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Bipolar Junction Transistor Compact Models

11.1 Introduction

As described in Chapters 4 and 5, the pn-junctions are integral part of a
MOSFET (metal-oxide-semiconductor field-effect transistor) device structure
as the source and drain regions. Under the appropriate biasing condition of
a MOSFET device, the source of the source-substrate pn-junction provides a
steady supply of mobile carriers to form a conducting channel from the source
to drain and the drain of the drain-substrate pn-junction collects the mobile
carriers generating drain current. Two back-to-back pn-junctions form a bipolar
junction transistor (BJT). BJTs are very often used in VLSI (very-large-scale-
integrated) circuits. Therefore, a basic understanding of BJT modeling is neces-
sary for engineers and researchers involved in device modeling. In this chapter,
we present the basic but widely used BJT compact models for circuit CAD.

BJTs are active three-terminal devices and were the main active elements
for ICs (integrated circuits) in the 1960s [1,2]. The areas of applications of BJTs
include amplifiers, switches, high-power circuits, and high-speed logic cir-
cuits for high-speed computers. After the invention of bipolar transistors in
1947 [3], discrete BJTs were used to design circuits on printed circuit boards.
In order to analyze the performance of BJTs, Ebers and Moll in 1954 reported
a physics-based large signal BJT model, referred to as the Ebers—Moll or EM
model [4]. The level 1 EM model, known as the EM1 model, is valid for the
entire operating regime of BJTs from cutoff to active region. However, the
application and accuracy of EM1 model are limited to evaluating the DC
performance of the devices only due to several simplifying assumptions. In
order to improve the modeling accuracy, EM1 model has been extended to
EM2 and EM3 models for predicting the observed physical effects in BJTs
including transient phenomena [5].

Though EM2 and EM3 models accurately predict most of the observed
physical effects in BJTs, a more complete and unified physics-based BJT model
was reported by Gummel and Poon in 1970 [6]. This model is known today
as the Spice Gummel—-Poon (SGP) model [7]. The SGP model uses an integrated
charge control approach along with a very clear and standardized descrip-
tion of many observed effects in B]Ts such as early effect [8], high current
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roll-off [9], and carrier transit time [10]. Due to its simple yet physical model
formulation, SGP model was the most popular BJT model until mid-1990s.

With the continued scaling of modern transistors, some second-order
effects that are not considered by SGP model, such as substrate network, self-
heating effects, and avalanche effects, became more and more important for
accurate modeling of BJT ICs. A number of advanced BJT models have been
introduced to model emerging and second-order physical effects to provide
more precise simulation results [11]. These models include Vertical Bipolar
Inter Company model [12], Most Exquisite Transistor Model [13], and High
Current Model [14]. However, the SGP BJT model continued to be used in
circuit CAD because of its simplicity. Therefore, in this chapter only EM and
SGP models are described to provide readers the basic idea of B]T modeling.
In model derivations, the emphasis is placed on the understanding of the
effect being modeled along with the explanation of the required parameters.
Thus, in this chapter, we use a systematic methodology to derive SGP com-
pact BJT model, starting from the basic EM compact BT model that provides
an extremely useful understanding of the basic BJT operation.

11.2 Basic Features of BJTs

A silicon BJT structure is a sandwich of alternating type of doped silicon
layers. Depending on the sequence of layers, two types of BJTs are manufac-
tured: npn and pnp. An npn-BJT is a sequence of n-p-n layers whereas a pnp-
BJT is a sequence of p-n-p layers. The npn-BJTs are most widely used in ICs
with BJT technologies. Again, the sequence of layers may be used vertically
to fabricate vertical B]Ts or laterally referred to as the lateral B]Ts. Figure 11.1
shows the basic structure of a vertical npn-BJT.

As shown in Figure 11.1b, the basic structure includes a heavily doped n+
emitter (E), a lightly doped n-epitaxial layer, a p-type base (B), and a heavily
doped n+ buried collector (C) on a p-type substrate. The p+ isolation regions are
used to isolate the adjacent devices in an IC chip. Typically, the isolation regions
are reverse-biased pn-junctions; however, in advanced BJTs, trench isolation is
used to increase the packing density of IC chips. The intrinsic device consists of
n-p-n vertical cross section as shown in Figure 11.1b. The one-dimensional (1D)
doping profile along the cutline from the surface of the active device is shown
in Figure 11.1c. Figure 11.2 shows a typical layout of an IC npn-BJT.

Figure 11.1c shows that the base region is nonuniformly doped. As a result,
a built-in electric field is set up to establish an equilibrium between the mobile
carriers attempt to diffuse away from the high concentration region and mobile
carriers pulled by the electric field (drift) of the fixed ionized donors (N,*)
or acceptors (N,”) left behind by mobile carriers. The built-in electric field is
obtained by setting: diffusion = drift (Equations 2.45 and 2.46).
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FIGURE 11.1

Basic feature of an npn-BJT: (a) an ideal structure showing an n+ emitter (E), a p-base (B), and
n-n+ collector (C) regions; (b) 2D-cross section of a typical vertical npn-BJ T used in ICs and (c)
1D doping profile along the cutline through the intrinsic device.

The basic B]JT structure in Figure 11.1b shows that the BJTs also include a
number of parasitic elements that must be accurately modeled in compact
BJT models. The basic BJT structure has base resistance, r,, mainly from the
base contact to active area, a collector resistance, r, (predominantly due to
n-epitaxial layer as shown in Figure 11.1c), and an emitter resistance, r, (typically,
negligibly small). The n+ emitter and p-base junction includes an emitter-base
(EB) junction capacitance (Cjg). The n— collector region adjacent to the base
also includes a collector-base (CB) junction capacitance, C;c. The advantages of
the n-layer include a reduction in C., an improvement in the CB breakdown
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FIGURE 11.2
Typical layout of a vertical npn-BJT device shown in Figure 11.1(b) used for fabrication in an
IC chip.

voltage BV, and a decrease in the base-width modulation by the collector
voltage at a cost of collector terminal series resistance Rc.

11.3 Basic Operation of B]JTs

In order to describe the basic operation of BJTs, let us consider the structure
and biasing condition shown in Figure 11.3.

In a typical npn-BJ T operation, an external potential, V; (= 0.7 V), is applied
across the EB-junction to forward bias it, as shown in Figure 11.3. Electrons
are injected into the base by the emitter. (Also, holes are injected into the emitter
but their numbers are much lower because of the relative values of N,and N,.) If the
effective base width W; << L, (electron diffusion length) in the base, most of
the injected electrons get into the collector without recombining. A few do
recombine; the holes necessary for this are supplied as the base current, I;. The
electrons reaching the collector are collected across the CB-junction depletion
region (X,cp) under the reverse bias CB-junction, V., and generates collector
current, I.. The carrier transport process is shown in Figure 11.4a and the
circuit representation of an npn-BJT is shown in Figure 11.4b. In Figure 114,
I; represents the emitter current. Conventionally, the current flowing into the
device terminal is defined as positive.

Since most of the injected electrons reach the collector, only a few holes are
injected into the emitter; therefore, I; << I-. As a result, the BJT device has a
substantial current gain (I/I5). Note that the built-in electric field across the base
also aids electron transport from E to C.
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A typical biasing condition of an npn-BJT: the EB-junction is forward biased and CB-junction
is reverse biased; Wy is the effective width of the neutral base region; X;; and X are the EB
and CB metallurgical junctions, respectively; and X,;; and X,; are the EB and CB depletion
regions, respectively.
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FIGURE 11.4
An npn-BJT operation: (a) carrier transport under the forward active mode of operation; the
base-emitter junction is forward biased and base-collector junction is reverse biased and
(b) circuit representation. I, I, and I; are the collector, base, and emitter terminal currents,
respectively.

11.4 Mode of Operations of BJTs

In order to develop compact BJT models for circuit CAD, let us define the
operation regions of BJT devices. Depending on the biasing conditions, we
can define four different modes of BJT operations as shown in Figure 11.5 for
an npn-BJ T device.

1. Forward active or normal mode: EB-junction is forward biased; and
CB-junction is reverse biased. In this case, the collector current
I = Byl where B, is the forward current gain;



376 Compact Models for Integrated Circuit Design

AL Vi
Reverse Saturation
- + VBE'
Cutoff Normal

FIGURE 11.5

Four different regions of operation of an npn-BJT device depending on the biasing conditions:
normal active, saturation, inverse active, and cutoff; where Vy; and V. are the EB-junction
voltage and CB-junction voltage, respectively.

