =——— )
smh( )
cosh( )
LoT =
cosh (%)
P Jlx=0
1
- (4.31)
cosh(‘ﬁ’—s)
For Wg << L,, equation (4.31) becomes
o _ 1 : {coshx=1+7 (4.32)
1+%(‘AL’7§) for x <<1
The multiplication factor M is given by
M = 1 : (4.33)
1-(w)

where n varies between 2 and 7.
The common-base current gain (o) = ar v (neglecting avalanche multiplication in collector-base

junction).
a = P X
141 Wy {1-1—D”E><ND xva}
2l L Dp Ny We
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~ 5 (4.34)
14D No Wy, vaJ
2
D, Ny W L,
The common-emitter current gain 3 can be expressed as
. a 1
b= e 1.1
Substituting for o we get
1 212
B = = W; (4.35)
Dy Np Wg oWy °
D, Ny W, ?(L,

(Q We << WE and Np << NAE)
Example 4.2 The following parameters are given for an n-p-n transistor at 300 K.

Emitter Base Collector
doping 10 cm3 10% cm3 10*® cm?3
width 2um lum S5um
minority carrier life  0.01ps 0.06pus lps
time
mobility up= 350 cm?/Vs un =1250 cm?/Vs  pp= 450

cm?/ Vs

Assume uniform area of cross-section 5 x 10* cm? If Vge = 0.6 V and |Vcg| > Ve,
determine the following parameters at 300 K: Ing, lp, lpc, Inc and Is. Take nj = 1.5 x 10%° cm?,

Solution
Emitter Base Collector
Npe = 10 cm? Na =10 cm? Nbc = 10 cm??
Peo = 7 =22.5em?  nge= 1o =225 Peo= 7
x 10%cm® = 22.5 x 105%cm?
Dpe=ppe X & Dn=Hn x & Doc=Hpc * F
=9.1cm?/s =32.5cm?/s =11.7cm?/s
Loe =\/Dpete Ln=4/D,7, Loc =\[Dyetre
=3.02 x 10 cm =14x103cm =3.42 x10%cm
Ane = Neo (eVBE’VT _1) = 2.25 x 10* (%6000 _ )

=2.368 x 10 cm™
Anc = Ngo (ve’VT —1)= -Ngo = -2.25 x 10% cm3
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Ap E

= Peo (evBE/vT _1) = 22.5 (0610026 _ )
=2.368 x 10" cm®

Apc = Peo (eVCBNT _1) = -Po = -2.25 x 10° cm®

coth (%)= coth %} =14.02

cosech ({2)= cosech 1.1255(;3 j =13.988
coth (ﬁVTEE) = coth %}3;_3] =1.725
coth ({Vf) = coth %j =6.888

For an n-p-n transistor equation (4.15) modifies to

_ qA% |:AnE coth (%)_Anc cosech (vz_gﬂ

Ine

IpE

InC

le
Ic

325
14x10°°
[2.368 x 10 x 14.02 + 2.25 x 10* x 13.988]
-6165.595 pA

D, W
—gA L—”.ApE coth (L_E]

PE PE

-1.6 x 101 x 5 x 10 x

16x10% x5 x10%x — 12368 x 10t x 1.725

3.02x10
-0.9846 pPA

-qA% [AnE cosech( ) - A, COth(vl_f)J

32,5
14x107°
[2.368 x 10 x 13.988 + 2.25 x 10* x 14.02]
-6151.52 A

D
ch A, coth (\ﬁv—cj

-1.6 x 101 x 5 x 104 x

gA

pC pC

L_g x —2.25 x 10° x6.888

342x10

1.6 x 101 x5 x 10 x
424 x 108 A

= Ine + lpe = -6165.595 - 0.9846 = -6166.5796 pA
= -(Inc + lpc)

-(-6.1515 x 103 - 4.24 x 103 = 6.1515 x 10°A
-(le + Ic)
(-6.1665 x 10 + 6.1515 x 103) = 15pA.
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Example 4.3 For the transistor specified in Example 4.2 determine injection efficiency,
transport factor, a and .

Solution
I . 1
Injection efficiency y =
1+ Dy X Ny x%
Dn NDE WE
1

9.1 10° 1x10™

1+ 27 =
7325 710° “2x10°*
= 0.99986
Transport factor or =1
cosh (‘”L’—B)
1
= ———-=0.99745
cosh (45,5)
Common-base currentgaina  =or Xy
=0.99745 x 0.99986 = 0.99731
a 0.99731

Common-emitter current gain 3 = =
l1-a 1-0.99731

4.9 CIRCUIT ARRANGEMENTS OF TRANSISTOR

In transistor circuit arrangements one of the terminals acts as common terminal to input and
output. Based on this, there are three different transistor arrangements or configurations namely
common emitter, common base and common collector configurations. The symbolic
representation of these configurations are shown in Fig. 4.8.

|
T

[+
|||7——§

(a) Common emitter configuration b) Common collector configuration (c) Common base configuration
Fig. 4.8 Symbolic representation of transistor configurations

The input and output parameters of transistors in different configurations are listed Table 4.2.
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Table 4.2 The input and output parameters of transistors

Configuration

Parameters Common-emitter Common-base Common-collector
Input voltage Vee VEes Vec
Input current Is le Is
Output voltage Ve Ves VEec
Output current Ic Ic le

4.10 THE EBERS MOLL MODEL

Fig. 4.9 shows the Ebers Moll model of a p-n-p BJT. This is a large signal model representing
BJT in any mode of operation. The dc terminal currents in any mode of operation can be
evaluated using this model. The different symbols used are:

les - Reverse saturation current of emitter-base diode with collector shorted to base.

Ics - Reverse saturation current of collector-base diode with emitter shorted to base.

ar - Forward alpha is o of the transistor when emitter-base junction is forward-biased and
collector-base junction is reverse-biased.

ou - Inverse alpha is a of the transistor when collector-base junction is forward-biased and
emitter-base junction is reverse-biased. In this case collector acts as the emitter and emitter as
the collector.
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Fig. 4.9 Ebers Moll Model of a p-n-p BJT
les and Ics are negative for p-n-p transistor and positive for n-p-n transistor. In terms of these
parameters the terminal currents are given by

le = [lES (e —1) - I o5 (€% —1)] (4.36)

lc = [les (8" 1) = I (= -1)] (4.37)

Equations (4.36) and (4.37) are known as Ebers Moll equations.
By comparing equations (4.36) and (4.37) with equations (4.24) and (4.26) and equating
coefficients of (e"CB’VT —1) and (eVEB’VT —1) respectively we get,

2 D
el = ol :qAS—'.L—"cosech(VLV—s) (4.38)

D p
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A setup to measure les and o is shown in Fig. 4.10. Short-circuit the collector and base
terminals of the transistor. Plot the forward characteristics of emitter-base junction (Ves vs. Ig).
The reverse saturation current of emitter-base junction under this condition represents les The
procedure to determine reverse saturation current is explained in Section 3.5.3.

Ic
z -~

(D= ¢ |» P
o) ”

Ig

17
A =
Veg

Fig. 4.10 Set-up to measure les and ar
Since, the collector and base are short-circuited, the ratio of Ic and Ie directly gives ok.
I

C

O = —
E Veg=0
Ics and o can be obtained from the set-up shown in Fig. 4.11.
Ig
—_—
P n P - ( ) +
+ -
Ie
N
=X v
Vea
Fig. 4.11 Set-up to measure lcs and o
Ics is the reverse saturation current of collector-base junction.
o= e
IC Veg =0

The currents les and Ics may be expressed in terms of lego and Icgo.
where, leso - reverse saturation current of emitter-base junction with collector-base
junction open (Ic =0).

lceo - reverse saturation current of collector-base junction with emitter-base
junction open (lg =0).
Multiplying equation (4.36) by o

oF. lg = -oFles (eVEB/VT —1)+ ooy les ((BVCBNT —l) (439)
Adding equations (4.37) and (4.39), we get

lc+or. le=-lcs (| - OF 0,|) (eVCBNT —1) (440)

With emitter open, Ie = 0 and I¢ is given by
-lcs (| - OF OL|) (ve’VT —l)

-lceo (EVCBNT —1)

where Iceo = |cs(| - OF 04)

Ic
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or les == lcso (4.41)
-aaq,

Similarly,  les = l'i (4.42)
-aaq,

leso may be measured experimentally using the set-up shown in Fig. 4.12.

Ic

— p L P

o—— ]

(& F—-oC
open

Fig. 4.12 Set-up to measure lego

Plot the forward characteristics of emitter-base junction with collector open. Determine the
reverse saturation current which represents lego. Icso can be measured using a similar setup.

Example 4.4 The following parameters are given for an n-p-n transistor at 300 K.

Emitter Base Collector
doping 10 cm3 10 cm3 10 cm?3
width 2um lum S5um
mhrortty carrier 0.01ps 0.06p5 1us
mobility up= 350 cm?/Vs un = 1250 cm?/Vs up= 450 cm? Vs

Assume uniform area of cross-section of 5 x 10 cm? and n; = = 1.5 x 10'° cm3. Determine
les, lcs, aF and ou.
Solution
Emitter Base Collector
Npe = 10%° cm™ Na=10%cm? Npc = 10*° cm®
Dpe=9.1cm?/s Dr=32.5cm?/s Dpc=11.7cm?/s
Lpe =3.02 x 10* cm Ln=1.4x103%cm Lpc =3.42 x 10 cm

coth  ({&)=14.02

coth  ({&)=1.725

coth (=)= 6.888
Using equations (4.25) and (4.26)
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D
les = gAn] Bu L oth [%]+—‘fx 1 coth(‘f’—E)
n A Ln pE NDE "
=1.6 x 10 x 5 x 10 x 2.25 x 10%
_ [ 325 1 9.1 1 }

325 L a3t L 75
14x10° 10° | 3.02x10° 10° |

=5.859 x 103 A

D 1 W D. 1
lcs = gAn? | —2< x coth| —< |+ =" x —coth (%
cs =4 [L N L N (%)

pC DC LpC n A

=16x101¥%x5x 10*x 2.25 x 102

2[ 117 xix6.888+£ i><14.02}

—_— X
3.42x10° 10® 1.4x10° 10"

1.009 x 102 A

oF = ! > (by equation 4.34)
1o Do N We 1[WB
D, N W. 2{L,
= ! _=0.9973
9.1 10® 1x10™* 1 1x10™
1+ —x 5 % -+ -
325 10 2x10 2(1.4%x10
o = 1 - (by equation 4.34)
14 Dec N, vaul(vvs
Dn NDC WC 2 Ln
- ! = 0.5805.

