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B. M. Wilamowski

The bipolar transistor is the most commonly

used discrete active device. It has the highest

transconductance among all transistors. Therefore, it can drive a reactive load with very high

frequencies. The MOS transistor has a high switchi
parasitic capacitances are very small. The bipolar

requires a large area on the surface of integrated circuits. It has a relatively small

impedance and the switching speed is ve

ng speed only in integrated circuits, where
transistor also has some disadvantages. It

input

ry much limited by the storage time of injected

minority carriers.

In recent years the complexity of electronic circuits has increased significantly. Computer
tools aid the design process. In a case of integrated circuits, computer-aided design is a necessity.
Obviously the accuracy of design depends on the modeling accuracy. The knowledge of transistor
models, and the understanding of model parameters is therefore essential.

Ebers-Moll Model

The bipolar transistor has three terminals: emitter, base, and collector. It consists of two junctions:
the forward-biased emitter—base junction and the reverse-biased collector—base junction. Minority
carriers’ injected from emitter to base are then extracted from the base by the reverse-biased
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collector junction. Therefore, the collector current is proportional to the emitter-base current. In
the forward-active mode, the current-voltage characteristic of the emitter junction is described
by the well-known diode equation

Vi

where I, is the emitter saturation current and V; = kT/q is the thermal potential (about
25 mV at room temperature). The collector current is always smaller than the emitter current
Icp = agplge, where oy is the forward current gain, which is smaller than unity.

The positions of the emitter and collector can be switched. The base—collector junction can
become the forward-biased junction and the base—emitter junction can become the reverse-biased
junction. In this reverse-active mode the collector current can be expressed by

Vi
T

where I, is the collector saturation current. In a similar way, Iz = aglg, where ay is the
reverse current gain. When both junctions, the base—emitter and the base—~collector, are forward
biased, transistor operates in saturation mode and an equivalent transistor model is composed
of two transistors operating in forward- and reverse-active modes, as Fig. 56.1 illustrates. The
forward transistor operation is described by (56.1), and the reverse transistor operation is
described by (56.2). From Kirchoff’s current law one can write I = Iz — Igg, I = Igp — Ipp,
and Iy = Iz + I ;. Using (56.1) and (56.2) the emitter and collector currents can be described

as
Vi Vi
te =y (e 2 = 1)~ (exp 22 1)

Vi : Vi
Io=a (exp—ﬁ——l)—a (exp—-@-c——l)
C 21 VT 22 VT

which are known as the Ebers-Moll equations [1]. The Ebers-Moll coefficients a;; are given as

(56.3)

ay = Ig a), = agle, 4y = aplg a4y = I (56.4)

The Ebers-Moll coefficients are a very strong function of the temperature

Voo
a; = K. T" v (56.5)

T
where K. is proportional to the junction area and independent of the temperature, V,, = 1.21 V
is the potential gap in silicon (referenced to 0 K), and m is a material constant with a value
between 2.5 and 4. When the transistor saturates, the current injection through the collector
junction may activate parasitic transistors, where base acts as emitter, collector as base, and
substrate as collector. In typical integrated circuits, bipolar transistors must not operate in
saturation. Therefore, for the integrated bipolar transistor the Ebers~Moll equations can be

simplified to the form
N V;
Ip=a (exp ZE 1)
E 11 VT

(56.6)
I = a,, (exp EBE - 1)
Vr
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FIGURE 56.1 The equivalent circuit of the bipolar transistor for
forward, reverse, and saturated modes.

where a,,/a,;, = a;. This equation corresponds to the circuit diagram as shown in Fig. 56.1, but
without the reverse transistor.

Circuit-Level Gummel-Poon Model

In real bipolar transistors the current-voltage characteristics are more complex than those
described by the Ebers-Moll equations. Typical current-voltage characteristics of the bipolar
transistor, plotted in semilogarithmic scale, are shown in Fig. 56.2. At small base—emitter voltages,
due to the generation—recombination phenomena, the base current is proportional to -

v
Iy o exp ﬁi (56.7)

Also, due to the base conductivity modulation at high-level injections, the collector current for
larger voltages can be expressed by the similar relation

Ve
I —_— 6.8
cH X €xp A (56.8)
Note, that the collector current for wide range is given by
Vi
Ic=1 exp 2E (56.9)
Vr
The saturation current is a function of device structure parameters
An?V.
=270 Tk (56.10)
Ng(x)dx

where ¢ = 1.6 - 10™" C is the electron charge, A is the emitter-base junction area, n, is the
intrinsic concentration (n; = 1.5 . 10!° at 300 K), wp is the mobility of the majority carriers in
the transistor base, w, is the effective base thickness, and Ny(x) is the distribution of impurities
in the base. Note that the saturation current is inversely proportional to the total impurity dose
in the base. In the transistor with the uniform base, the saturation current is given by

_ 9An}Vrp,

I
’ wpNp

(56.11)
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FIGURE 56.2 Collector and base currents as a function of base-emitter voltage.