2. Reverse active mode: EB-junction is reverse biased and CB-junction is
forward biased. In this case, the reverse current at emitter terminal
I; = Brlp, where By is the reverse current gain ~ 1;

3. Saturation: both EB- and CB-junctions are forward biased;
4. Cutoff: both EB- and CB-junctions are reverse biased.

Similarly, we can define the different regions of a pnp-BJT operation by
appropriately changing the sign of Vy and V.

Figure 11.6 shows the device characteristics of both npn- and pnp-BJTs
showing different regions of operation. In order to analyze the device charac-
teristics in Figure 11.6, let us consider an npn-BJT in the normal active mode of
operation. From Figure 11.4b we can show that the collector-emitter voltage
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Iz>0 Cutoff
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Saturation

FIGURE 11.6

Collector current versus collector-emitter voltage with base current as the third parameter
for both npn- and pnp-B]Ts; plot shows all four regions of device operation, depending on the
applied collector-emitter voltage.
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Vg = Vg — V. Therefore, at Vo, =0, and Ve > 0, Vi = Vi, where Oy is
the built-in-potential of EB-junction (Equation 2.109). Under this condition,
both the EB- and CB-junctions are forward biased, resulting in a decrease in
the barrier height for electrons at both EB- and CB-junctions (Equation 2.100).
Consequently, both emitter and collector junctions inject electrons into the
base. Under this biasing condition, the electric field does not favor transport
of electrons to the collector (or emitter) terminal and I- = 0 and the device
is in saturation. Thus, for 0 < Vi < Vy;, the npn-BJT operates in the satura-
tion regime since both the EB- and CB-junctions are forward biased. As V;
increases from V; = 0 due to the increasing collector supply voltage Vi, Ve
gradually becomes less forward biased and the CB-junction barrier height
gradually increases. Therefore, electron injection from the emitter to base
dominates over that from the collector to base and I- increases with the
increase in V. as shown in Figure 11.6. At V. = Vi (o1, Ve = 0), the npn-
BJT is at the onset of transition from the saturation region to the normal active
mode of operation, and for V. > Vy;, the npn-BJT operates in the normal
active linear regime. Therefore, the loci of the point V. = Vy; on [V plot
separates the saturation and linear regions of BJTs as shown in Figure 11.6.

Again, when V; < 0, both the EB- and CB-junctions are reverse biased. This
increases the potential barrier height of electrons for both the pn-junctions
and there is no electron injection from the emitter or collector to the base
region of the transistor resulting in I~ ~ 0. Under this condition, the device
operates in the cutoff region as shown in Figure 11.6. Similarly, we can explain
the pnp-BJT characteristics. Note the difference between the MOSFET and
BJT linear and saturation region of operations (Section 4.4.4.1).

11.5 Compact BJT Model

In order to develop a complete BJT model for circuit CAD, we first develop
the basic DC model using the Ebers—Moll formulation and then include the
different parasitic elements of the BJT structure and physical effects.

11.5.1 Basic DC Model: EM1

In order to derive a basic BJ T current model, let us consider an npn-BJT device
shown in Figure 11.7. As seen from Figure 11.7, a BJT structure can be consid-
ered as two back-to-back pn-junctions. For the simplicity of basic model for-
mulation, we assume that all the parasitic elements such as series resistances
and junction capacitances are negligibly small.

Now, let us assume that the npn-BJT is biased in the normal active mode of
operation (Vy; > ¢p and Ve < 0). Then when the EB pn-junction is forward
biased, a forward current I flows through the EB pn-junction and a current
ol flows across the CB pn-junction, where o is the forward current gain
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FIGURE 11.7

An ideal npn-BJT structure used to derive the basic Ebers—Moll model: (a) the transistor
configuration with carrier injection due to the applied biases and (b) the npn-B]JT structure
represented by two back-to-back pn-junctions.

given by I./I; for Vy; > 0. Similarly, for the reverse-biased CB pn-junction, a
reverse current, I, flows through the CB pn-junction and a current, oIy, flows
through the EB pn-junction, where o is the reverse current gain and is given
by It/ for V- < 0. Then from Figure 11.7a, the terminal currents are given by

IE Z—IF+(X,RIR
(11.1)
IC :(X,FIF —IR

The physical concept described in Figure 11.7 can be represented by an
equivalent circuit shown in Figure 11.8.

Figure 11.8 represents the basic npn-BJ T model for circuit CAD and is known
as the basic Ebers-Moll or EM1 BJT model. From Figure 11.8 the terminal cur-
rents are given by

IE Z—IF+G,RIR (112)
o ©
oplp Oplp
IE Ic
—_— e——
E 5] 1 > C
-— —_—
Ir I Iy
Bl B
FIGURE 11.8

The basic Ebers—-Moll model for an npn-BJT: the basic model is obtained by considering two back-
to-back pn-junctions. Here, oI and ol are the current sources at the CB and EB pn-junctions,
respectively.
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IC :(XI:IF —IR (113)
IB:IF—(XRIRJFIR—(XFIF :(l—ap)IF'F(l—(lR)IR (114)

From Equation 2.119, we can write the expression for the forward electron
current flow through the EB pn-junction as

I}: = InE = IES exp(VBEJ—l (115)
Ukt
and, the reverse electron current flow through the CB pn-junction as
Ie =l = Ios {exp(VBC] - 1} (11.6)
Okr
where:
Igs and I.g are the saturation currents of the EB and CB pn-junctions,
respectively
Ve and Vye are the applied voltages at the EB and CB pn-junctions,
respectively

Then from Equations 11.2 through 11.6, the terminal currents for an npn-BJT
can be shown as

Ir =—Igs {exp(VBEj—li|+(xRIC5 {exp[VBCj—l} (11.7)
Ukt Ukt

Ic =oplgs {exp(VBEj—l}—ICS {exp(VBCj—l} (11.8)
Okt Ukt

From the reciprocity property oI5 = oil-s = I, where I; is the reverse satura-
tion current of an npn-BJT device, so we can express Equations 11.7 and 11.8 as

I = —Is{exp(VBEj - 1} +1s {exp(VBCJ - 1} (11.9)
Or Uk UkT
Ic =1 {exp(VBEJ —1} —Is{exp(VBCj - 1} (11.10)
Okt R Ukt

And,

And,



380 Compact Models for Integrated Circuit Design

Again, using o = I-/I; and oy = I/, we can show that the forward current
gain B; = I/l and the reverse current gain B; = I/l are given by

__ Or
P )
(11.11)
_ Or
Pe = 1 an)

From Equation 2.121, the temperature dependence of the saturation current
I; at any ambient temperature T with respect to reference temperature Ty,
is given by

IS<T>=15(TNOM)[TT

NOM

3
j exp By (Twom) _ E(T) (11.12)
kTNOM kTNOM

where:
E, is the energy gap of the silicon substrate

The BJT current model obtained in Equations 11.9 and 11.10 are known as the
injection version of EM1 model.

To further simplify the model, we define the reference current source I
due to the forward injection at EB pn-junction by applied voltage V;: and
source current I due to the reverse injection at CB pn-junction by applied
bias V. Then from Equation 2.119, we get

ICC = 15 |:exp(VBE] - ].:|
Ukt

IEC = IS {exp(VBCj —1i|
Ukt

Using Equation 11.13, the model Equations 11.9 and 11.10 can be written as

(11.13)

I Z[—ljlcc + Ipc (11].4)
ar
1
IC = ICC _71EC (1115)
R

And, from Kirchhoff’s current law, the base current I; = —(I; + I;) is given by

I :[1_1JICC +[1—1JIEC (1116)

AF QR

Equations 11.14 through 11.16 present the npn-B]T terminal currents with ref-
erence to source currents I and I, given by Equation 11.13. This is referred
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The transport version of the basic Ebers—Moll model for an npn-BJT; the model is derived with
reference to source currents I and I ..

to as the EM1 transport model and the corresponding equivalent circuit is
shown in Figure 11.9.