1+— —
1.4x10

117 10° 1x10° 1 1x10* Y
325 105 5x10° 2

4.11 REGIONS OF OPERATION AND MINORITY CARRIER DISTRIBUTION

The minority carrier distribution in the base region represents the major portion of currents
through a transistor. The minority carrier distribution in a p-n-p transistor in different regions
(modes) of operation are shown in Fig. 4.13.

Forward active mode: In this mode of operation emitter-base junction is forward-biased (Ves
positive) and collector-base junction is reverse-biased (Vcg negative). Therefore, Ayc = -peo, Anc
= -Nnco. The common-base current gain in this mode is represented as o and its value is close to

unity.

Inverse active mode: In this case collector-base junction is forward-biased and emitterbase
junction is reverse-biased. Therefore Ape = -peo, and Ane = -ngo. Collector acts as the emitter and
the emitter as collector. Because of low doping in collector region, the injection efficiency is
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poor in this mode. Due to smaller emitter area, all the charge carriers that are emitted from the
collector do not reach the emitter. They recombine in the remote region of base (See the actual
structure of BJT in Fig. 4.2). As a result the transport factor is also poor. Thus o of the transistor

is low in this mode.

Saturation mode: In this case both junctions are forward-biased and holes are injected from
emitter and collector into the base region. This increases the recombination rate in the base,

increasing ls. Therefore, the base current is large (IB >> '7) The resistance of the transistor is
very low in this mode, as two forward-biased junctions are connected in series opposition. The

transistor acts as a closed switch and it is said to be in the ON condition. The voltage drop
across the transistor is very low under this condition. (Vce = Vee + Vcg) (for p-n-p transistor in

saturation region Vge is negative and Vg is positive).

,,,,,,,, n c,

_______ nc,

(b) Inverse active mode

Pg, + ApE

n E,

(c) Saturation mode

,,,,,,, ﬂcﬂ

(d ) Cutoff mode

Fig. 4.13 Minority carrier distribution of a p-n-p transistor
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Cutoff mode: In cutoff mode both junctions are reverse-biased. Ane = -Neo, Ape = Apc = -Peo and
Anc = -Nco. The base region does not consist charge carriers and the resistance of the device is
very high. It acts as an open switch and the transistor is said to be in the OFF condition.

4.12 REAL TRANSISTOR

In the discussion so far, we have assumed an ideal transistor with abrupt junctions, equal
junction areas, uniform doping etc. In a real transistor, we have to account for the following
non-idealities.

(1) Carrier recombination in emitter-base depletion layer.

(2) Drift in the base region (non-uniform doping).

(3) Effects of variation of V¢g on transistor currents (early effect).

(4) Avalanche multiplication in collector-base junction.

(5) Resistance of the base region.

(6) Non-ideal structure.

(7) Kirk effect.

4.12.1 Carrier Recombination in the Emitter-Base Depletion Layer

The emitter current consists of the recombination current in emitter-base depletion region given
by

Ir = g (6% —1) (4.43)
I = OAN X (4.44)
° 27,
where, Xeg - depletion layer width of emitter-base junction.

To - carrier lifetime in the emitter-base depletion layer.
A - area of emitter-base junction.
The expression for injection efficiency becomes

y= o
IEp +1g, + 15
Ir term reduces the injection efficiency, especially in silicon and gallium arsenide transistors
at or below room temperature as Iz term is much larger than the other terms. The injection
efficiency is small for small forward-bias on base emitter junction.
As Veg and Ic increases, |, term becomes negligible compared to other terms and injection

efficiency increases with increase in Ic. Therefore o and f increases with increase in Ic. But at
very high value of Ic where the injected hole concentration in the base become comparable to
base doping, B starts to decrease with increase in Ic due to high injection effects. Variation of Ig
and Ic with Veg at Vcg = 0 is shown in Fig. 4.14(a). This plot is known as Gummel plot. An
approximate plot of 3 as a function of I¢ for a constant Vce is shown in Fig. 4.14(b).



284  Bipolar Junction Transistors

High level
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— Current (log)

(a) Variation of /g and /- with Vggat Vg =0

'
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currenli .
: L —> Ve
= Ideal (G-R stands for generation-recombination.)
°
T (b) Plot of B vs I~ for constant V¢
—> log JC

Fig. 4.14 Gummel plot

4.12.2 Drift in the Base Region

For implanted junction transistors the assumption of uniform doping in the base does not hold
good as there is appreciable amount of impurity grading. Np(x) varies exponentially within the
base region. In graded base region, a built-in electric field exists from emitter to collector (for p-
n-p transistor). This adds a drift component to the transport of holes across the base. The drift
and diffusion currents in the base must balance at equilibrium. If the net donor doping of the
base is large enough that n(x) = Np(x), for the balance of electron drift and diffusion currents at
equilibrium

Ih(X)=0
ie, AW No(X)E(X) + gAD, W _0 (4.45)
Built-in electric field
E(X)z_& 1 dN@) _ KT 1 dNy(x) (4.46)

a NGO X g Np()  dx

For a donor doping profile that decreases in the positive x direction, the built-in electric field
is positive directed from emitter to collector.

This electric field aids the transport of holes across the base region from emitter to collector.
Therefore the transit time T( is reduced below that of a uniformly doped base transistor.
Similarly electron transport in an n-p-n transistor is aided by the built-in field in the base. This
reduction in transit time finds its application in high frequency devices.
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4.12.3 Effect of Bias to Collector-Base Junction (Early Effect)

The effective width (W) of the base region is the difference between the total (metallurgical)
base width (Wgo)and the depletion layer width of the collector-base junction into the base region
(neglecting the depletion layer on the emitter base junction).

. N
i.e, W =Woago - Xgc. — 25—
B Bo BC ND+NAC
2e N
= Wao - [SS(V, Ve x———2¢ (4.47)
° Jq " Np(Nue +Np)

where Xgc - depletion width of collector base junction with bias.

' Xgc (Vep=—-10V)

W :
o . = Xpc,(Vcp=0)

i (a) Change in basewidth with reverse bias

on CB junction. Wp, base width with

VCE = 0. WB Wlth VCB > 0

© (b) Minority carrier distributicn in the base.

0 L. WB WBa

Fig. 4.15 Early effect

Equation (4.47) shows that the effective width of the base region decreases with increase in
reverse-bias on the collector-base junction. This is called base width modulation or Early effect.

Due to base width modulation, as reverse-bias on the collector base junction increases Ic and
Ie increases. Due to increase in Vcg, Wg decreases which increases the slope of minority carrier
distribution as shown in Fig. 4.15. As the slope increases, lep and lcp increases.

As the width of the base is reduced, the transport factor increases or the recombination in the
base region reduces, reducing Is and increasing o of the transistor. As o increases, § also
increases. In short, due to base width modulation, an increase of reverse-bias across collector-
base junction:

(1) increases Ic and Ig

(2) decreases Ig

(3) increases transport factor
(4) increases o and 3
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Punch Through

As Vg increases further, the depletion layer penetrates more and more into the base and the
effective width of base decreases and become zero at a collector-base reverse voltage called
punch through voltage (Ver) (if avalanche breakdown do not occur below this voltage). At
punch through voltage width of base is zero.

". From equation (4.47)

T = qND(NAC + NDB)WBZO

Vp
20N ¢

(4.48)

Example 45 A p-n-p silicon BJT has Np = 8 x 10 c¢cm™ on the base and the collector is
heavily doped. Given that Wg, = 2 pm. Determine the breakdown voltage in the common-base
mode if the critical field in silicon is 3 x 10° VV/cm. Also calcualte the punch through voltage.

Solution

Verceo = LEfm (by equation (3.89))
20N,

885410 X118 (3x10° )2
2x16x107° x8x10%
=36.73V

Ver = q’;%w; (by equation (4.48) for Nac >> Np)
(0]

_ 16x107 x8x10% x(2x10* )’

2x8.854x107 x118
=2450 V.

4.12.4 Avalanche Multiplication in the Collector-Base Depletion Region

Avalanche multiplication takes place within the depletion layer of collector-base junction. At
low Vg multiplication will be negligible. But with increase in reverse-bias multiplication in the
collector-base depletion layer increases. Due to this o of the transistor increases and the
collector current also increases for a given Ie.

The current entering depletion layer of collector-base junction = lpc
Current reaching the collector =1¢
- (Ipc - Iceo)
T —(1,.—1
Multiplication factor M = e ~leeo) (4.49)

l'e
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Avalanche multiplication factor is also given by

M= 1
)
VBr
where n lies between 2 and 7.
o = Mary

M is unity for low Vcs. When Vg becomes closer to avalanche breakdown voltage, M increases
and Ic increases sharply causing avalanche breakdown.

4.12.5 Resistance of the Base Region and Emitter Crowding

In the actual structure, base region has a large area compared to emitter and the resistance of the
base is distributed over this region. The effective resistance of the base may be calculated from
the doping of base region and its geometry. This resistance is called base spreading resistance
rs. Because of rg the entire applied voltage will not drop across the junction. In the Ebers Moll
model Veg and Vcg must be replaced by Ves - lsrs and Ve - lsrs respectively. The base current
is a lateral current flowing from the active base region to the base contact.

The base resistance increases with reverse-bias on collector-base junction due to increase in
depletion layer width and reduced base width. The emitter-base forward bias is minimum at the
centre of the emitter and increase towards the periphery due to reduced lgrg drop. Therefore
emitter injection is more near the periphery of the emitter than that at the centre. This is called
emitter crowding and is shown in Fig. 4.16. Inter digitated emitter structure as shown in Fig.
4.17 reduces the problem of emitter crowding which may cause premature breakdown.