When a transistor operates in the reverse-active mode (emitter and collector are switched)
then the current of such biased transistor is given by

Vac
I.=1I exp — (56.12)
Vr

Note that the I, parameter is the same for forward and reverse mode of operation. The
Gummel-Poon transistor model (2] was derived from the Ebers—-Moll model using the assump-
tion that a,, = a,, = I,. For the Gummel-Poon model (56.3) is simplified to the form

1 Vi Vi
IE=Is( exp BE xp__E_(_:_)

v,
. Vr T (56.13)
) Vr ap Vr

These equations require only three coefficients, while the Ebers—Moll requires four. The saturation
current I, is constant for a wide range of currents. The current gain coefficients a; and a, have
values smaller, but close to unity. Often, instead of using the current gain as a = I./I, the
current gain  as a ratio of the collector current to use the base current B = I./I, is used. The
mutual relationships between o and B coefficients are given by

Br Qp Br et
= Olp = —
BF+1 BF l—OLF R BR+1 BR l—aR

(56.14)

The Gummel-Poon model was implemented in SPICE [3] and other computer programs for
circuit analysis. To make the equations more general, the material parameters m; and m, were
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introduced

V 1 Vi
I.=1, B (1 + —) 5c ] 56.15)
¢ [exp N Vr Br =P N Vr (

The values of m; and n, vary from one to two.

Current Gains of Bipolar Transistors

The transistor current gain B is limited by two phenomena: base transport efficiency and emitter
injection efficiency. The effective current gain B can be expressed as

1 1 1 1

BB ' Br B
where B, is the transistor current gain caused by emitter injection efficiency, By is the transistor
current gain caused by base transport efficiency, and By is the recombination component of the
current gain. As one can see from (56.16), smaller values of B;, 1, and B, dominate. The base
transport efficiency can be defined as a ratio of injected carriers into the base, to the carriers that
recombine within the base. This ratio is also equal to the ratio of the minority carrier lifetime,

to the transit time of carriers through the base. The carrier transit time can be approximated by
an empirical relationship

(56.16)

W} N,
. = =ln{ — 56.17
Tirans VT""B(Z + 0.97m) 1 g (NBC) ( )

where . is the mobility of the minority carriers in base, w; is the base thickness, Ny is the
impurity doping level at the emitter side of the base, and Ny is the impurity doping level at
the collector side of the base. Therefore, the current gain due to the transport efficiency is

2
BT = Tiife = (2+ 0.97m) (.E_B.) (56.18)
transit Wp

where Ly = /Vyppmy, is the diffusion length of minority carriers in the base.
The current gain B, due to the emitter injection efficiency is given

p.Bf Nig(x)dx
B —_ 0

= o (56.19)
Bg / Ng(x)dx
0

where pp and pjg are minority carrier mobilities in the base and in the emitter, respectively,
Ng(x) is impurity distribution in the base, and Ny, is the effective impurity distribution in the
emitter.

The recombination component of current gain B, is caused by the different current-voltage
relationship of base and collector currents, as can be seen in Fig. 56.2. The slower base current
increase is due to the recombination phenomenon within the depletion layer of the base—emitter
junction. Since the current gain is the ratio of the collector current to the base current, the
relation for B, can be found as

Br = Kgolg /™) (56.20)
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FIGURE 56.3 The current gain § as the function of ‘the collector current.
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FIGURE 56.4 Current-voltage characteristics of a bipolar transistor.

As can be seen from Fig. 56.2, the current gain f is a function of the current. This gain—current
relationship is illustrated in Fig. 56.3. The range of a constant current gain is wide for bipolar
transistors with a technology characterized by a lower number of generation-recombination
centers.