We can further simplify the model by adding and subtracting I-- on the
right-hand side of Equation 11.14 to get

1 I

Ir :(1—}1CC ~(Iec ~Ipc) ==~ 1Icr (11.17)
F Br

Similarly, by adding and subtracting I on the right-hand side of Equation

11.15, we get

1 1
Ic :(ICC_IEC)_(_lleC:ICT_ISEC (11.18)

(53 R

where I = (Io¢ — I); in Equations 11.17 and 11.18, we have used Equation 11.11
to replace ayand oy by B and By, respectively. Now, from Equation 11.13, the
current source I, can be expressed as

Ier =(Icc —Tec)=1Is {exp[:f’fj —1} - {exp(‘gfc] - 1}} (11.19)

Note that I-; models the current source in a BJT and describes the current flow
through the device in the normal active model of operation. With reference to
Equations 11.17 and 11.18, the equivalent circuit for the final version of EM1
transport model defined as the nonlinear hybrid-n model is shown in Figure 11.10

Thus, the terminal currents of the transport version of the basic EM1 model
are given by

= —BT—ICT
Ie =1Icr e (11.20)
R
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FIGURE 11.10
The nonlinear hybrid-n EM1 model for an npn-BJT; the model is derived with reference to the
source current I

The currents I, I, and I in the basic model (Equation 11.20) depend on
I; that depends on ambient temperature Ty, and energy gap E,, given by
Equation 11.12. Thus, the EM1 transport model can be characterized by five
model parameters: B, fz, Is, Tyom, and E,. The basic EM1 model can be used
to analyze the performance of BJTs over the entire operating regimes at any
temperature by five parameters only.

11.5.1.1 Linear Hybrid-n Small Signal Model

For small signal analysis, the total current (i) and total BE-junction voltage
(vgp) are denoted by their DC values and an incremental (small signal) quan-
tity as

ic=1Ic+i,
and (11.21)
Vg = VBE + Upe
where:

i, and v, are the small signal collector current and EB pn-junction voltage,
respectively

The ratio of i.and v, at a given DC bias point (Vy, I.) is defined as the trans-
conductance g, and is given by

~ dic

I

§n = 11.22)

Ube

(Vie,Ic) OBk (Vie,Ic)

The incremental change in ic due to an increment in v is represented by a
voltage-controlled current source. From Equation 11.19, the collector current
in the forward active region is given by
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i =1 expzﬁ (11.23)
kT

Now, using Equation 11.23 in Equation 11.22, we get

g =15 exp ZeE = fc. (11.24)

Ukt Okt Ukr

The transconductance connects the BEjunction terminal potential with the
collector current and is the central element in the small signal model. To
establish a relation of the current source in small signal model, let us write
the exact expression for the collector current as a function of BE-junction
voltage

ic = Ic +i. = I exp{(VBEW} =1 exp(”’”j (11.25)

[%5) Ukt

Since v, << vy, then by series expansion of Equation 11.25 and neglecting the
higher order terms, we get

Io+i, = Ic exp(z}b”jzlc(l+ Obe +j (11.26)

Okt [%5)

From Equations 11.24 and 11.26, we get the expression for small signal current
source as

ic = gmvbe (1127)

Input resistance: In order to find the small signal resistor that models the
incremental base current due to v,,, we define the small signal forward cur-
rent gain at the operating point Q = (Vg I) as

.
Br :a;C (11.28)
1 o

The small signal current gain may vary with the operating point; however,
for the first-order analysis we assume the small signal current gain (3,) at Q
is equal to the forward current gain given by Equation 11.28. Then the input
resistance is defined by

1 dip

Tn 6'UBE Q

(11.29)
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Applying the chain rule and substituting the small signal current gain from
Equation 11.27, we find that

1 0y

Vr GUBE

Oic
0 aUBE

_dis

- _&m 11.30
Bic (11-30)

Q_BF

Q

where we identified the transconductance g,, from Equation 11.22. Substituting
for g,, from Equation 11.24 at the operating point Q, we find the input resis-
tance is

r, = Peor _ Pe (11.31)
I C g m
From Equation 11.31, it is obvious that the input resistance of B Ts is inversely
proportional to the DC collector current I and directly proportional to the
small signal current gain f;.
Output resistance: In the normal active mode of operation, the CB-junction
is reverse biased. Therefore, the output resistance of the reverse-biased pn-
junction is defined by

1 di

= =9, (11.32)
T,  Ouce 0 §

where:
3, is the output conductance of the device

In EM1 BJT model, r, = r, is assumed to be extremely large, that is, open cir-
cuit. Therefore, the small signal equivalent circuit of the basic BJT model can
be shown as in Figure 11.11

The basic EM1 model is fairly accurate only for modeling the DC char-
acteristics of BJTs at any ambient temperature, T. However, the model can-
not be used for transient analysis since in deriving the EM1 model we have
neglected the effect of parasitic elements. In the next section, we will update

(@)
&
8&mVBE
i - , ic
—_— T 3 ~—
E o— —o C
- VBE tlF VBC -
Bt ip

FIGURE 11.11
Small signal model of an npn-BJT derived from the basic transport version of the model shown
in Figure 11.10.
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the basic model by including the parasitic resistances and the capacitances to
enable transient analysis and improve DC modeling accuracy. This updated
EM1 model is often referred to as the EM2 B]JT model and is described in the
following section.

11.5.2 Enhancement of the Basic Model
11.5.2.1 Modeling Parasitic Circuit Elements

The basic BJT model is extended to improve DC modeling accuracy and
enable transient simulation by including parasitic circuit elements in BJT
modeling. The parasitic elements in BJTs include (1) the bulk-resistances
1., 1, and 7. of the neutral emitter, base, and collector regions, respectively;
(2) EB-junction diffusion capacitance Cp; due to the diffusion of injected
carriers from the emitter to the collector through the base and CB-junction
diffusion capacitance Cp. due to the diffusion of injected carriers from the
collector to the emitter through the base; and (3) junction capacitances C,
Cic, and C,,, of the EB, CB, and collector-substrate pn-junctions, respectively.
Different parasitic elements (except Cp and Cp) are shown in Figure 11.12a.
The enhanced model is sometimes referred to as the EM2 model.

ub

iC

EM1
model

(@) 1 E (b) E

FIGURE 11.12

The equivalent circuit of an enhanced vertical npn-BJT model: (a) parasitic elements in the
ideal BJT structure and (b) addition of parasitic resistors and capacitors in the basic model to
improve the DC modeling accuracy and transient modeling capability; E, B, and C” are the
internal nodes of the emitter, base, and collector of the transistor, respectively; and C,,, is the
collector-substrate pn-junction capacitance of the vertical npn-BJT structure.



386 Compact Models for Integrated Circuit Design

With the consideration of the bulk resistances, the internal and terminal
voltages are different due to the ohmic drop across the neutral bulk regions.
Thus, including the ohmic bulk-resistors to improve DC characteristics and
capacitors to model the charge storage effects in the basic model, we get the
equivalent circuit of the model shown in Figure 11.12b.

Figure 11.12b shows the equivalent circuit of a vertical npn-B]JT model to
include its intrinsic parasitic resistive and capacitive elements in the basic
EMI1 model block. Replacing the EM1 model block in Figure 11.12b by the
equivalent circuit of EM1 transport model shown in Figure 11.10, we get
the revised compact npn-BJT model to account for the series resistance and
charge storage effects in BJTs is shown in Figure 11.13.

From Equation 11.13, we can write the expressions for the currents flowing
through the EB and CB pn-junctions in Figure 11.13 as

II{P(VH
Br  Br Ukt
b V)
Br  Br Ukt
where:

Vee = Vie —Iet, and Ve =Vpe —Icr. are the EB and CB internal voltages,
respectively, as shown in Figures 11.13 and 11.14

(11.33)

ICL |
1

C/

+C,c y YES
_I_ ler (1)
1

Csub

FIGURE 11.13
The equivalent circuit of the enhanced vertical npn-B] T model: parasitic resistances and capaci-
tances are included to improve predictability of the simulation results.
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FIGURE 11.14

The parasitic series resistances on a typical npn-BJT device causing ohmic voltage drop at the
respective neutral regions of the device.

Let us look at the impact of parasitic resistors shown in Figures 11.13 and
11.14 on the characteristics of a typical BJT device.

e Effect of ohmic bulk collector resistor, r.: The collector series resistance r,
decreases the slope of I versus V; characteristics in the saturation
region of BJT operation and improves the accuracy of modeling DC
device characteristics as shown in Figure 11.15. Figure 11.15 shows
(I¢, Ip) as a function of V; of an npn-BJT. As shown in Figure 11.15, r,
increases the transition voltage Vi ,, of BJTs. The typical value of 7,
of modern IC BJTs is about 200 ohm.