4.12.6 Non-ldeality of Structure

For the purpose of analysis we have assumed equal area for emitter and collector junctions
which is actually not true. The area of emitter-base junction is less than that of collector base
junction. Similarly, the doping of emitter is higher than that of collector. Ics is higher than les
and o is higher than ou.
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Fig. 4.16 Cross-section of p-n-p transistor showing
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(b) Top view

Fiérurer4.'17 Interdigitated emitter structure
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4.12.7 Kirk Effect

The current gain of BJT at higher current, drops due to a mechanism known as Kirk effect.
Consider a p-n-p BJT. As the emitter-base forward bias increases, more charge carriers (holes)
are injected into the base region and collected by collector region. Under this condition,
depletion approximation is invalid in the collector-base junction. The positive charge on the
base side of the depletion layer increases and negative charge on the collector side of the
depletion layer decreases due to presence of holes as shown in Fig. 4.18.

Thus, for a given Vcg, fewer donors are required on the n-side to maintain the voltage
across the junction. Therefore, the depletion layer on the base side shrinks and base width
increases, reducing transport factor and current gain. The shrinking of depletion layer on the
base side of collector-base junction due to the presence of mobile charge carriers is called Kirk
effect.

POPO © ©
P n DOB|O © © p
DDPO © O
DRDO O O
i i . (a) p-n-p transistor cross-section
++ +
' + 4+ +
! + + + !
s + + +
50 -x  Wp -

[ I

(b) Charge distribution in collector
base depletion region at low
collector current

+— Positive ions

—lHoles FNcgative ions
- =0~ _OLI

(c) Charge distribution in collector
base depletion region at high
collector current. The depletion
layer width on the base side
decreases and that on the collector
side increases.

Fig. 4.18 Kirk effect

The electric field in the depletion layer may be expressed by Poisson equation as
dE _q

i O{(Ng - N;)+I—C} on the base side (4.50)

gAv,

where ¢ - collector current
A - area of cross-section of collector-base junction
Vg - drift velocity of holes.
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The last term represent mobile charge carrier density

£ _
A - PV
|
p= qACv (4.51)
d

Increase in Ic has the same effect as increasing doping level on the n-side (base) and (reducing
doping level on the p-side. Kirk effect is observed in n-p-n transistors also.

4.13 TRANSISTOR CHARACTERISTICS
4.13.1 Common-base configuration

a. Input characteristics

The input characteristics of a p-n-p bipolar junction transistor in common-base configuration is
shown in Fig. 4.19(b). It is a plot of It as a function of Ves with Vcg held constant. By Ebers
Moll equation, with reverse-bias on collector-base junction,

lg = -|Es,<ev°‘3/vT —l)- o lcs

les and Ics are negative for p-n-p transistor and I is positive.

Veg=-10V
50 — CB
Vepg=-5V
45 =
40 —
e sy 35 Vep=0V
+ — o -
Ig i Ic Ig 30—
(mA)
Ves Ve 25 |—
= _ T 20 [~
o -0
10 —
(a) Transistor configuration
5 —_—
0 | | l I |
0 0.5 i 1.5 2 2.5 3
—» Vep(V)

Fig. 4.19 Input characteristics of a p-n-p transistor in common base configuration

Even though the shape of this characteristics is similar to that of p-n junction, a change in Vcs
shifts the characteristics. With increase in Vcg, the reverse-bias on collector-base junction
increases, increasing depletion layer width and reducing base width. Reduced base width causes
an increase in the slope of minority carrier distribution in the base region increasing Ic and Ie.
Therefore, with increase in Vcg for a given Ves, the emitter current increases. Thus the curve
shifts towards the left with increase in Vcg. This is a consequence of early effect.
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b. Output characteristics

The output characteristics of a p-n-p bipolar junction transistor is shown in Fig. 4.20. The output
characteristics is a plot of I¢ as a function of Vcg with Ie kept constant. From Ebers Moll model,
by equation (4.40),

Ic = -aele - Iceo <(9V°‘3NT —l)

When I = 0, Ic = Icso for sufficiently large collector-base reverse-bias Vcs.
With reverse-bias on collector-base junction,

Ic = -arle - Iceo

For a given Ig, Ic remains almost constant.

With forward bias on collector-base junction (Vcg positive) Ic decreases due to injection of
holes from collector to base (slope of minority carrier distribution decreases). Ic becomes zero
for a finite forward bias on collector base junction (Vcg) and is given by

VCB |IC=0= VT In |:1— aFIE} (452)

CBO

IE =5mA
Active region
IE =4 mA
IE =2mA
—Icpo
{ lE =(
)
' —> Vg (V
Cutoff region

Fig. 4.20 Output characteristics of p-n-p transistor in common base configuration

The output characteristics for a single Ie and the minority carrier distribution in the base region
for different points in the characteristics are shown in Fig. 4.21.
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Fig. 4.21 (a) Output characteristics for a single Ie and (b) the minority carrier distribution
in the base region for different points in the characteristics, neglecting change in base
width

A - Inverse saturation

B-Ic=0

C - Forward saturation, deep saturation
D - Forward saturation, weak saturation
E - Forward active

At point A, the forward bias on the collector-base junction is high compared to that on the
emitter-base junction and it corresponds to inverse saturation. At point B, the injection from
collector to base and emitter to base are equal and Ic = 0. Points C and D corresponds to forward
saturation. C represents deep saturation and D weak saturation. Point E corresponds to active
region of operation.

In the active region, collector current remains almost constant and the effect of base width
modulation is negligible. In common-base configuration Ic and Ig increases with increase in
Vce. The increase in Ic is more compared to increase in Ie (Ale = Alc - Alg). But on keeping Ie
constant, the change in Ic almost nullifies. Therefore, Ic increases only slightly with increase in
Ve in the output characteristics.

4.13.2 Common-Emitter Configuration
a. Input characteristics

Input characteristics in common-emitter configuration is the plot of Ig as a function of Ve,
keeping Vce constant. From Ebers moll equations, by assuming large reverse-bias on collector-
base junction

Ig = |ES(1 - Ou:) (evEBNT —l)- Ics (1- Ou) (453)

les and Ics are negative for p-n-p transistor and Ig is therefore negative.

Even though Ig appears to be independent of Vcg in equation 4.53, it decreases with increase
in Vce due to base width modulation. (With increase in Vce (Vce = Vee + Vcg) base width
reduces, transport factor increases and base current decreases for a given Vge or Ig). Therefore,
the input characteristics shift towards right with increase in Vce as shown in Fig. 4.22b.
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(a) Common emitter configuration
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Fig. 4.22 Input characteristics of an p-n-p transistor in common emitter configuration

b. Output characteristics

The output characteristics in common-emitter configuration is a plot of Ic as a function of Vce
keeping le constant. The output characteristics, the minority carrier distribution in the base
region for different points (marked in the characteristics) and expanded view of characteristics
in saturation region are shown in Fig. 4.23.

Vce = Vces + Vae
Ve = Vce - Ver

When Vce = 0; Vce = Ve, the collector-base junction and emitter-base junction are equally
forward-biased. Under this condition injection from collector to base and emitter to base are
equal and the collector current is zero.

With increase in Vcg, lc increases due to reduced forward bias on collector-base junction
upto point C. On further increasing Vcg, the collector-base junction become reverse-biased and
the transistor enters the active region of operation. In this region, collector current increase
slowly with increase in Vcg due to base width modulation.

When Ig is increased, the resistance between collector and emitter decrease with more
injection of charge carriers into the base and slope of the characteristics in the active region
increases.

When 1z =0; Ic = Iceo = (1 + B) lcgo (See Problem 4.1)
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Fig. 4.23

Iceo is the current between collector and emitter with base terminal open. This current is
much higher than the reverse saturation current of collector-base junction with emitter open

(Icgo). It can be explained as follows.

With reverse-bias on collector-base junction, electrons drift from collector to base region.
These electrons cannot move into the base terminal as it is open. Electrons accumulate in the
base region and this produces a small forward bias on the emitter-base junction. Holes are
injected from emitter to base and are collected by the collector terminal causing an increased

current between collector and emitter.

Effect of Base Width Modulation

With increase in Vcg, Ic increases due to increased slope of minority carrier distribution in the

base region.



Bipolar Junction Transistors 295

In real transistors the increase of Ic in the active region is due to early effect. (At higher values
of Vce. the slope increases due to avalanche multiplication in the collector-base junction.)

dp
l. =—gAD, - 2P
C q p dX
AE
= qADp .
WB
I (mA)
5 IB = -30 HA
-20
3
-10
o
e 0
e A Lo Ve (V)
V,, Early voltage 0 10 20 VeE(

(CY

Fig. 4.24 The effect of base width modulation on output characteristics; Ic increases due to
reduction in base width as Vcg increases.

lo 5 g (e%="" —1)[1+\\//ij

where V4 is called the eariy voltage. If the common-emitter characteristics is extrapolated to
meet voltage axis, all the curves meet at the same voltage called early voltage as shown in Fig.
4.24.

In a well designed transistor punch through is avoided. The maximum value of Vcg is
decided by avalanche breakdown. The avalanche breakdown voltage in common-base
configuration (Vsrceo) and common-emitter configuration (Verceo) are related as

VBrCEO = VBLBol (4-54)
a+p)r

n varies from 2to 7.

Veceo - Breakdown voltage in common-emitter configuration with base open
Veceo - Breakdown voltage in common-base configuration with emitter open

Equation (4.54) shows that the breakdown voltage in common-base configuration is much
higher than that in common-emitter configuration.

The effect of avalanche break down in the output characteristics of p-n-p transistor in
common emitter configuration is shown in Fig. 4.25.
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/ Ig=-20 pA

/
/)

/
/ a8 /

I5=0

- Ve VercEO
Fig. 4.25 Common emitter output characteristics showing the effect of avalanche
multiplication in collector-base junction

Transistor as a Linear Current Amplifier

The current gain of a transistor in common-emitter configuration in forward active mode is

given by B= :—C which is independent of the bias voltage Veg or Vcg .i.e., Ic = Bls. The collector
B

current varies linearly with base current lg. Therefore, transistor in common emitter
configuration acts as a linear current amplifier when it is operated in active mode or active
region where the emitter-base junction is forward-biased and collector base junction is reverse-
biased.