With an increase of collector-base voltage, the depletion layer penetrates deeper into the base.
Therefore, the effective thickness of the base decreases. This leads to an increase of transistor
current gain with applied collector voltages. Figure 56.4 illustrates this phenomenon, which is
known as Early’s effect. The extensions of transistor characteristics (dotted lines in Fig. 56.4) are
crossing the voltage axis at the point —V,, where V, is known as the Early voltage. The current
gain B, as a function of collector voltage, is usually expressed using the relation

B=8, (1 + K‘f‘i) (56.21)
A

A similar equation can be defined for the reverse mode of operation.
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High-Current Phenomena

The concentration of minority carriers increases with the rise of transistor currents. When the
concentration of moving carriers exceeds a certain limit, the transistor property degenerates.
Two phenomena are responsible for this limitation. The first is related to the high concentration
of moving carriers (electrons in the npn transistor) in the base-collector depletion region. This
is known as the Kirk effect. The second phenomenon is caused by a high level of carriers
injected into the base. When the concentration of injected minority carriers in the base exceeds
the impurity concentration there, then the base conductivity modulation limits the transistor
performance. '

To understand the Kirk effect, consider the npn transistor in forward-active mode with the
base—collector junction reverse biased. The depletion layer consists of the negative lattice charge
of the base region and the positive lattice charge of the collector region. Boundaries of the
depletion layer are such that the total positive and negative charges are equal. When a collector
current carrying negatively charged electrons flows through the junction, the effective negative
charge on the base side of junction increases. Also, the positive lattice charge of the collector
side of the junction is compensated by the negative charge of moving electrons. This way, the
collector-base space—charge region moves toward the collector, resulting in a thicker effective
base. With a large current level, the thickness of the base may be doubled or tripled. This
phenomenon, known as the Kirk effect, becomes very significant when the charge of moving

electrons exceeds the charge of the lightly doped collector N.. The threshold current for the
Kirk effect is given by

L = qAV N, (56.22)

where v,,, is saturation velocity for electrons (Ve = 107 con/s for silicon).
The conductivity modulation in the base, or high-level injection, starts when the concentration
of injected electrons into the base exceeds the lowest impurity concentration in the base N, .

This occurs for the collector current I.x given by

- 9AVr N iy (2 4+ 0.97)
Wp

I« <qANg,..vV (56.23)

The above equation is derived using (56.17), for estimation of the base transient time.

The high-current phenomena are significantly enlarged by the current crowding effect. The
typical cross section of a bipolar transistor is shown in Fig. 56.5. The horizontal flow of the base
current results in the voltage drop across the base region under the emitter. This small voltage
difference on the base—emitter junction causes a significant difference in the current densities
at the junction. This is due to the very nonlinear junction current-voltage characteristics. As a
result, the base-emitter junction has very nonuniform current distribution across the junction.
Most of the current flows through the part of the junction closest to base contact. For transistors
with larger emitter areas, the current crowding effect is more significant. This nonuniform
transistor current distribution makes the high-current phenomena, such as the base conductivity
modulation and the Kirk effect, start for smaller currents than given by (56.22) and (56.23). The
current crowding effect is also responsible for the change of the effective base resistance with a
current. As a base current increases, the larger part of emitter current flows closer to the base
contact, and the effective base resistance decreases.

Small-Signal Model

Small-signal transistor models are essential for ac circuit design. The small-signal equivalent
circuit of the bipolar transistor is shown in Fig. 56.6(a). The lumped circuit shown in Fig. 56.6(a)
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FIGURE 56.5 Current crowding effect.
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FIGURE 56.6 Bipolar transistor equivalent diagrams: (a) SPICE model, (b) simplified model.

is only an approximation. In real transistors, resistances and capacitances have a distributed
character. For most design tasks, this lumped model is adequate, or even the simple equivalent
transistor model shown in Fig. 56.6(b) can be considered. The small-signal resistances r, and

, are inversely proportional to the transistor currents, and the transconductance g is directly
proportional to the transistor currents

e Vr NeVrBe
fw — —
Iy Ic

r, =

Vi e
= = 56.24
I &m M Vr ( )
where m is the forward emission coefficient, ranging from 1.0 to 2.0, and Vr is the thermal
potential (V; = 25 mV at room temperature). Equations similar to (56.24) can be written for
the reverse transistor operation as well. :

The series base, emitter, and collector resistances Rg, R, and R, respectively, are usually
neglected for simple analysis [Fig. 56.6(b)]. However, for high-frequency analysis it is essential
to use at least the base series resistance R;. The series emitter resistance Rg usually has a
constant bias-independent value. The collector resistance R may significantly vary with the
biasing current. The value of the series collector resistance may be lowered by one or two orders
of magnitude if the collector junction becomes forward biased. A large series collector resistance
may force the transistor into the saturation mode. Usually however, when the collector-emitter
voltage is large enough, the effect of collector resistance is not significant. The SPICE model
assumes a constant value for the collector resistance R...