Ic A
EMI - = = - - Effect of r,
Ip3
Ipy
I
Iy <Ipy<Ips
» Ver
FIGURE 11.15

The effect of collector series resistance on the BJT device characteristics is to increase the satu-
ration to linear region transition voltage V. ., of BJTs.
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o Lffect of emitter series resistance, r,: The ohmic drop due to r, reduces
the EB-junction potential V; by a factor of r,I; by the emitter current
I so that

AV =Igr, =(Ic + Ip )1, = Ig (14 Br ). (11.34)

From Equation 11.34 we find that 7, results in an equivalent base
resistance of (1 + Bp)r,. Since the emitter region is heavily doped
(=1 x 10 cm®), r, is negligibly small. However, due to the con-
tact resistance at the emitter terminal and since B, >> 1, a typical
value of 7, is about 5 ohm is obtained. Therefore, though the value
of r, is very small, it affects both I and I; due to the voltage drop
AVge =I5 (1+PBr)1. as shown in Figure 11.16.

» Effect of base series resistance, r,: The base series resistance also
reduces the EB-junction potential V; by a factor of #,I; as shown in
Figure 11.16. It effects the small signal and transient response of BJTs
and difficult to measure accurately due to the dependence on r, and
operating point as shown in Figure 11.16.

e Effect of junction capacitances: The EB- and CB-junction capacitances
per unit area C; and Cj, respectively, model the incremental fixed
charges stored in the space EB- and CB-junction space-charge regions
of BJTs due to the applied bias Vj; and V., respectively. From
Equation 2.139, we can write the expression for EB pn-junction
capacitance in terms of internal node voltages as

Con ‘
[1+ (Ve /05 ) |

Ce (VBE) =

(11.35)

In (I, Ip)

AVpp=Ipry, + Igr,

» Ve

FIGURE 11.16
The saturation of I-and I at higher values of V; due to the ohmic voltage drops at the base and
emitter series resistances of BJT devices.
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where:
Ciro is the EB-junction capacitance per unit area at Vy/z' =0

my; is the doping gradient coefficient

&pr is the EB-junction built-in potential that depends on the
base doping concentration N and emitter doping concen-

tration, N,

We can show from Equation 2.109

NgN
bpe = Ukt ln( Zz d j (11.36)
where:
Ny =N, (acceptor concentration)
N = N, (donor concentration) for npn-BJTs.
Similarly, the CB-junction capacitance due to Vi is given by
Cre (Ve ) = Cieo e (11.37)
[1 + (VB'C'/¢BC )J

where:
Cico is the CB-junction capacitance per unit area at V' =0
®pcis the CB built-in potential that depends on base doping con-

centration N and collector doping concentration, N

and is given by

(11.38)

where:
Ny =N, (acceptor concentration)
N¢ = N, (donor concentration) for npn-BJTs

o Effect of diffusion capacitances: The transition of injected minor-
ity carrier charge determines the speed of the transistor. The
injected minority carriers from the emitter diffuse through the
(1) EB-junction space-charge region, (2) neutral base region, and
(3) CB-junction space-charge region. Thus, we consider three dif-
fusion capacitances for forward injection and three for reverse
injection.

Let us consider the capacitance effect due to the injected charge
in the EB space-charge layer as shown in Figure 11.17. Let us define
Qr, Qg Qp, and Qg as the components of the total diffusion charge
Qpe in the emitter, EB-junction space-charge layer, neutral base,
and CB-junction depletion regions, respectively. If 1., is the total
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FIGURE 11.17

The components Qy, Qgg, Qp, and Qpc of the total diffusion charge Qp; due to the forward injec-
tion of carriers at the EB-junction of an npn-BJT, resulting in the diffusion capacitance, Cpg; 1,
is the injected electron concentration at the edge of the EB-depletion region inside the base; P
and My, are the equilibrium minority carrier concentrations in the n and p regions, respectively;
and Wy is the width of the neutral base region.

forward transit time of the carriers to reach from the emitter to col-
lector, then the total minority carrier charge due to forward current
Icc is given by

Qpe = Qr +Qpr +Qp + Qpc = (1 + T + T8 + te)lcc = Traclcc (11.39)

where:
Try is the total forward delay time consisting of emitter delay 7
EB space charge layer transit time 13
base transit time 5
CB-space charge layer transit time 7

From Equation 11.39, we can write the expression for the diffusion
capacitance Cpp(Vyg) due to the applied bias Vi,

Cor (Vi) = 20 Traelee (11.40)

B'E VB’E’

The base transit time 1; is the major contributor of total transistor
delay time 1, given in Equation 11.39. Thus, 7; is the most critical
parameter to determine the speed of BJTs. In the absence of built-in
electric fields in the base (i.e., constant N,) with low-level injection,
the injected electron concentration 7, varies linearly across the base
from n, to n,, ~ 0 as shown in Figure 11.17. Therefore, for low-level
injection and uniformly doped base region, the total electron charge
in the base is simply given by

1
QB = EE] WBﬂpAE (1141)
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where:
Ap = emitter area
n, is the injected electron concentration at the edge of EB-junction
depletion region as shown in Figure 11.17

Wi is the width of the neutral base region
Then the minority carrier transit time across the base is given by
1 (1142)
Iec

Since the built-in electric field within base is assumed to be neg-
ligible, from the Fick’s first law of diffusion, we can show that the
electron diffusion current (Equation 2.40) is

dn,

lec =qAeD, —— (11.43)
dx
where:
D, is the average electron diffusivity in the p-type base region of
an npn-BJ T

Assuming the equilibrium electron concentration, n,, << n,, we can
express Equation 11.43 as

n
Icc =qAeD, - 11.44
cc =4q4E Ws ( )
Now, substituting for Qp and I from Equations 11.41 and 1144,
respectively, in Equation 11.42, we get the expression for base transit
time as

_ Wi

1145
) (11.45)

B

To understand the importance of 75 in determining the speed of B Ts,
let us consider a vertical npn-B]JT with Wy = 1 um and lightly doped
base so that D, = 38 cm? sec™!. Then from Equation 11.45, we find that
the value of 15 = 132 psec for a uniformly doped base region. In real-
ity, the base doping is graded, and therefore, an aiding electric field
speeds up the carrier transit through the base. As a result, T; is fur-
ther reduced. Also, in order to maintain the charge neutrality under
high-level injection, the hole concentration in the base has a gradient
similar to the electron gradient. This sets up an electron field, which
also speeds up the electron transit through the base. Thus, 15 is not
the dominant frequency limitation in advanced IC BJTs.

Similarly, we can derive the expression for the reverse diffusion
capacitance Cp and transit time T, with reference to Figure 11.18.
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E (n+)

Qper

FIGURE 11.18

The components Qc, Qpcr, Qpr, and Qggy of the total diffusion charge Qp due to the reverse
injection of carriers at the CB-junction of an npn-BJ T resulting in the diffusion capacitance, Cp;
n,r is the injected electron concentration at the edge of the CB-depletion region inside the base;
P and n,, are the equilibrium minority carrier concentrations in the # and p regions, respec-
tively; and Wy is the width of the neutral base region.

From Figure 11.18, the total minority carrier charge Q¢ due to the
reverse current [, is given by

Qpc = Qc + Qper +Qsr + Qper = (Tc + Tep + Tor + Teg)ec = Traclec  (11.46)

where:

Qe Qpers Qpr and Qg are the reverse-injected charge in the
collector, CB-depletion, base, and EB-depletion regions,
respectively

the total reverse delay time Ty, consists of the collector delay
T, CB-junction reverse space-charge layer transit time 7.,
reverse base transit time Tz, and reverse EB-junction space-
charge layer transit time 7y,

Therefore, the reverse diffusion capacitance due to CB applied bias
Ve is given by

I
Coe (Visc) = % - % (11.47)

11.5.2.2 Limitations of Basic Model

The enhanced BJT model includes parasitic elements in BJT structure to
improve DC modeling accuracy and offers capability for transient analysis.
However, the model is derived on the assumptions that (1) there is no recom-
bination of minority carriers in the EB and CB pn-junction space-charge
regions; (2) current gain B is independent of I; and (3) the neutral base width
W5 is independent of applied bias Vg, that is, no space-charge widening
and base-width modulation. However, experimental data show B-degradation
at the low values of EB-junction bias or low values of I, and B-roll-off at high
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Br | |
Region I 1 RegionIl | Region III

BFM

P log(l)

FIGURE 11.19

Forward current gain as a function of collector current of an npn-B]T showing three different
B — I regions: region I shows B-degradation in the low current level, region II shows the con-
stant maximum current gain By, and region IIT shows B roll-off at high current level.

current conditions as shown in Figure 11.19. Figure 11.19 shows ; — I plot
at V- = 0. For the simplicity of discussions, we assume that the ohmic drop
due to the parasitic resistances is negligibly small so that V; = Vi and
Ve = Vi

In order to understand the underlying physical mechanisms of 8 — I- plot
shown in Figure 11.19, let us plot In(I, I5) as a function of Vi at Vi =0
as shown in Figure 11.20. Figure 11.20 is often referred to as the Gummel plot.