Saturation Region

Consider the common-emitter configuration of transistor and its output characteristics as shown
in Fig. 4.26. The load line is fixed by Vcc and Rc. The operating point is fixed by Rg or Ig. The
operating point is the intersection of load line and the output characteristics for given lg. The
maximum value of collector current is I¢ (sat) which cannot be increased by increasing ls. But
in active region Ic can be increased by increasing lg for a given load line. Once the transistor is
in saturation region, Ic is saturated to its maximum value irrespective of the base current.
Therefore "saturation” implies the saturation of collector current for a given circuit arrangement
or load line. This current is fixed by external resistance (Rc) and voltage applied (Vcc).
Therefore in saturation region Ic < Ble.

4.14 SWITCHING

An ideal switch has zero resistance (short-circuit) in ON condition and infinite resistance (open-
circuit) in OFF condition. A BJT in common emitter configuration acts as a switch when it is
operated in saturation and cutoff regions. In saturation region it acts as closed switch (low-
resistance) and in cutoff region as an open switch (high-resistance).

Fig. 4.27 shows the circuit arrangement of BJT as a switch and its characteristics. When Ig =
0, the BJT is in cutoff as shown by point A in the figure. The voltage drop Vce is very large
under this condition.
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Vee
t Ig=-40 pA
R
s -Ic Iz=-30 pA
Rs e Isg=-20 pA
; Re
vin
= ‘V1CC —_ Ve
(@) Circuit arrangement (b) Output characteristics along with load line

A - onset of saturation
B, C - deep saturation

(c) Minority carrier distribution in the base region
Fig. 4.26 Operation of a p-n-p BJT in saturation region. As lg is increased from 20 pA to
40 pA. the operating point is moved from A to C. The change in collector current is

negligible
=le -
_ Iz=-30 pA
4
y Ip=-20 pA
_5C. Ll
R Ig=-10 pA
(&
\A Iz=0
-
[ T
Vee = Veck

Fig. 4.27 Circuit arrangement and characteristics of BJT as a switch

IC(sat)

If l1g] is made large [|IB|>

J the collector current reaches a maximum value for the

given load line. At the onset of saturation (point B in the figure)
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|

I, = _cGat)
p

If Ig is increased further, the collector current remains constant (saturates). There is no
further shift in operating point. Under this condition Vce is very small and both junctions are
forward-biased. This is the ON condition of the transistor.

A sudden change of Ig from zero to a high value will not switch the transistor from OFF state
to ON state instantaneously. This requires the charging of storage (diffusion) capacitance which
introduces a time delay in switching. The storage capacitance is due to the storage of minority
carriers, mainly in the base region. The distribution of minority carriers in the base region under
cut-off, saturation and active modes of operation are shown in Fig. 4.28.

A — cut off
B - saturation
C - active

Fig. 4.28 Distribution of minority carriers in the base region of p-n-p transistor (A) cutoff
(B) saturation and (C) active modes of operation

The time delay may also be represented in terms of the time of transit of the charge carriers
(t8) across the base. The collector current is related to the excess hole density by

d
Ic =—-0AD, -d—xﬁp(X)

A

=gAD .= (4.55)
p WB
The total excess holes stored in the base is
1
QB :_qA'EApE ’WB
AA W
= A% We (4.56)

2

The collector current is equal to the rate of transfer of charge from base to collector and is
given by

[ (4.57)

T

where 1 is the time of transit of charge carriers (holes) through the base.
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qAApE WB

-2
qA~Dp~ApE

WB

_|Qe|_

B T

(from equations (5.55) and (4.56)

IC
2
_Ws (4.58)
2D,
Base current due to recombination in the base is given by
Qs
I ]|==&
o] =2

p

where 1, is the minority carrier lifetime in the base region.

4.14.1 Charge Control Equations

The base current in the forward mode of operation (u;) IS given by
_Ig = IrB + InE + ICBO
=1g+1. (neglecting lceo)
F
=QL+l, = &{HILE}

Tp B

F
=9 (4.59)
TB(eff)
where tgefr = T‘; , effective lifetime in the base. (4.60)

14+-1E
B

:—E: BF = TB‘F“” (by equations (4.57) and (4.59)
B

T

; i3 (if e is neglected)
Tig
If a time varying voltage ves is applied between base and emitter, the base current and stored
charge will also vary with time. Therefore, if will consist of a term due to the time variation of
stored charge.

F F
Qe 9Q (4.61)
Toery Ot
The collector current in the forward mode is given by
F
= (4.62)
‘Cl
and emitter current is given by
ip = (it +ig)
F F F
= Q—E+S—B+d& (4.63)
T, T dt
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Similarly the currents in inverse mode may be expressed in terms of charge stored in the base

under inverse mode.

AW, -A
Charge stored Q| :q%
 _ Qs dQg
R
Th(eff)
|
demr
t
i, =(i:3+|'E)
_ Qs 00 O
Toery Ot T
ig =ig +ig
ic =it +ig
i =g +iL

4.14.2 Tum-ON-Time

(4.64)

(4.65)

(4.66)

(4.67)

(4.68a)
(4.68b)
(4.68c)

Let a p-n-p bipolar junction transistor be switched from cut-off (Ig =0) to saturation (lg = lg1) at

t=0.

In equation (4.61), replacing t ., by tp it may be written as

i :&4_&

S T,

Solution of this equation by applying boundary condition Qs =0 att=0is

Qu(t) =I5, (1-e"™)
The collector current is given by

Qs(1)

T

ic(t) =

—t/t
IBl'cp(l—e ")

=————— for Qs < Qs

T

Qeay IS the stored charge when ic = lgsar).

(4.69)

(4.69a)

(4.70)

The charge Qg continues to build-up with increase in base current but the collector current
remain almost unchanged at Ic(say. Therefore equation (4.70) is valid only for Qg < Qgsay. The
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variation of stored charge with time, the output characteristics along with load line and the
variation of Ic with time are shown in Fig. 4.29.

0p(1)
T QB(sat) —————————————
_'IC 5
(mA) | Ig=-30 pA -
1 16 .
: . . I
12 Ig=-20 pA (b) Variation of stored charge with time
8+ ic(f) t } ____________
IB=—10 uA IC(sat) ____________ el
4 !
I !
c5<i Ig=0 i
I 1 2 3bta 5 6
— Ve (V) Ny
IoN
(a) Output characteristics along with load line (c) Variation of /- with time

Fig. 4.29 Variation of stored charge and Ic with time.

The stored charge in the base region at point A on the load line is represented by Qay.
Equation (4.70) can be written in steady-state (t =4- o) as

I
ic S ley > Be (4.71)

g

But on further increasing Ig the transistor is driven into deep saturation. The corresponding
increase in Ic is negligible. Therefore in saturation region Ic < Bele.
In saturation region, collector current is limited to

V.. -V, V.
(sat) .
|y = cc - CE(sa) Rcc 4.72)
c c

(Vceesay Tor silicon transistor is around 0.2 V. It is the difference in forward-bias between the
emitter-base and collector-base junctions.)

In saturation region, the charge stored in the base region Qg increases with increase in base
current even though Ic remains constant. A transistor is assumed to be turned ON as I¢ reaches
Icsa. Therefore equation (4.70) becomes (substituting for Qgeay from equation 4.69(a) by
making t = ton)

Q | .
I B(sat) _ i‘fp (1—e tONlrp)

C(sat) =
B Tig



302 @Bipolar Junction Transistors

ity =Tl |— 1 (4.73)

pn
1— IC(sat) T
IBI TD

Equation (4.73) shows that to minimise turn ON time, tp, must be minimum, Iz must be
maximum and lc must be minimum, and transit time (1) must be minimum.

4.14.3 Turn-OFF Time

To turn OFF a transistor, the excess stored charge in the base has to be removed and collector
current has to be reduced to zero. This is done by setting Is = 0 or negative. When the base
current is removed, the stored charge decay due to recombination and diffusion as there is no
source to replenish it.

When Ig = 0, equation (4.69) becomes

4Q _ Qs (4.74)

dt T,

i.e., Qs decreases with time. Transistor remains in ON condition until Qg goes below Qgsar). The
turn-off transients are shown in Fig. 4.30. As Qg reaches Qssay, Ic decays exponentially to zero.
The turn-off time is the time required to reduce the collector current to zero, from the instant
the base current is removed. It is constituted by two components:
(i) time taken to reduce the stored charge to Qgear known as storage delay (ts) and
(i) the time taken to reduce the stored charge from Qsar t0 0.1 Qsar), known as fall time (t;).
Let the base current be made zero at t = 0. Therefore, the solution of equation (4.74) is

Qu(t) = Qg (0)e '™ (4.75)

where Qg(0) is the stored charge in the base just before removal of base current pulse.
The storage delay time tg is obtained from equation (4.75) as

QB (ts) = QB(sat) = QB (O)eit/rp
=1, (QB(O)] (4.76)

B(sat)
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A

(a) /g changes to zeroat 1 =0

Opl1)

t 0500 i\

QB(_san

Sp(x)
(b) Vanation of stored charge T
with time

i)

I (C{sat) —
0.1/ C(sat) -

t=oe Wg! = x

—_ !
(c) Minority carrier distribution

d) Variation of collector current with time :
) in the base from 7= 0to ©

Fig. 4.30 Turn off transient

For t > t; transistor is in active region.
—t/1
QB(t) — QB(sat)e ’

T

MNGE Where t' = (t - t)

tB tB

= lcay € (4.77)
From equation (4.77) the time t; for ic(t) to fall from lcgsay to 0.1 lear i 2.3 Tp

When t=t +t;, t'=t;andi.(t)=0.1l;y,
0l cy = lon® " -t ==1,In(0.1) = 2.3¢,

Smaller lifetime (1) and smaller Iz in ON condition reduces the turn OFF time. t, can be
reduced in switching transistor by adding gold which increases the recombination rate.