The series base resistance R, may significantly limit the transistor performance at high
frequencies. Due to the current crowding effect and the base conductivity modulation, the series
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base resistance is a function of the collector current I (4]

RBO — RBmin

‘ (56.25)
0.5+ [0.25+ 2C
IKF

where Iy, is B high-current roll-off current, Ry, is the base resistance at very small currents,
and Ry, is the minimum base resistance at high currents. Another possible approximation of
the base series resistance R; as a function of the base current I g is [4]

RB = RBmin +

1.441
1+ 21"-1
tan z — z Tlpp
= 3(Ryy — Ry, i )=————o + R. . = 56.26
RB 3( BO Bmm) z tan? z + Bmin z 24 IB . (6 )
w2\ Ipg

where I, is the base current for which the base resistance falls halfway to its minimum value.

The base-emitter capacitance Cj; is composed of two terms: the diffusion capacitance, which
is proportional to the collector current, and the depletion capacitance, which is a function of
the base—emitter voltage Vj;. The Cp; capacitance is given by

Ic Vie \ "
CBE =T V. + C]EO ] - — (56.27)
F'T JEO

where Vjg, is the base-emitter junction potential, T is the base transit time for forward
direction, Cyg, is base-emitter zero-bias junction capacitance, and m,. is the base—emitter
grading coefficient.

The base—collector capacitance Cy is given by a similar expression as (56.27). In the case
when the transistor operates in forward-active mode, it can be simplified to

V. —=mc
Cse = Cyeo ( - 7‘59) (56.28)

Jco

where Vi, is the base—ollector junction potential, C Jco is the base—collector zero-bias junction
capacitance, and m;, is the base—collector grading coefficient.

In the case when the bipolar transistor is in the integrated form, the collector~substrate
capacitance C has to be considered

VCS s
Cos=Cpo |1~ Vo (56.29)
]SO

where Vi, is the collector-substrate junction potential, Cq, is the collector-substrate zero-bias
junction capacitance, and m,; is the collector-substrate grading coefficient.

When the transistor enters saturation, or it operates in reverse-active mode, (56.27) and
(56.28) should be modified to

V
IS CXP( B‘i ) V. —My
e + C/Eo - _lyi)

Coge=r
BE = Tr o V. 7

(56.30)
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FIGURE 56.10 Transistor current gain versus collector current for npn and pnp transistors.
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FIGURE 56.11 Integrated pnp transistors: (a) lateral transistor, (b) substrate transistor, (c) composed
transistor.

and collector fabrication. The vertical transistor shown in Fig. 56.9(b) used the p-type base
layer for emitter, and the p-type substrate as collector. This transistor is sometimes known as
the substrate transistor. In both transistors the base is made of the n-type epitaxial layer. Such
transistors with a uniform and thick base are slow. Also, the current gain B of such transistors
is small. Figure 56.10 illustrates typical current gains B as a function of collector currents for
npn and pnp transistors. Maximum current gain of the lateral transistor is about 30, and in the
substrate transistor maximum § is about 50. Note that the vertical transistor has the collector
shorted to the substrate, as Fig. 56.9(b) and 56.11(b) illustrates. When a pnp transistor with a
large current gain is required, then the concept of the composite transistor can be implemented.
Such a composite transistor, known also as the superbeta transistor, consists of a pnp lateral
transistor, and the standard npn transistor connected as shown in Fig. 56.11(c). The composed
transistor acts as the pnp transistor and it has a current gain B approximately equal to BonpBrpn-

Advanced Bipolar Integrated Circuit Fabrication

The modern bipolar process uses ion implantation for base and emitter fabrication. The
emitter and base thicknesses can be as low as 0.1 pwm. Also, horizontal dimensions are reduced
significantly. This is possible due to the selective oxidation technique, which reduces parasitic
capacitances and allows for mask self alignment. The structure of the modern bipolar transistor
is shown in Fig. 56.12, and its impurity profile in Fig. 56.13.