A

(e, I)

Vec=0

In(Iy)

Region II

Region III

~

P Ve

FIGURE 11.20

A typical Gummel plot of an npn-BJT: I and I versus Vy at Ve = 0 showing B-degradation
at the low current level and B-roll-off at the high collector current level; By, is the maximum
value of current gain.
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It is observed from Figure 11.20 that the B-degradation at low current level
is due to the increase in the base current, whereas B-roll-off at high cur-
rent condition is due to the decrease in the collector current. The observed
B-degradation at low current level is attributed to the recombination of
injected carriers in the space-charge regions whereas B-roll-off at high cur-
rent condition is due to the high-level injection.

Thus, in order to improve the simulation accuracy, we will develop models
for minority carrier recombination in the space-charge regions, base-width
modulation, and high-level injection to include in the BJT model described
in Figure 11.13. First of all, we will develop models for the minority carrier
recombination in the EB and CB pn-junction depletion regions and include in
the model shown in Figure 11.13. Finally, we will include models for the base-
width modulation and high-level injection and present a complete compact
BJT model for circuit CAD.

11.5.3 Modeling Carrier Recombination in the Depletion Regions

In Region I of Figure 11.20, the increase in I; is due to the minority carrier
recombination in the EB and CB pn-junction depletion regions. For the sim-
plicity of analysis, we assume a vertical npn-BJT in the normal active mode
of operation and neglect the ohmic-bulk resistors (r,, r;, 1) so that Vi = Vi
and Ve = Vi

Let us consider the effect of the minority carrier recombination in the
EB-depletion region only by setting V- = 0. In Region I, the decrease in
can be modeled by additional components of I; from

e (Carrier recombination at the surface, I;(surface)
e Carrier recombination in the EB space-charge layer, I;(EB-scl)
e EB surface channels, [z(channel)

Thus, the overall excess base current can be represented by

Alg(total) = I (surface ) + Iy (EB-scl ) + I (channel) (11.48)

In Equation 11.48, Al can be represented by an additional nonideal EB
pn-junction in the model shown in Figure 11.13 with diode current given by

Al = CZIS(O){exp[VBEj —1} (11.49)

NEUkT

where:
ng is the low-current forward emission coefficient (~2)
C, models the various components of I; in the low I;regime
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Here, I5(0) is the revised reverse saturation current of the transistor. Thus,
combining Equations 11.20 and 11.49, the forward diode current can be

modeled by
Iy = 15(0) {exp(VBEj -~ 1} + CZIS(O){exp[VBEj - 1} (11.50)
Brum Uk NgUkT

Similarly, we can model the minority carrier recombination in the CB-depletion
region only by another nonideal CB pn-junction by setting V' = 0 in the inverse
mode of BT operation with V- > 0. Two additional parameters used to model
the components of I; are low-current inverse emission coefficient 7 (~2) and
component of I in the inverse region C,. Thus, Al; in the inverse region is
through the nonideal CB-diode is given by

Algg = c415(0){exp(VBc) - 1} (11.51)

NcOkr

Thus, the general expression for total I to model B-degradation in the low I,
region is given by

Iz = I50) {exp(VBEj - 1} + CZIS(O){exp[VBEj - 1}
Brum Ukt NgUkr

+ IS(O){exp(VBCj - 1} + C4IS(O){exp[VBCj - l}
Bru Ukt NcUkr
Note that in Equation 11.52, we have used maximum current gain (Bry, Brat) to
model the EB and CB pn-junctions and included the excess 1, to account for the
B-degradation in the low current level. Then the corresponding equivalent cir-
cuit for enhanced nonlinear hybrid npn-BJT model predicting B versus I at
low current level can be represented by Figure 11.21.

Note that the series resistances (r,, 1, 1.) do not effect theoretical analysis and
model equations. However, one should replace measured Vg and Vi with the inter-
nal voltages to account for the ohmic drops in the model equations.

In order to develop a complete compact BJT model for circuit CAD, we now
include the effect of base-width modulation referred to as the early effect [8]
and high-level injection to model B roll-off in the high current level shown in
Figure 11.19 in the core model shown in Figure 11.21. In this effort, we will closely
follow the unified charge-control model developed by Gummel and Poon [6].

(11.52)

11.5.4 Modeling Base-Width Modulation and High-Level Injection

The base-width modulation describes the change in the quasi-neutral base-
region W; due to the change in the reverse bias V. in the normal active mode
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FIGURE 11.21

The equivalent circuit of the enhanced vertical npn-BJT model to model B-degradation in
the low current level using two nonideal diodes to account for increased base current due to
recombination in the depletion regions. Al = C,15(0) exp(VBE /NEVkr ) —1/| is the excess forward
base current due to the nonideal EB diodes and Alg = C,I5 (0)[exp(VBc /MO ) - 1} is the excess
reverse base current due to the nonideal CB diodes.

(or Vi in the inverse mode). In the normal active mode of BJT operation,
EB-junction is forward biased and CB-junction is reverse biased. As a result,
the depletion width X, = f(V;) and the neutral base width W; as shown in
Figure 11.22 change significantly with V.. This base-width modulation is
originally reported by J. Early in 1952 and is called the early effect [8]. The
concept is now used in MOSFET device characterization as discussed in
Chapters 4 and 5. The early effect changes I — V characteristics of BJTs

Xaep Xacs
E B C
1 1
n+ : P H n
i i
1 1
1 1
1 1
1 oy o 1
1 . Ll 1
i Wp (Vi) i
i i
1 1
! !

Xp T =0 w= W N

FIGURE 11.22

An idea npn-B] T device structure for modeling the early effect: X,z and x,c; are the depletion
widths of EB and CB pn-junction space-charge regions, respectively; W(V ) is the bias-dependent
base width; x = 0 is the origin of x-axis at the edge of EB-junction depletion inside the base; and
x = Wy is at the edge of CB-junction depletion region inside the base.
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AR

Increasing I or (VpE)

» Ve

FIGURE 11.23

Icversus Vi characteristics of a typical npn-B]T for different values of I or Vy;; the increase in
I is caused by base-width modulation at higher V,.; V, is defined at the intercept of Io — V¢
curve interpolated to I = 0.

significantly and, therefore, must be modeled for accurate simulation of BJTs
in circuit CAD.

As the reverse bias Vi across the BCjunction X;. increases, BCjunction
depletion-layer width X,.; increases, resulting in a decrease in Wy. Due to
the decrease in Wj, the injected minority carrier electron concentration gra-
dient (dn/dx) increases. Then from Fick’s first law of diffusion, I- increases
with V; as shown in Figure 11.23. The base-width modulation is modeled
by two parameters called the forward early voltage (V,;) and reverse early
voltage (V). Due to the early effect, the BJT device parameters I, 3, and 1,
strongly depend on V- and V, [5].

In order to derive the unified SGP charge control model [6] for base-width
modulation and high-level injection, let us make the following simplifying
assumptions:

Assumption 1: one-dimensional current equations hold.

Assumption 2: npn-BJT with EB-junction is forward biased and
CB-junction is reverse biased.

Assumption 3: depletion approximation holds, that is, no mobile charge
inside the depletion region.

Assumption 4: BT gain is high, that is, I; = 0.

Assumption 5: neglect ohmic-bulk resistors (r,, 1, 1,); that is, Vg = Vi
and V- = Vi

With the above simplifying assumptions, let us consider the 2D cross section
of an npn-BJT shown in Figure 11.24.
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E | B 1 C
1 1
I 1
! p) !
EB space- | <— E(x) CB space-

charge charge
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1 n(x) 1
I 1
I 1
I 1
1 1 > x

X E ¢ X

FIGURE 11.24

2D cross section of an ideal npn-BJT showing the pn-junctions and depletion regions: p(x) and
n(x) are the majority and minority carrier concentrations, respectively, at any point x in the
neutral base region; x; and x. are the position of the EB and CB depletion edges inside the base,
respectively; and E(x) is the built-in electric field from collector to emitter due to the nonuni-
form p-type base doping profile.