Example 4.6 A base current pulse of 100 pA and width 300 ns is applied to the base of a
switching transistor shown in Fig. Ex.4.6(a).

Given g = 0.25 ps, Wg = 2.5 um and D, = 6 cm?/s. Sketch the waveforms of the collector
current and the charge Q.
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Solution
Ig1 =100 LlA
V -10
I = -cC =-1mA
e R, 10x10°
From equation (4.58)
2 —4\2
e = We _(25X107) _ 554 109
2Dp 2x6
Qeaty = lcgay T

1x10%x52x10°=52x10"C

Turn ON time is the time at which Qg = Qgsay. By equation (4.73),

ton =Tp In 1

(% )(2)

= 0.25 x 10% In { ! _ }
1- 10 o 5.2x10

100x107°x10x10° ~ 0.25x107°
=5.83x10%s

After t = ton, Ic remains constant at 1 mA and Qg continues to increase until the base current is
removed as shown in Fig. Ex.4.6.
By equation (4.69(a)),

QB() = lyr,[1-e"" ]

Qe(t=300ns) =100 x 10 x 0.25 x 10° [1—g @ 022" |
=1.75x 10" C

The storage delay time by equation (4.75) is

t= 1l {Q_«»}
QB(sat)
where Qg(0) = Qg(t = 300 ns)

-11
t = 0.25 x 10° In {%} = 0.303 s
5.2x10

tr=2.31tp=575ns.
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10kQ Z Re = Vo= (-10V)

=
Fig. Ex.4.6(a)

—100pA

Q3 17.5pC

t 5.2pC Fossunsas Lol
QB(sat) i i H

: * i
0 1foN : i -

1«0

T -

(R V7s A S—— A .
I Sy
0 583 300 600 s

Fig. Ex.4.6(b)

4.15 SMALL SIGNAL EQUIVALENT CIRCUIT

The low-frequency small signal equivalent circuit of a BJT is shown in Fig. 4.31. In this
equivalent circuit r represents the resistance offered by the base emitter junction to base current
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and is called small signal base resistance. gmVse represents the change in collector current as a
result of change in base emitter voltage.

B ip—» ) -«—IC (8

X +
Vhe I % (*> EmVbe Vee
E _

- o

Fig. 4.31 Low-frequency small signal equivalent circuit of BJT

di |
Transconductance gm = —=-%
dVBE VT

1 a.a, B

fr = ———=—¢C =
di, | ol ol g,
dVye

High-frequency small signal equivalent circuit of BJT is shown in Fig. 4.32.

ry Te

Bo——M\- [
{
Fr Cn t <> gm‘ * EmVbe % Yy
i BV
J

Fig. 4.32 High-frequency small signal equivalent circuit of BJT

The different elements of the equivalent circuit are as follows.

Transconductance gm = de _1c
d\/BE VT
o=t P
dl gm
AV,
Cn = CB + CJE

Cs = gmti IS the base charging capacitance which is the capacitance due to change in stored
charge in the base with change in Vge.
Cie is the capacitance of the emitter-base junction depletion layer.



Bipolar Junction Transistors 307

= T’[B' =

dV. V; V,

Cy represents the capacitance due to change in stored charge in the base with change in Vcs.
r, accounts for the change in base current due to Vca.

1 V,

fo= ———
dl. I
dV.

I, is the common-emitter output resistance and Va. is the early voltage.

is the change in base recombination current resulting from a change in Vcg.

= _dQB I_C—\ACB

gmV1Ves
ﬂOVA

OmVae is the change in collector current caused by a change in V.

I - Ohmic (bulk) resistance of the base region.
It is also known as base spreading resistance.

e - Ohmic resistance of emitter region

e - Ohmic resistance of collector region

4.16 FIGURE OF MERIT

Figure of merit (fr) is a measure of the high-frequency performance of a transistor an is given
by
fT = Otfa = Bf[}

where o - common-base current gain
fa - cut-off frequency in common-base configuration (a.-cutoff frequency)
3 - common-emitter current gain
fs - cut-off frequency in common-emitter configuration (B-cutoff frequency)
fs - is also equal to the unity gain frequency i.e., fr = f if |B(®)| = 1.

The equivalent circuit of a high-frequency transistor may be modified as that in Fig. 4.33 by

neglecting ry, re, re, and rp.

1,’ — Cl‘

o N : | L :

b [ ! 11 !
Cn

l . ’

|
Vpe Tx T EmVbe Yo ‘
i | ! |

<+ )

Fig. 4.33 Circuit arrangement to evaluate figure of merit of a BJT

S—
- a

The short-circuit current gain B(w) is determined as ',— by placing a short-circuit at the
output.
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lo = OmVbe
y _ Vi, _ Vpe[1+ Joor (C,+C))
rﬂ
1
|: ri+ jw(C, +C#) :|
| r
= =Bo)= Inls

| |1+ jwr (C,+C,)]
At high-frequency the magnitude of the imaginary part is large

_ Inl,
POI= e, +c)

On
o[C,+C ]
when f = fr |B(o)| =1; ® = 2xnfr

On _1
27 f.(C,+C,)

ie.,

In

fr o=_—Im
22[C, +C,]

(4.78)

(4.79)

Example 4.7 Consider a silicon p-n-p transistor operating at T = 300 K with Ic =1 mA, Veg =
0.7 V,Vec=5V. The device has B = 200, Npg = 10 cm‘3, Nac = 1016 cm‘3, We =0.8 pum, Va=

100 V, Dpg = 10 cm?, Nag = 108 cm3, A = 10° cm?.
Determine gm, I, fo, Cje, Cg, Cr, C, and fr.

Solution

gm =

= =3846x10"°
6

=20 _5ox10°0
38.46x10
A
IC

_ 100
1x107°

KT NN
VEB0 -~ n[ AE2 DJ
a n,

=10°Q
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10 x 10"
(1.5x10%)?

Wes — ZGNEBO_VEB)[ 1 +i}
q Na Np

_ J2x8.854x10'“><ll8(0.877-0.7)( 1 1 j
—_ _+_
1.6x10™" 10® " 107

= 0.026In( ]:0.877V

=5.04 x 10%cm

_ 11.8x8.854x107 x10°°
B 5.04x10°®
20.72x 103 F
w2
2D,
~ (0.8><10714)2
~ 2x10
Cs = OmTis
=38.46 x 103 x 3.2 x 1010
=1.23 x 101 F

|
Cp =T, <
VA

Cie

B -

=32 x10%s

1x1073
100

=3.2 x 1010

=3.2 x 10°5F
C. =Cp + Cie
=1.23 x 10 +20.72 x 1083
=1.437 x 1611 F
fr o=—9m
. -
27[C, +C,]
_ 38.46x10°°
© 27[1437x10" +32x10°°

=4.258 x 10° Hz.

Equations Modified for npn BJT

nE
+1

Emitter injection efficiency y

nE pE

Base transport factor ot =
IpC + IrB
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Ine =gA %{AnE coth (V%J—Apc cosech (V%H
D
lpe =gA —=| A coth {W—Eﬂ
L L
pE pE
Inc =gA %{AHE cosech [\%j—Apc coth (%H
Ioc =-gA = {Apc coth [\Iiv_cﬂ
pC pC
Me = e (e -1)
ApE = Peo (eVEB/VT _1)
ApC = pCO (eVCB/VT _l)
AnC = Pco (evCBNT —l)
v 1
1+ E;”E X Ny xa—s
NDC £
o = 1W = 11 2,ifWB<<Ln
cosh(L—:) 1+7(VXTB)
o _ 1
Dpe NA Wg 1 Wg 2
1+Tnx ND XEE(?)
1
B =
Dye NA Wsg 1 Wg 2
1+THX ND XEE(T")
_ 2L
WB2
_ qNA(NDC + NA)WBZO
Ver =
20N ¢
Wy
T =
B 2D,
e =
B = —
Tﬂ
W
QB = qAAnETB
ts =T |n (QB—(O)J
Qg (sat)

t =2.3 Tn



Solved Problems

Problem 4.1
Prove the following relations
ap= % P
l-o 1+p
C. lc=-alg + lcpo, d. lc= BIB + (1+B) Icso,

e. lc=Bls + lceo

Solution

Bipolar Junction Transistors 311

a. Alpha (o) of a transistor is defined as the forward short-circuit current gain in common-base

configuration.

a=i,VCB=0
IE

(au is positive for n-p-n and p-n-p transistors as Ic and Ie have opposite signs)
Beta (B) of a transistor is defined as the base to collector current amplification factor or the

common-emitter current gain.

B :I_C
B
le+lc+1g =
or Is =—(|E+ |c)
I
B =l =1

PoenE
“1a

R
p(l-o) =a
B-af =a

p = o (1+p)
or o :i
1+p

C. lc = - (lpc - Iceo)
when Vg = 0, lcro = 0, lc =- |pC
|

=_|c _ _pC
| e

E Ivgg=0

o
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- —(le —leso)
IE
ole =-lc+lceo
or Ic = -ale + Iceo
d. Ie =(ls +1¢c)
Ic = -ale + Ico
Ic =a(ls + Ic) +lceo
|c(1- OL)Z alg + Iceo
Ic = % g s Iceo
l-a -a
=Bl + (1+ B)lcso |+ =L —14p
l-a 1—117

e. But (1 + B) lceo = lceo Which is the reverse saturation current or leakage current between

collector and emitter with base terminal open.
Ic = Blg + lceo

Problem 4.2

The current components in a transistor are Ine = 2.712 x 10° A, Ioe = 0.678 MA, I,c = 9.4 x I01®

A and l,c = 0.6779 mA. Determine a. y, b. a, ¢. B and d. Icgo.
Solution
|

Injection efficiency  y = Pt
L +1oe

0.678x10°°
2.712x10°+0.678x10°°
0.996

|
— C
oT = P~

Ie

0'6775 =0.9998

a =or.y
=0.9998 x 0.996
=0.9958
a 0.9958

B = = =237
1-¢  1-0.9958

“[loc + Inc]

Ic + |pC

-[lpc + Inc] + lpc
-Inc

=-9.4 x 10 A.