The popular MOS integrated circuits are very fast only if the parasitic capacitances are very
small. Indeed, inside integrated circuits these capacitances are on the order of fF(10~'* F) and
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the switching times of transistors operating with a single WA range are in single ns range. The
problem arises when signals have to be transmitted outside the integrated circuits, where loading
capacitances are in the pF range (1000 times larger). With the same device construction the
switching time will be reduced by a factor of 1000. To overcome this problem a special chain
of power MOS transistors is used in output buffers. This is a costly solution. Occasionally those
output buffers consume more space of integrated circuits than the functional circuitry. Another
approach is to use BiICMOS technology, where bipolar transistors are used as output buffers. In
this case, the high current driving capabilities of the bipolar transistors are utilized. The bipolar
transistor in BICMOS technology has a similar structure; as shown in Fig. 56.12. In BiCMOS
technology, both bipolar and MOS transistors are fabricated on the same wafer. Once the bipolar
transistors are introduced into the CMOS process, they are then used for another circuitry other
than buffers.

Typical Parameters of Integrated Bipolar Transistors

Various types of transistors can be fabricated using integrated circuit technologies. Typical
parameters of some bipolar integrated transistors are shown in Table 56.1.

Model Parameters

It is essential to use proper transistor models in computer-aided design tools. The accuracy of
simulation results depends on the model accuracy, and on the values of the model parameters
used. In this section the thermal sensitivity and second-order effects in the transistor model are
discussed. The SPICE bipolar transistor model parameters are also discussed.

Thermal Sensitivity

All parameters of the transistor model are temperature dependent. Some parameters are very
strong functions of temperature. To simplify the model description, the temperature dependence
of some parameters are often neglected. In this section, the temperature dependence of the
transistor model is described based on the model of the SPICE program [3]-[5]. Deviations
from the actual temperature dependence will also be discussed. The temperature dependence of
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At high frequencies the phase of the collector current shifts. This phase shift is computed in the
SPICE program in the following way:

I(w) = I exp(jwPrpTE) (56.44)

where Py is a coefficient for excess phase calculation.
Noise is usually modeled as the thermal noise for parasitic series resistances, and as shot and
flicker noise for collector and base currents

2= ml;Af (56.45)
2 = <2qIB Kely ) Af (56.46)
2 = 2gl. Af (56.47)

where K; and Ay are the flicker noise coefficients. More detailed information about noise
modeling is given in the bipolar noise section of this text (Chapter 58.2).

SPICE Model of the Bipolar Transistor

The SPICE model of bipolar transistor uses similar or identical equations as described in this
chapter [3]-[5]. Table 56.2 below shows the parameters of the bipolar transistor model and its
relation to the parameters used in this chapter.

The SPICE (Simulation Program with Integrated Circuit Emphasis [3]) was developed primar-
ily for the analysis of integrated circuits. During the analysis it is assumed that the temperatures
of all circuit elements are the same. This is not true for power integrated circuits, where the
junction temperatures may differ by 30 K or more. This is obviously not true for circuits
composed of discrete elements, where the junction temperatures may differ by 100 K or more.
These temperature effects, which can significantly affect the analysis results, are not implemented
in the SPICE program.

Although the SPICE bipolar transistor model used more than 40 parameters, many features
of the bipolar transistor are not included in the model. For example, the reverse junction
characteristics are described by (56.36) and (56.37). This model does not give accurate results.
In the real silicon junction the leakage current is proportional to the thickness of the depletion
layer, which is proportional to V™, Also, the SPICE model of the bipolar transistor assumes
that there are no junction breakdown voltages. A more accurate model of the reverse junction
characteristics is described in the diode section of this text. The reverse transit time 75 is very
important in order to model the switching property of the lumped bipolar transistor, and it is a

strong function of the biasing condition and temperature. Neither phenomena are implemented
in the SPICE model.

Relative Machability

The device parameters of transistors fabricated on the same chip are almost the same. This
feature is used for unique integrated circuit design. For various technological processes, the
distribution of device parameters are different. For example, the layer’s resistances in the typical
diffusion process may vary by £20 percent. When the ion implantation process is used, those
variations are below =5 percent, or occasionally, even below +2 percent. From the circuit
designer’s point of view, the relative machability is still more important. The circuit parameters
usually depend on the resistor to resistor ratio or the ratio of the device areas. Special care
should be taken during the device layout design. For example, the integrated resistor shown



Monolithic Device Models 1507
TABLE 56.2 Parameters of SPICE Bipolar Transistor Model
Name SPICE Typical SPICE
Used Equations Name Parameter Description Unit Value Default
I, (56.10), (56.11) IS Saturation current A 10~15 10-'6
Isg (56.36), (56.39) ISE B-E leakage saturation current A 10~12 0
Isc (56.37), (56.39) ICS B-C leakage saturation current A 10-12. 0
Br (56.14), (56.16), (56.21) Forward Current gain — 100 100
Br (56.14), (56.16), (56.21) (BR_) Reverse current gain - ol 1
nF (56.15), (56.24), (56.30), Forward current emission coefficient —_ 1.2 1.0