Using assumption 1, we can use 1D expression for the electron and hole
current densities (Equations 2.76 and 2.77) as

T = qu.n(x)E(x) + gD, Z—n (electrons)
X
) (11.53)
T, = qu,p(0E(x) - gD, ﬁ (holes)

Now from assumption 4, for a high-gain npn-BJT, I; = 0, that is, the hole cur-
rent = (; then from the hole current expression J, in Equation 11.53, we get

d
0=gu,p(OE) ~4D, °F (11.549)
After simplification of Equation 11.54 and using Equation 2.42, we can show
that the built-in electric field E(x) due to nonuniform base doping of npn-BJTs
is given by (Equation 2.46)

D, 1dp_, 1 dp

0= dx = po) dx

(11.55)

The direction of the electric field E(x) in Equation 11.55 aids the electron flow
from the emitter to collector and retards the electron flow from the collector
to emitter. Now, the flow of electrons from the emitter to collector is given
by the electron current expression J, in Equation 11.53. Then, substituting for
E(x) from Equation 11.55 to Equation 11.53 we get

dp(x)} +qD, " (11.56)
p(x) dx

]rl = q“nn(x) |:va dx
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Using v, = D, from Einstein’s relation [Equation 2.42], we can express
Equation 11.56 after simplification as

D, d
]n_q 5

0 i (n(x)p(x)) (11.57)

We integrate Equation 11.57 over the neutral base width W; from x = x; to
x = x¢ as shown in Figure 11.24 to get

| 1iptodx =g | D[ nopn)] 11.58)

XE XE

Since the same collector current density J, is flowing through the BJT, ], is
a constant. Then assuming D, is a constant, we can show from Equation
11.58

4D, [ pr(xc) —pn(xe) |
rc p(x)dx

Ju= (11.59)

From Equation 11.59, we find that the electron current, that is, collector cur-
rent density, depends on pn-products at the edges of the depletion regions of
EB and CB pn-junctions inside the base and the integrated base doping in the
denominator of Equation 11.59. Again, from pn-junction analysis (Equation
2.114), we can show that the pn-products at the edges of the collector and
emitter depletion regions are

pn(xc)=mn} exp[VBCj

(453
(11.60)

pn(xg)=n exp[vﬁj

Ukt

Now, substituting for pn-products from Equation 11.60 to Equation 11.59, we
can show

~ gD,n} [exp(VBC/va )—exp(Vae/ver )]
J-x.c p(x)dx

(11.61)

n
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If A is cross-sectional area of the emitter, then from Equation 11.61 we can
show

_ qAEDnniz [eXP(VBC/UkT ) - eXP(VBE/UkT )]
rc p(x)dx

J.XC p(X)dX Ukt Ukt

XE

(11.62)

where:
I, is the total DC current from the emitter to base in the positive x-direction
due to the minority carrier electrons
Since at low-level injection p(x) = N,(x), in the neutral base region, x; < x < x. as

shown in Figure 11.24; then by replacing the injected p(x) with the majority
carrier concentration, we can write Equation 11.62 as

2
ooty = —— DA {exp[VBEJ—l}—{exp[VBC]—l} (11.63)
N, (x)dx Ukt Ukt

XE

We have shown that the current source for the basic BJT model (Equation
11.19) is given by

Ier =(Icc —Tec)=1Is {exp(:‘k’fj —1} - {exp(‘fcj - 1}} (11.64)

Therefore, comparing Equations 11.63 and 11.64, we can write for low-level

injection
V V
ICT(lnw-Ievel) = ISS {|:exp(BEJ - 1:| - |:eXp[BCJ - 1:|} (1165)
Ukt Ukt
where:

I is the saturation leakage current at Vg = V- =0

and is given by

2
I = — A2 (11.66)
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where:
Xpo and X, are the locations inside the neutral base region at the edge of
the EB- and CB-junction depletion regions, respectively without the
applied bias

Thus, Igs defined in Equation 11.66 is a bias-independent fundamental con-
stant. Since negative sign indicates the direction of collector current flowing
out of the device terminal, we have omitted the negative sign in the above
Equation 11.65. Now, Equation 11.63 can be expressed as

xXCo
gAg N, (x)dx

XEO X

J.XC p(x)dx qAErCO N, (x)dx

(oot ool )]

A NLGodx

XEO

N,(x)dx qAEIXC p(x)dx

qAeD,n?

Ier =

(11.67)

qAeD,n}

xco

X

XEO

Vie J [VBC j
exp| — |-1|-|exp| — |-1
{ p[va } { P Okt
If we define Qp and Qj, as the neutral base charges with and without the
applied biases, respectively, then we can show
Xco
Qpo = gAg J. N, (x)dx
XEO

(11.68)

xc(Vpe)
Qs =9A; j N, (x)dx

XE(VBE)

Now, using Equation 11.68 in Equation 11.67, we can show that the expression
for current source for an npn-BJT is given by

ool Loz
ol Lo ]
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In Equation 11.69, g, is the normalized base charge and is defined as

_

= 11.70
Ono (11.70)

qv

Equation 11.69 is the generalized expression for current source at all injec-
tion levels, where I is a fundamental constant @ Vy = V- = 0 and is
given by Equation 11.66. The normalized majority carrier charge g, in the
neutral base region accurately models the base-width modulation. In the
next section, we will express g, in terms of bias-dependent measurable
model parameters.

11.5.4.1 Components of Injected Base Charge

In order to evaluate g;, we first determine the components of Q. For the sim-
plicity of Qy analysis, we assume that

o npn-BJT is in saturation, that is, Vg > 0 and Vi > 0, then

* Minority carriers are injected into the base both from the emitter
and from the collector

¢ From the charge neutrality, the total increase in the majority carriers
in the base = total increase in the minority carrier concentration

e Superposition of carriers in different regions holds, that is

* Total excess majority carrier density = sum of the excess majority
carrier density due to each junction separately

* Excess majority carrier concentration in the base = excess carri-
ers due to the forward voltage (Vg + Vi)
¢ Depletion approximation holds

With the above assumptions, we define

® pe(x) as the majority carrier concentration at any point x in the base

at V=0
® pr(x) as the majority carrier concentration at any point x in the base
at Vg =0

® N,(x) as the base doping concentration at any point x

Then the excess majority carrier concentration in the base region is shown in
Figure 11.25 and is given by

p'(x) =[ p(x) = No(0) |+ [ pr(x) - N, (x) | (11.71)
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FIGURE 11.25

The components of base charge in an npn-BJT in saturation: Qp, is the base charge in the neutral
base region without applied biases; Q; and Q. are the increase in the base charge due to the
EB and CB forward biases, respectively; Qr and Qy, are the excess charge due to the high-level
injection from the emitter and collector, respectively, to the base; py(x) and py(x) are the excess
majority carrier concentration in the base region from emitter and collector, respectively

From Equation 11.68, the total majority carrier charge in the base consists of
equilibrium charge due to N, and excess components due to p’(x) and is given by

xc(Vae) xc(Vae) xc(Vpe)
Qs = gA; .[ p(x)dx = J' AN, (Odx + I GApdx  (11.72)

XE(VBE) XE(VBE) XE(VBE)

The equilibrium base charge includes three components: Q; due to the
decrease in the depletion region by the forward-biased EB-junction space
charge region, Qp, due to the neutral base charge, and Q. due to the decrease
in the depletion charge by the forward-biased BCjunction depletion region
as shown in Figure 11.25. Therefore, the total equilibrium component of the
base charge under the saturation condition is given by

xc (VBe)
gAeN, (x)dx = Qp +Qpo +Qc
e XEQ xXCo xc(Vpe) (11'73)
= I gAEN,(x)dx + J. qAgN,(x)dx + J. gApN,(x)dx
XE(VBE) XEO XCo

Therefore, from Equations 11.72 and 11.73, the total base charge due to EB
and CB-junction forward biases is given by

XEO XCo
Qp = J‘ AN, (x)dx + J qAeN (x)dx
e e (11.74)
xc (V) xc (Vpe)