Ic
Iceo

Problem 4.3
A symmetrical Si p*np* Si BJT has the following parameters.



Bipolar Junction Transistors 313

Emitter Base
A =10%cm? Na =10Y cm? Np = 10 cm?
Wg=1um w=01ps p=10pus
up = 200 cm?/Vs s = 1300 cm?/Vs
i = 700 cm?/Vs up = 450 cm?/Vs

a. Calculate Igs, Ics
b. Calculate Ig when Veg =0.4 V and Vg = -25 V.
Assume perfect injection efficiency.

Solution
n?
pno = _
ND
10
= 8220 ) =225 x 10°em*
KT
Des = e
=0.026 x 450 = 11.7 cm?¥s
Lp = 4}Dprp
= \11.7x10x10°®
=0.0108 cm
=1.08 x 102 cm
D
les = lcs = qAL—pB p,, coth (szi)
pB
—4
= 1.6x 10%9x 10%x ——2/ 2,25 10%oth| =2
1.08x10 1.08x10
=421 x10B A
ApE = pno (evEB/VT —1), Apc = O
= 2.25 x 10° (4% 1)
=1.08 x 10%
| _ Stored charge _ GAWgA
° Lifetime 2z,
_ 16x107° x10™ x1x10™* x1.08x10*
2x10x107°
=8.64 x 10t A.
Problem 4.4

A silicon n-p-n bipolar junction transistor has Npc = 10'® cm3, Nag = 10 cm2and Wg = 1um.
Determine the following at 300 K.
a. The punch through voltage.
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b. The average value of electric field at punch through.
¢. How can punch through voltage be increased?

Solution
a. Ve = k—Tln(NAB’;IDCJ
q ni
15 18
=0026In| 2210 1_g757v
(1.5%10)
At punch through, width of depletion layer at collector-base junction equals Ws.
WB = \/20(\/080 +VPT)( 1 4 1 ]
q NAB NDC
2
VCBO + VpT = M
20(it, +5)
— (1x107)2x1.6x107" Y
2x8.854x107" ><11,8(10%+ﬁ) '
Ver =6.884 - 0.757
=6.127V
b Eav = M
WB
= 8127+0.757 _g 884 x 10¢ Viem
1x10

c¢. The punch through voltage can be increased by (1) increasing base doping, (2) increasing
base width, (3) reducing collector doping.

But increase in base doping will reduce injection efficiency and transport factor.
Increase in base width will reduce transport factor. Punch through voltage can also be increased
by reducing collector doping. This increases collector resistance.

Problem 4.5

A p-n-p transistor shown in Fig. Sp.4.5 has uniform doping in the emitter, base and collector
regions and are 10%°, 10Y" and 10%°/cm3 respectively. The minority carrier diffusion lengths are
Le = 5 um, L, = 100 um. Assuming low-level injection conditions and using the law of
junctions, calculate the collector current density and base current density due to base
recombination (suitable approximations may be made). In all regions D, = 8 cm?/s, D, = 16
cm?/s, nj=1.5 x 10 cm™®, kT/q =26 mV, q = 1.6 x10%° C.

Solution
PBo = —

10
= (1'512—1170):2.25 x 10°

Ape = pBo(eVEB/VT _1)
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=2.25x 103<eo'78/°'026 _1)
=24 % 10% cm3

p(E) n(B) p(C)

(10 pm—sj=< 5 pym —» =200 pm-—»

0.78 V IAY
Fig. Sp.4.5
Collector current density,
dp A E
Je= -qDp. —=q.D_.—*
c= 45 dx 45 W,
16
= 16x10% x8x 2210 = 67 44 Asem?
5x10

Base current density due to recombination,

stored charge in the base

J =
® minority carrierlifetime in the base
_ Area of shaded triangle x q
TD

12 (100x10*)

7, = f=2 7 =125x10s
D, 8

Je = %ApE'\NB xq

Tp

1x2.4x10"* x5x107* x16x107**
125x10°°
76.8 mA/cm?

Problem 4.6
For a typical n-p-n transistor as shown in Fig. Sp.4.6, we have the following data available at
300 K.

a. Wc¢ = 20 um, collector doping =5 x 10* cm

b. We = 1um, emitter doping = 10%° cm?

c. base doping =5 x 10%° cm?

d. minority carrier lifetime in the base region t.,g = 0.5 pus.
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fe— Wg —>t— Wp — We }
n p n
Eo——]
L
Fig. Sp.4.6

0.:C

Under punch through condition, Vec = 10 V + V, where Vo is the built-in potenital of the base
collector junction. Emitter junction efficiency can be assumed as 1 for this transistor. Evaluate

base width and current gain o.

Solution
Givenq=1.6 x10"°C, Dne =30 cm? /s
[Jo = 102 F/em, ni = 1.5 x 101 cm-?
Vo =% (ND'J
q n;
15 18
20026 x In | 22X _ 60408y
(15><101°)
LnB = \/DnBTnB
=/30x0.5x10°
= {J30x0.5x10° =3.872 x 103 cm
=38.72 um

Punch through occurs when depletion layer width equals base width.

26(\/0 +VBr(PT))

Wg
aN,
-12
2>x10_(08408+10) _ 1 645 , j0cm
1.6x107° x5x10
B — _ 3 872x107 -1106
1 646x107*
a :L
1-p8
= ﬂ =0.99909
1106 +1
Problem 4.7

The reverse saturation current of the collector-base junction (lcgo) of a BJT is found to be 10 nA
at low collector voltages. The low voltage current amplification factor (o) is 0.98. Find out the
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change in collector current with its base open (lceo) when the collector voltage is increased such
that o increases by 1%.

Solution
(|CBO) =10nA,a =0.98
go @ 08
l-a 1-0.98
Iceo = (1+ B) lceo = (1+49)10 = 500 nA

Let Aa be the change in .
A% q00-1% ~2%_o001
(04 (04

or Ao. =0.001c = 0.0098

o' =o+ Ao =0.98 + 0.0098 = 0.9898

g @ _ 09898

C 1-a' 1-09898

lceo = (1+B') lceo =98 x 10 =980 nA

. Al
% change in lceo = —2x100
CEO

_ 980-500
500

%100 =96%

Problem 4.8

The emitter current of a p-n-p transistor with ar = oy is 1 mA, when the emitter-base junction is
forward-biased and collector is left-open. When the collector is shorted to the base, the current
rises to 100 mA. Calculate P and base width of the transistor assuming a minority carrier
diffusion length of 25 um in the base and the emitter injection efficiency to be unity.

Solution
Substituting Ic = 0 (collector open) in Ebers Moll equation (equation (4.37)),

les (€ 1) = e I (€ 1)

Substituting this in equation (4.36)

le = -les( - arou) (6 ~1) = IMA (4.88)
When collector is shorted to base, Vcg = 0. Therefore from equation (4.36)
le = -les ("™ ~1) =100 MA (4.89)

Equation (4.88) + by (4.89) gives
1-oaFa: =1
10

oaF=auLetoar=o1=a



318 @Bipolar Junction Transistors

1- o = i
100
o =0.995
pz @ _ 0995 _ g
1-a 1-0.995
2
=2
B
2
W, = 21°B
s
—4\2
= M =2.50um
\) 199
Problem 4.9

Explain a method to measure Ies and lceo Of sa n-p-n transistor.

Solution
a. Measurement of lgs
Plot the characteristics of the emitter-base junction using the setup shown in Fig.

Sp.4.9(a). In this configuration the current | = lgs (eVEB”T —1). Determine the reverse saturation
current as explained in Section 3.5.3, which gives Igs.

n p n

Ig

Nep

Fig. Sp. 4.9(a)

b. Measurement of lcgo

In the configuration shown in Fig.Sp.4.9(b) I - Iceo = (eVCBNT —1). Plot the forward characteristics
and determine the reverse saturation current.
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Fig. Sp.4.9(b)

Problem 4.10
Show that the transport factor of a BJT is given approximately by

1

O =
1+ e

TD

Solution

For a p-n-p transistor if Inc is neglected; Inc ~Ic
le = Excess stored charge
transit time
_ 9AA LW,

27,

_ stored charge
lg= =

life time
— qAApEWB
27,
a = IpC_ Ipc _ Ic
IpE IpC+IrB IC+IrB
_ 1
IrB
1+ &
IC
_ 1
1 z-tB
Ty
Problem 4.11

A base current pulse of 250 pA with a duration of 500 ns is used to turn ON a silicon p-n-p BJT
in the circuit in Fig. 4.26(a). Given Vcc =-5.2 V, Rc = 1 KQ, tpg =1 ps, Wg =5 um, Dps = 10
cm?/s. Determine the following at 300 K. a. turn ON time b. storage time.

Iy =-250uA
W2
T = ZDB
pB
By equation (4.73),
toy = 751N !

pB
=)
|31Rc Tog
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~10®In !
1_( 5.2 j 1.25x10°
250x107° x10° 1x10°®
=-0.30 us
QB(sat) = |C(sat) TtB
lcay ; Vee = _5'32 =-5.2mA
R. 10
Qggay =5.2x 108 x 1.25 x 108
=6.5x 101" C

From equation (4.69(a)),

Qs(t=500ns) = | - (1_ -t )
=250 x 10° x 10°® (I - e—500><10‘g/10‘6
=9.84x 101 C

)

ts = rpsln(QB © J; where Qg(0) = Qs (t = 500 ns)
QB(sat)

-11
0% 9.84x1011
6.5x10"

= 0.41 pS.

Problem 4.12
Plot the energy band diagram and potential distribution of n-p-n transistor in active region.

Solution
Energy band diagram and potential distribution of n-p-n transistor in active region is as shown
in Fig. p.4.12 Note that the potential decreases as energy increases.

E

(-a)
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9(VEBo— VEB)

t

q9(Vcpo + V)

()

Veso t Ver

VeBo— VeB
\ \.