(56.31), (56.39)—(56.41)
R (56.15), (56.24), (56.30), NR Reverse current emission coefficient — 1.3 1.0
(56.31), (56.39)-(56.42)
nE (56.42) NE B~E leakage emission coefficient — 14 1.5
e (56.39), (56.42) NC B-C leakage emission coefficient -— 1.4 1.5
Var (56.21), (56.40) VAF Forward Early voltage A% 200 oo
Var (56.21), (56.40) VAR Reverse Early voltage v 50 00
Ixp (56.22), (56.23), (56.41) IKF B¢ high-current roll-off corner A 0.05 oo
Ixr (56.22), (56.23), (56.41) IKR B high-current roll-off corner A 0.01 o0
Irs (56.26) IRB Current where base resistance A 0.1 00
falls by half
Rg (56.25), (56.26) RB Zero base resistance Q 100 0
RB min (56.25), (56.26) RBM Minimum base resistance Q 10 RB
Rg Fig. 56.6 RE Emitter series resistance 0 1 0
R¢ Fig 56.6 RC Collector series resistance Q 50 0
Crzo (56.27) CIE B-E zero-bias depletion capacitance F 10712 0
Cico (56.28) CJC B—C zero-bias depletion capacitance F 10~12 0
Crso (56.29) CIs Zero-bias collector-substrate F 10-12 0
capacitance
Vieo (56.27) VIE B-E built-in potential \' 0.8 0.75
Vico (56.28) viC B~C built-in potential \'% 0.7 0.75
Viso (56.29) VIS Substrate junction built-in potential A 0.7 0.75
m;g (56.27) MIJE B-E junction exponential factor - 0.33 0.33
mc (56.28) MIJC B-C junction exponential factor — 0.5 0.33
myg (56.29) MJs Substrate junction exponential factor - 0.5 0
Xcic Fig. 56.6 XCJC Fraction of B—C capacitance - 0.5 0
connected to internal base node
(see Fig. 56.6)
T (56.17), (56.28), TF Ideal forward transit time s 1010 0
(56.30), (56.42)
TR (56.31) TR Reverse transit time s 1078 0
X1F (56.43) XTF Coefficient for bias dependence of 7 — 0
Ve (56.43) VTE Voltage for 75 dependence on Ve \' oo
Iy {(56.43) ITF Current where 1 = f(I, Vo) starts A 0
Prp (56.44) PTF Excess phase at freq = 1/(2mvg) Hz deg 0
Xrg (56.38) XTB Forward and reverse beta 0
temperature exponent
Eg (56.34) EG Energy gap eV 1.1 L.11
Xn (56.35)—(56.37) XTI Temperature exponent for effect —_ 35 3
on I
Kg (56.46) KF Flicker-noise coefficient — 0
Ag (56.46) AF Flicker-noise exponent — 1
Fc —_ FC Coefficient for the forward-biased - 0.5 0.5
depletion capacitance formula

Tnom (56.32)—(56.38) TNOM Nominal temperature specified in K 300

.OPTION statement
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FIGURE 56.14 Two resistor topologies: (a) sensitive
to contacts misalignment; (b) nonsensitive to contacts
misalignment. (a) (b)

in Fig. 56.14(a) is very sensitive to the misalignment of the contact mask, while the resistor
shown in Fig. 56.14(b) is not. With small mask misalignment, the increase of resistance near
one contact is compensated by the decrease of resistance near another contact. This concept
can be extended for the transistor layout design. If the ratio of emitter areas of two transistors
should be, for example, three, then it is recommended to fabricate three identical transistors
and connect them in parallel. Any attempt to fabricate a transistor with an area three times
larger than another will lead to meaningful device mismatching. This is due not only to edge
effects, but also due to the current crowding effect and other phenomena.

The SPICE program has the ability to model both absolute and relative parameter distributions.
It can be done by using the LOT and DEV parameters in the .MODEL statement. For
example if LOT = 10 percent and DEV = 1 percent, then parameters for all devices may
vary by %10 percent, but relative variation from device to device will be +1 percent. This
feature makes the SPICE program very suitable for integrated circuit simulation. The Monte

Carlo analysis implemented in the PSPICE program makes the integrated circuit design even
easier.
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