+ J. qAEN, (x)dx + I qAep'(x)dx

Xco XE(VBE)
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From Figure 11.25, we find that the excess forward charge is due to the
forward injection carrier profile [py(x) — N,(x)] and reverse injection carrier
density profile [pg(x) — N,(x)]. Therefore, the excess carrier density is given by

xc (Vbe) xc (Vae)
qAep'(x)dx = I gAE [pp(x) - Na(x)] dx
XE(VBE) XE(VBE)
xc (Vge) (11.75)

[ g [peeo-Nuw)]dx

XE(VBE)

= Qr+Qr

Therefore, the total base charge due to the applied EB- and CB-junction
biases is given by

Qp =Qr +0Qpo +Qc +Qr +Qr (11.76)

where:

Qpo is the charge in the neutral base region at Vi = 0 = Vi

Qg is the increase in Q; under Vyzand is only a mathematical entity

Qc is the increase in Qp under Vp-and is only a mathematical entity

Qp is the excess majority charge in the forward biased-device with V= 0. It
is only a mathematical entity and important under high level injection

Qg is the excess majority charge in the forward biased-device with Vi, = 0. It
is only a mathematical entity and important under high-level injection

It is clear from Figure 11.25 that pr(x) > N,(x) and py(x) > N,(x), that is, Qr and
Qg represent high-level injection. Then from Equation 11.76, we get the nor-
malized components of base charge as

Qs _ Qe Qw, Qc Qr Ok (11.77)
QBO QBO QBO QBO QBO QBO

After simplification, we can show for the normalized base charge from
Equation 11.77

gy =1+q.+q.+q;+q, (11.78)

where:

9e =Qr/Qso, 9c =Qc/Qpo, 95 = Qr/Qpo, and g, =Qr/Qpo are the respective

normalized components of base charge

In order to develop BJT compact model, each component of the normalized
base charge is expressed in terms of measurable device model parameters.
Next, we will evaluate each component of g, given in Equation 11.78.
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Evaluation of q,: We defined Q; as the increase in the majority carrier charge
due to forward bias V.. Therefore, we can express

VBE
Q: = I Ce(V)IV (11.79)
0
and,

VBE
qe = Qi Ce(V)dV (11.80)

BO
0

For the simplicity of modeling, we consider an average value Cjr over the
operating range of V.. Then from Equation 11.80, we get

(11.81)

where:
V,z is a model parameter that defines the effect of base-width modulation
due to Vp; and the parameter V,; is called the inverse early voltage

From Equation 11.81, we get

Vg = =22 11.82
w=, (11.82)

However, for accurate modeling of g,, C; must be integrated over the operat-
ing bias range so that

Vag = V%BO (11.83)

In Equation 11.81, V,; models the base-width modulation due to the variation
of BE-junction depletion layer under Vg and is the inverse of the forward
early voltage due to V. under the normal mode of BJT operation.

In Equation 11.82, a constant V, implies that C; is a constant, inde-
pendent of V.. We observe from Figure 11.25 that Q; << Qy,, resulting in
g.<< 1. Thus, g, is not a dominant component of g,. Therefore, using a con-
stant C;; to calculate g, from Equation 11.81 is justified. However, a constant
V,r may cause a large error in g, estimation, especially at Vg, > 0. The error
in Equation 11.81 due to g, for Vi > 0 can be eliminated by integrating C;;
over the operating bias range and extracting V,; from the slope of In(l.)
versus Vp/v;r plot.



406 Compact Models for Integrated Circuit Design

Now, in order to determine the effect of g, on BJT device performance, we
set: g, = ¢, = q,= 0; then from Equation 11.78, we have g, = 1 + ¢,. Now, substi-
tuting for g, = (1 + 4,) in Equation 11.69, we get

Ic=Icr = (115; )[exp[ZBEj—l} (11.84)
e kT

We can calculate the slope of I- versus Vg, plot by differentiating Equation
11.84 as

dlc _Icl:l_va CjE(VBE) }
q

AVee  Uir (1+qe)QBO
or,
o dle _ dNAD) - CelVie) (11.85)
Ic dVie d(VBE/va) q(1+qe)QBo

The left-hand side of Equation 11.85 is the slope of In(l) versus Vy./v;; plot
and is given by

C'E(VBE)
— | 1—v —EVVEE) 11.86
|: (4% q(1+qe)QBO:| ( )

Thus,

B 1
C1-vg [CjE (VBE)/q(1+q8)QBO:|

g (11.87)

Considering a constant average EjE =Qgo/Var from Equation 11.82, and
g, = Ve/ Vyz from Equation 11.81, we can express Equation 11.87 as

N 1
1 _[va/(VAR + Ve )J

(11.88)

Ng

The slope n; is called the forward emission coefficient and is obtained from
the I — Vy characteristics of BJTs at V- = 0. Since v,, V,, and V. are finite
positive numbers, it is clear from Equation 11.88 that n; > 1.

Evaluation of q.: The parameter g, models the base-width modulation due
to the applied CB-junction voltage V. at the low current level during the
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forward active mode of a BJT operation and describes the forward early
effect. Using the same procedure used for g,, we can show

\%:

_[ Ce(V)V (11.89)

q—i
‘ Qso &

Again, considering a constant value of Cjc as the average value of BC-junction
capacitance over the operating range of V., we get from Equation 11.89

- %VBC = Visc

= L 11.90
QBO VAF ( )

qe

where:
V,r is a model parameter that defines the effect of base-width modulation
when BJTs operate in the forward active mode and the parameter V,;
is called the forward early voltage

Thus, from Equation 11.90, V,; is defined as

Var = Qo (11.91)
jic

However, the accurate modeling of g. for V- > 0 is achieved by integrating

C,c over the operating bias range so that

Var = %’50 (1192)
(Ve | Ceviv

The parameter V,; models the base-width modulation due to the varia-
tion in the CB-junction depletion layer with applied bias V.. In Equation
11.91, a constant V,; implies that C;c is a constant independent of V.. This
constant C is justified in the normal active model of BJT operation when
CB-junction is reverse biased; that is, V; < 1. However, using a constant
V,r may cause a large error in estimating g, when CB-junction is forward
biased; that is, the device is in the inverse region or saturation region. In
these regions, a more accurate expression for g, is required for accurate
modeling of early voltage.

The effect of g. on BJT device performance in the normal active region of
operation is the finite output conductance g,. In order to determine the effect
of g, accurately, we set g, = g, = q; = 0, so that g, = 1 + g.. Then neglecting
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the bulk-ohmic resistances, we get from Equation 11.69 in the normal active
region, we have

| IS

1 Vi
Ic=Ir :7(1_5; ){exp(fj—l
c kT

(11.93)
- (‘/f;SCS/VAF) {exp(zf:j - 1}
From Equation 11.93, we can show
, = e - 1O (11.94)
AV Ve conims VF

where:
1-(0) is the collector current at V. =0

Evaluation of q;: The parameter g, can be considered as the normalized excess
carrier density in the base with EB-junction voltage V; only and models the
high-level injection. From the charge neutrality condition, total excess majority
carriers = total excess minority carriers. Therefore, for an npn-BJT in the normal
active mode of operation with |V| > 0and V=0

xc xc nl.z
Q: = I gA[ (0 - N, () Jix = j qA{np(x) e }dx (11.95)

XE

We have shown in Equation 11.42 that the minority carrier forward base tran-
sit time 7, of a BJT and the base charge Q; are given by Qg = 13l Therefore,
from Equation 11.95, the forward base transit time can be expressed as

Qr =tprlcc (11.96)

where:
Ioc = I given by Equation 11.69 at V- =0
Ty is the forward base transit time

Therefore, the normalized forward injection charge is given by

Qr  tpelec e Iss [VBE j }
== _ =—2|exp| — |-1 11.97
¥ Qro Qro Qro v { P Ukt ( )

Evaluation of q,: Similar to g, g,can be considered as the normalized excess
carrier density in the base due to CB-junction voltage V- only and models
the high-level injection. Again, from the charge neutrality condition, fotal
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excess majority carriers = total excess minority carriers. Therefore, for an npn-BJ T
with |Vge| > 0; Ve =0, we can show

xc xc niz
Or = J.qA[pR(x)—Na(x)]dx = J.qA{nR(x)— Na(x)}dx (11.98)

Again, from Equation 1147, we can show that the reverse base transit time
for BJTs is given by

Qr = trlEc (11.99)

Therefore, the normalized reverse injection charge is given by

g = Torlic _ TBRfss{eXp(VBC) - 1} (11.100)
Qgo Qgo Qo Ukt

Equations 11.81, 11.90, 11.97, and 11.100 represent the components of the nor-
malized base charge q,, 4., g, and g, respectively, in terms of measurable
device parameters. We will substitute these components of base charges in
Equation 11.78 to solve for g, in the following section.