(b)

Fig. Sp.4.12 (a) Energy band diagram and (b) Potential distribution in n-p-n BJT in
forward active mode of operation

Problem 4.13

Plot the minority carrier distribution in the base region of p-n-p transistor with a forward bias
applied to the emitter-base junction under the following conditions:

a. Collector shorted to the base.

b. Collector shorted to the emitter.

c. Collector terminal is kept open.

All these configurations act as diodes. Which of these configurations as a diode gives best
performance?

Solution
Since, the emitter-base junction is forward-biased, holes are injected from emitter into the base
region.

a. When collector is shorted to the base, Vee = 0 and Ay,c = 0. The concentration plot is
shown in Fig. Sp.4.13(a).

b. When the collector is shorted to the emitter, both the junctions are forward-biased by same
voltage. Therefore equal amount of excess holes are injected from both collector and emitter to
the base region (Ape = Apc). The holes recombine in the base resulting in a dip in the
concentration at the centre of the base as shown in Fig. Sp.4.13(b).
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c. When collector terminal is kept open, Ic = 0. Therefore from Ebers Moll equation, it can
be shown that Vcg becomes positive. So the collector-base junction gets a forward-bias, but Vcg
is lower than Veg. The collector-base junction does not collect or inject holes so that the slope of
hole profile is zero at the junction. The hole distribution is shown in Fig. Sp.4.13(c).
Configuration (a) gives the best diode as the stored charge is minimum.

ApE
P n p
"
1r
0 — sy Wy (a) Collector shorted to base
ApE e ApC
P n P

PBo | -
b ————————— | 18
(b) Collector shorted to emitter
ApE
p n p t—o
-
alpg 1
————— P " (c) Collector terminal open

Fig. Sp. 4.13 Minority carrier distribution in the base of p-n-p transistor
Problem 4.14

V
Prove that Varcpo = —2EES

N

Solution
lc = -arle + Iceo
If carrier multiplication in the collector region is taken into account
Ic = M(-Ou:h; +|CBO) (490)
where avalanche multiplication factor M is given by



Breakdown voltage in common-base configuration is Vercso

1

VBrCBO

S M=
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(4.91)

Verceo 1S the breakdown voltage of collector-base junction with emitter open (Ie = 0).

- lc=Mlcgo by equation (4.90)

For common emitter configuration breakdown voltage is Verceo

Replacing Ie with -(Ic + 1g) m equation (4.90)
Ic =M [ar (Ic + 18) + Iceo]

M (el +1ego)
1-Ma,

Ic

(4.92)

since Verceo is breakdown voltage with base open (lg = 0) equation (4.92) becomes

— MICBO

Ic =
1-Ma,

Breakdown takes place when Mo =1

or M= —

Substituting this in equation (4.90) and assuming Vcs ~ Vce(Q Vee = Vee- Vee ~ Vee) and

designating this voltage at breakdown as Veceo,
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\
_BrcEo (1- a, )1’“

BrCBO

V,

BrCBO

( 5. )1/n

or Veiceo=

Problem 4.15

A PNP silicon BJT has Nag = 108 cm, Nac= 10'° cm, NpB =10 ¢cm the metallurgical base
with =1.0 pm and A = 3mm?. For Ves = 00.5V and Vcg = -5V, determine at T = 300 K, the
effective width of the neutral base.

Weett =W metallurgical = deplltlon Iayer width
= Wh - (Xgen + Xacn)

Xgen = Xse _ Nee

N e + Npg
20V, -V
Wee = ( EB, EB)( 1 N 1 j
q Ny Npg
VERo :k_T|n|\IAE—|2\IDB
q n;
18 16
= 0.026 In % ~0.817V
Wee =2.044x10°cm=0.204 pwm
_ 10"
XBEn = 2044)(10 5 Xm = 0202ﬂm
20(V., =V
Wee = ( CB, CB)( 1 N 1 j
q Nac  Npg
10" x 10
Vceo =0.0261n W =0.637V
1.5x10

2x8.854x10™ x11.8(0.637 +5) [ 1 1
WBC = -19 15 + 16
1.6x10 10° 10
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=2.845x 10%cm
Xgen = WBCL
NAC + NDB
1 15
=2.845x10" x ———— =2.586x10""cm
10 +10
=0.259 um

Werr  =1-(0.202 + 0.259) = 0.539um

Problem 4.16
A silicon npn BJT has tpe = 1us and ppe = 440 cm?Vs. Determine We so that the transport
factor is 0.995 at T = 300 K. Assume Weg/L, << 1.

Solution
By equation (4.32),
1
oT =
1(W
1+ —&
2 ( LP j
D, _k_T
:upB q
Dy =0.026 x 440 = 11.44cm?/s

Lp =,/Dprp

=4/11.44x1x10° =3.38x10°cm
1

+1(WBT
2\3.38x10°°

Ws =3.38 x 10* cm = 3.38um

0995 =

Problem 4.17

An npn BJT has Nag = 5 x 10 cm, Wg = 1um, A = 10 mm? and life time of minority carriers
in all three regions is 0.1 ps. For operation in the active region and at T = 300 K, determine Ic
for Vee = 0.5 V. up = 1000 cm?/Vs.

Solution

By equation (4.26), neglecting gce

D n_2 WB Ve v
Ic =gA — —cosech| — (e " —1)
L N, L

n

N term in the active region for npn transistor,

Assume n; = 1.5 x10%m-3
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D, 3 KT
u, 9
Dn =0.026 x1000 = 26cm? /s
L =+/Dz =v26x0.1x10° =1.61x10"cm
. . 26
Ic = 1.6 x 1019x103x10 Zx—3
1.61x10"
10\2 -4
X(1-5X1016) cosech 1x10 - (eoAs/oo.ozs _1)
5x10 1.61x10

=2.41x10° = 0.241pA

Problem 4.18
An npn BJT has Npe =5 x 10* cm™®, Nag = 10 cm3, Wg =5 um, We = 2.25 x 10%cm. If pe =
200cm?/Vs and pns = 1250 cm?/Vs, determine Br at T = 300K for (a) tae = 1 us (b) tne = 10us.

Solution
By equation (4.35), for npn transistor
1
Pr = >
N 55 Dee %Jrl W,
NDE DnB WE 2 I-n
Dus = k—T =0.026
/unB q
kT
Dn =Hyg —
B B q
=1250 x 0.026 = 32.5cm?/s
kT
Dre = pye —
q
=200 x 0.026 =5.2 cm?/s
(@
TTnB = 1“5
L”B = Y DnBTnB
=4/325x 1 x 10° = 57x10° cm
Pr= L >
10 5.2 5x10™ 1( 5x10™
X X + —
5x107 325 225x10° 2|5.7x10°
=219.7
(b) g = 10us

Loe =+/325% 10 x 10° = 18.02x 10~
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Pr= L >
10 5.2 5x107* 1( 5x10™
7 < X St -3
5x10 325 2.25x10 2118.02x10
=912.45

Problem 4.19

A silicon npn BJT has Nag = 107 cm, Npc = 10% cm and Wgo = 0.25 pm.
Determine at T = 300 K,

(a) the punch through voltage

(b) the average value of electric field intensity at punch through.

Solution
By equation (4.48), for npn transistor

AN, (Npe + N W,
20N
16 %107 x 10" (1016 + 1 ”) (0.25 x 10*“)2

2 x 8854 x 10 x 118 x 10'°
=52.64V

Ver =

L vV
(b)Electric field E = -
Wy,

__ 564

0.25 x 107
= 2.10x10%V/cm

Problem 4.20
An npn silicon BJT at T = 300 K has heavy collector doping and Na = 10° cm™,

Given Wg = 1.0 um. Determine

(a) the breakdown voltage for active operation in the common-base mode. The breakdown field
in silicon is 3 x 10° VV/cm.

(b) The punch through voltage.

Solution
By equation (3.89)

o2
0Ecrit

VercBo = 20N,

_ 8854x 10 x 118 x (3 x 105)2
B 2 x 16 x 10*° x 10
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=29.38V

By equation (4.8)

For npn BJT with Npc >> Nag

16 x10™ x 10 x (1X1074)2
2 x 8854 x107* x 118

=765V

Ver=

Problem 4.21

For a silicon pnp transistor operating at T = 300 K and at Ic =1 mA, Veg = 0.7 V and Vgc =5
V. The device has Bo = 200, Npg = 10 cm™, Nac = 10%* cm=Wsg = 0.8 pm, Va = 100 V and
Dpg = 10 cm?/s. Determine (a) gm (b) T, (C) To.

Solution
(@)
l. 10°
Om~ V_T - 0.026 =38.46 x10° A/V
B, 200
(b) Tn: g_ = 3846><1073 :52 XlOSQ = 52kQ
v, 100
(C) To— Ic 1073 10 Q
Problem 4.22

A GaAs pnp BJT has Nae = 102 cm3, Npg = 10% ¢cm3, Dys = 30 cm?/s, 1, = 10pus, A = 102 cm?
and Wg = 12 um. At T = 300 K and for Ic = 2 mA in the active region. Determine

(a) the base storage capacitance, Cg

(b) the emitter junction capacitance

(c) if Bo =100 and C, = 0.25 pF determine r, and fr(ni, = 2 x 10° cm®)

Solution
! -3
om="C =22 " _7602x103Arv
v 0.026
(@) Ce=0m T
| -3
gm=-C =220 " _7600.103A/V
V002

2 _
Wg  @12x107%)

T, = =

B 2D,  2x30

=24ns

~2.4x1078s
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Ceg=76.92x10°%x 2.4 x 10
=184.6 x 10" F = 1.853nF

(b) cE= 2
BE
Wae = 26( Ve, = Vee )
ONpg
v = KT Nty
g n
20 16
=0.0261n X107, 4y
(2x10°)

From equation (4.25) neglecting e"="" term

- qADppo WVes /KT
WB

n?  (2x10°)?

P, = N_DB = 10%

16 x 10™ x 10°x 30 x 4 x 10™* Ve
12x10™*

Ic

=4x10"*cm™

2x10% =

VEB = 108V
2 x 8854 x 10™ x131 x (14 — 108)16
WBE = \/ -19 (16 )
16 x 10 x 10
=2.15 x 10®°cm

8854 x 10 x 131 x10°°
Cie = =
2.15x10
=5.38 x 10
=53.8 pF
©) [ =£=$3=1.3x103 ~1.3kQ
Im  76.92x10”
1
27(Cr+Cpu)

Cz=5.38 x 10" +184.6 x 10
=1.899 x 10°=1.89nF

fr=

fT = !
27z(]_89x 10° + 0.25 ><10*12)
= 83.7MHz
Problem 4.23

A base current pulse of 250 A with a duration of 300 ns is used to turn ON a silicon pnp BJT
in the circuit of Figure 4.26(a). Given Vcc =5.2V, Rc =1 KQ, 1p =1 usWg =5 um and D, =
10 cm?/s, determine at T = 300 K; (a) turn ON time (b) storage time.
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Solution
i i i Vee =V sal
(a) In equation (4.73), substituting I, =-c——cest . Cesat
C
ton=7,In 1
1— \M _
IRe ) ©® "
W2
Ty = ZDB
p
(5x 107 )2
= =1.2510%s
2x10
1
ton = 10°¢ In

1—(5050x10_6><1><103j —
2 10

=0.3x10°s =0.3us

(b) By equation (4.76),

0
tsd = Tpln QB( )
Qgsat
QBsat = ICsatTtB
5.0 -8 11
=——-=x1.25x10" =6.25x107°C
1x10

Qs(t) = Iy, [1-e™"]

Qs(0) = Qs (t =300 ns)

-300x10°°
= 250x107° x10°® {1—e 10°° }
=6.47 x 1011 C

6.47x1071
=106 x In /2=~
ta = 207 <IN 10 ™
=34.59 x 10°s
= 34.6ns

» Points to Remember
All the defenitions and expressions given below are for p-n-p transistors.
Emitter injection efficiency () is the ratio of emitter current due to injection from
emitter to base to the total emitter current
|

pE

IE
Base transport factor («;, ) is the effectiveness of base in transporting charge carriers

[}
through the base to collector, which are injected from the emitter
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e
(223 ——I
pE

e In BJT, emitter region is heavily doped, base is moderately doped and collector region
is lightly doped.
e The currents in BJT mainly depend on the minority carrier distribution in the base

region. The expressions for terminal currents and other important parameters of a pnp,
BJT are as follows.

D W W
| .= qA—‘[A <Coth (—BJ—A -cosech (—BH
P! Lp P! Lp P! Lp

D W W
| e =qA—{A ECosech[—BJ—A c coth[—Bﬂ
p Lp p Lp p Lp

D, W,
le =0A 3 E AnEcoth[L—Ej

nE nE

D, W,
lc =—0A 3 < Anccoth[l_—cj

nC nC

le = lpe + lne

Ic = lpc + Inc; ls =-(le + Ic)
Y- 1
1+ Die X—ND x%
Dp N W
1
a =

cosh (WBJ
LP

for We<< Lp, o, = !

2
1+£ %
2\ L,

. 1
Common-base current gain, o ;

2
14 DE No Wy 1/Wg
D, N, W, 2

p

. ) 21
Common-emitter current gain, 2 ; W—Z"
B

e Ebers Moll equations
le =—[ les (€% —1) - eyl (%™ ~1)]

lo =—[1es (€ —1) - I (£ -1)]

el =l
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| — IEBO
- aroy
— ICBO

l-ara
¢ Punch through occurs when depletion layer width towards the base equals the base width.
— qND(NAC +ND)WB20

ICS

V
’T 2¢N,
V,
Verceo= —2<EC—
(1+ )
WZ
T = 2
2D,
I, =28
B~ _
Ty
1, =2
c=
T8
QB — qAA;EWB

By charge control analysis, i, = dd%+%
T

p

Turn-ON time of a BJT switch

1

1_( IC(Sal) J[%\J
IBl 7,

toy =7,In

Turn-OFF time torr = ts + t
ts =7 In[—QB (O)J

p
B(sat)
tr =237,

Transconductance of BJT
|

Om = v,
o
On
Cs =09nTs
C,=Cg+Cp
_ _dQB _\AC

‘o dVCB _VA °
Figure of merit (fr) = af, = g1,
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_ 9,
27[C, +C,]

= Exercise Problems

(1) Plot the current components in an n-p-n bipolar junction transistor and explain.

(2) The following parameters are given for an n-p-n transistor. lne = -5 mA, lpe = -0.01 mA, lnc=
-4.99 mA, lpc=-0.001 mA. Determine ar, v, B,lg, Ic and Ie.

Ans: 0.998, 0.998, 0.996, 249, 0.019 mA, 4.991 mA, -5.01 mA.

(3) A symmetrical germanium p-n-p transistor with a diameter of 1mm for emitter-base and
collector-base junctions has the following specifications.

Npg =5 % 101 Cm'3, Nac = Nag = 1019 cm‘3

We = 10pum, e =4pus, Te=10%s,

Dps == 47 cm?/s, Dne =52 cm?/s.

Determine o and f of the transistor, assuming that We >> Lne

Ans: 0.9965, 285.

(4) Draw the energy band diagram of an n-p-n transistor at equilibrium and inverse active mode
of operation.

(5) A symmetrical silicon p-n-p BJT has Nag = 10 cm™®, Npg =5 x 10% cm3, Wg =2 um, tps
=1 ps, Dps =12 cm?/s, A = 0.01 cm? and is operating in the active region. For Ves = 0.65 V
and Vcg = -3 V, determine at 300 K (a) Ic (b) Bp.

Ans: 600, 31.1 mA.

(6) Explain an experimental setup to plot B as a function of Ic. What is the expected shape?
Why?

(7) Given a silicon BJT in forward active mode of operation at 300 K with Npe = 10°cm3, Nag
=10% cm, Dng = 10 cm?/s, Wg = 4 um, tng = 2 ps. Find Je if Veg =-0.5 V.

Ans: 250. 2.02 Alcm?.

(8) A p-n-p silicon BJT has Np = 10 cm on the base and the collector is heavily doped.
Determine the base width if the avalanche breakdown voltage Vecso equals the punch
through voltage. Assume &cit = 3 x 10° V/cm. What will be Verceo it B = 150 and n = 4.

Ans: 19.59 um, 83.82 V.

(9) A Ge alloyed p-n-p transistor has lgs = -2uA, lcs = -3 pA and a = 0.95. The transistor is
connected to a 5 V battery in series with a 1 KQ resistor such that positive of the battery is
connected to the emitter, the negative to the collector, and the base is open circuited.
Calculate the current through the circuit and voltage drop across each of the two junctions.

Ans: 23.9 YA, 64.38 mV, 491 V.

(10) A base current pulse of 100 pA. and width 500 ns is applied to the base of a switching
transistor shown in Fig. EP.4.10.
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VCC=l0V
5kQ

Ry

Fig. EP.4.10

Given tps = 1 us, W =5 um, D, = 6 cm?/s. Determine tow,ts and Qgsan. Plot Qs(t) and Ic(t).
Ans: 0.53 ps, 0.868 s, 4.166 x 10! C.

=  Review Questions

(1) Why is it not possible to use two p-n junctions connected as in Fig. 4.1(b) as a transistor?

(2) Explain the fabrication sequence of a monolithic BJT.

(3) What is the role of buried layer in BJT?

(4) What are the different modes of operation of a BJT?

(5) Draw the current components in BJT.

(6) List the current components in a BJT. How are they related to the terminal currents?

(7) Define injection efficiency and transport factor of a BJT. How are they related to o and 3?

(8) What are the doping and dimensional requirements of emitter, base and collector regions of
aBJT?

(9) Draw a typical doping profile in BJT and explain its significance.

(10) Draw the energy band diagram of an n-p-n transistor with uniform doping in all regions
under (a) equilibrium (b) forward active (c) saturation and (d) cutoff.

(11) Plot the minority carrier distribution in a pnp BJT in different regions and label it properly.

(12) What are the approximations made in the derivation of terminal currents of BJT?

(13)Derive expression for Ic, Ie and Ig of a n-p-n BJT.

(14) Derive expressions for ar, y, o and 3 of an n-p-n BJT.

(15) Draw Ebers Moll model of pnp BJT and write the Ebers Moll equations. Explain the terms
involved.

(16) Describe an experimental procedure to measure Ics and les of a BJT.

(17) How will you experimentally determine lcgo and Iceo of a BJT.

(18) Show that orles = aules

(19) Derive relationship between lcs and lcgo.

(20) Derive relationship between les and lego

(21) Plot the minority carrier distribution in n-p-n BJT in (a) forward active mode (b) saturation
mode (¢) cutoff mode and (d) inverse active mode.

(22) List the non-idealities in a BJT.

(23) Draw Gummel plot and explain.

(24) Explain effect of non-uniform doping in the base region of BJT.

(25) What is early effect? What are its effects on Ic, Ig, lg, o and p of a transistor?
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(26) What is meant by punch through in a BJT? How is it avoided?

(27) What is meant by emitter crowding?

(28) What is Kirk effect?

(29) Plot the input and output characteristics of a p-n-p transistor in common-base configuration
and explain. Mark different regions of operation.

(30) Plot the input and output characteristics of a pnp transistor in common-emitter
configuration and explain. What are the effects of base width modulation as seen in the
characteristics?

(31) Explain early effect. What is early voltage?

(32) Explain how a transistor works as a current amplifier.

(33) What is the difference between transit time and lifetime with respect to base region of a
BJT? Derive expression for transit time.

(34) Derive charge control equations for 15,1 and If.

(35) Derive expression for turn-ON time of transistor switch in Fig. 4.27.

(36) What are the factors which determine the tum-OFF time of a transistor switch?

(37) Derive expression for storage delay of a pnp transistor switch.

(38) Draw the low-frequency small signal equivalent circuit of BJT and explain.

(39) Draw the high-frequency small signal equivalent circuit of a BJT and explain different
parameters.

(40) Define figure of merit of a BJT. Derive an expression for the same.

(41) What are the short comings of Ebers Moll model? How are these overcome in Gummel
poon model of BJT?