Evaluation of q,: Substituting for q,, 4., q, and g, from Equations 11.81, 11.90,
11.97, and 11.100, respectively, in Equation 11.78 we can show the expression
for total normalized charge as

qb:1+vw+wm+v1ss{exp(v%]_l}+ g I{p(VH
Var  Var  Qgo Iy [%5) Qro v [45)

:(1+‘/BE+‘/BC]

Vv Vv
AR TR (11.101)
1) 1y Ve j T, [VBC j
+—<——I¢s| exp| — |-1 |+ Iss| exp| — |1
%{QBO SS|: p(UkT } Qo ss|: P Okt
2
= + —
i 0
where we defined
ql — 1 + E + @
VAR VAF
(11.102)

_ TfIss [exp(VBE/va)—l] + TrISS [exp(VBc/va ) - ].:'
B Qso

2
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In Equations 11.101 and 11.102, 7; is the effective forward base transit time
including the mobile charge in the depletion region (without depletion
approximation) and 7, is the effective reverse base transit time including the
mobile charge in the depletion region (without depletion approximation).

In Equation 11.101, ¢, models the base-width modulation and g, models the
high-level injection. From Equation 11.101, we can show

G~ ¢~ =0 (11.103)

Equation 11.103 is a quadratic equation in g, whose solution is given by

p=T %,/qf g, (11.104)

From Equation 11.78, we know g, > 0; therefore, considering the positive solu-
tion only, we get from Equation 11.104

2
a="T+ (qzlj 0 (11.105)

Equation 11.105 offers a solution for I and defines the injection level. Let us
consider the following cases:

2
Case 1: g, << (qz]j (11.106)

Under this condition, we get from Equation 105, g, = g,. Then, setting
q; = q, = 0, this condition represents the low-level injection and base-width
modulation (g, in Equation 11.102)

2
Case 2: g, >> [‘2) (11.107)

Under this condition, we get from Equation 11.105, g, = \/qj , and therefore
represents the high-level injection in BJTs.

For the simplicity of modeling, we assume V- = 0 (i.e,, g, = 0). Then con-
sidering g, from Equation 11.102, we get from Equation 11.107 the expression
for high-level injection in the forward active mode of npn-B]T operation as

I Ve / I, Ve
9 = \/172 = \/g&){exp(vﬂﬂ = ‘530 {exp[sz H (11.108)
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Then substituting for g, in Equation 11.69, we get for high-level injection at
VBC = 0 and VBE >> va

~

Lehigh-tevety = Ier =

_ Iss[exp(Var/oir) 1] [Qulsg exp( .
~ Jtlss /Qro exp(Vie /2041 ) B

J (11.109)

Ukt

Again, for low-level injection, if we assume g, = q. = 0, then from Equation 11.78
g, = 1. Then from Equation 11.69, we get for low-level injection @ V. =0 and
Ve >> viras

Vi
Lcqow-teven) = Iss eXP(vBE) (11.110)
kT

At the transition point from the low-level injection to high-level injection, the
collector current must be continuous and, therefore, equal. Let us assume
that the intersection of high current and low current asymptote is given by
ke Vi) at Icgrign-teveny = Ictiow-tever- Therefore, from Equations 11.109 and 11.110 at
the transition point (Ix;, Vi), we can show

I = [Qpolss exp( Vit j (11.111)
Tf ZUkT

and

Ixr = ISS exp(ZKFj (11112)
kT

From the above equations, we can show that the collector current at the tran-
sition from the low-level to high-level injection, called as the forward knee-
current, Iy is given by

Inr = Qo (11.113)

Figure 11.26 shows the knee-point (I Vip) in the In(l.) versus Vy; plot at
Ve = 0. It is observed from Figure 11.26 that the slope of In(I) — V:/v;r plot
for high-level injection is, clearly, smaller (theoretically, about 1/2) than that
due to low-level injection.

Similarly, we can show that in the reverse mode of BT operation, the inverse
knee-current Iy is given by

Ixg = Qso (11.114)

Tr
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4 Slope=1/2
In(Zc)

In(lxer)

I~ Slope=1

V=0

P Ve Vir
VieVir

FIGURE 11.26

The forward In(I) versus Vg /vir plot of an npn-BJT: the plot shows the asymptotes of the low-
level and high-level injections and the transition or knee-point (I, V;) at the transition from
the low-level to high-level injection.

Thus, the high-level injection in B]JTs are modeled by forward and reverse
knee-currents I, and Iy, respectively, whereas the base-width modula-
tion is modeled by the forward and reverse early voltages V,; and V,j,
respectively.

The early effect and high-level injection model parameters (V,p, Vg, Lss Ixp
Ixr) are extracted from the following set of device characteristics.

e In(lo) versus Vy; plot at V- = 0 in the normal mode of BJT operation;

* In(ly) versus V. plot at Vi = 0 in the inverse mode of BJT operation;

e |- versus V,; characteristics for different I (or V) in the normal
mode of BJT operation;

e [, versus V. characteristics for different I (or Vo) in the inverse
mode of BJT operation.

11.5.5 Summary of Compact BJT Model

The complete set of BJT-model parameters consists of basic (EM1) dc param-
eters, EM2 model parameters for parasitic elements, space-charge layer
recombination model parameters, and the unified integrated charge control
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model parameters describing the base-width modulation and high-level
injection. The complete set of parameters is summarized below:

* Basic (EM1) DC model parameters: {Bry;, Brass Trep Eg Lss}

e Parasitic elements model parameters for: bulk-ohmic resistors, {r,, r,, ;}
and charge storage elements: {Cigy, 9gr, iz, Cico, Opcr Mjcr Ty Ty Co

® Space-charge layer recombination model parameters for modeling
low-current B degradation: {C,, n;, C,, n¢}

¢ Base-width modulation and high-level injection parameters: {V ,p,
VAR/ IKF, IKR}

The equivalent circuit of the final SGP BJT model described above is repre-
sented by Figure 11.27 with redefined saturation current I¢; (Equation 11.66)
and current source I~ to model the early effect and high-level injection. The
expression for I in the SGP BJT equivalent circuit in Figure 11.27 is given
by Equation 11.69 as

Iss Ve Ve
o2 o]

where the normalized base charge g, is given by Equation 11.101. Again,
the expressions for I~ and I-. are given by Equation 11.13. Then we can
write the expressions for the terminal current in a B]JT with reference to
Figure 11.27.

Irc
C, EC
ic T Brat

Alpp

Al

i
n—u——i —

FIGURE 11.27
The equivalent circuit of SGP npn-BJT model: the current source I is redefined to account for
the base-width modulation and high-level injections.
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With reference to Figure 11.27, the base current in SGP BJT model can be
obtained from Equation 11.52 as

IB = 1575 eXp(‘/m;j -1+ CZISS exp[ VBE j—l + 1575 exp[‘/BCj -1
Bem Ukt NEUkT Brm Ukt
(11.116)
+ C4155 {exp(VBC) - ].:|
NcUkr

and the collector current is given by
Ic = Iss exp[VBEj —exp(VBCj + Tss. exp(VBCj -1
v Ukt Ukt Brm Ut
—C4155 |:eXp [‘/BCJ - 1:|
NcUkr
The corresponding model equations as implemented in SPICE are as follows:

IS Vi V
Iy = 9| ex [BE]—l +ISE,; | ex [ BE j—l
’ Br { P NEUkr e NgUkr

(11.117)

(11.118)
IS4 ( Visc J [ Visc j
+—"| exp| ——— |- 1|+ ISC| ex -1
Br { P NRUkr 7 P NcUkr
and,
Ic:ISEﬂc[exp£VBE j—exp(VBC H—Iseﬁ{exp(wc ]—1}
v NpUkr NR Ok R NRUkT (11.119)

~ISC {exp[ﬂ‘ﬁ}; j - 1}

Comparing derived Equations 11.116 and 11.117 with the SPICE imple-
mentation corresponding Equations 11.118 and 11.119, we find: [gs = IS,
Colss = ISE,5; Cylss = ISC,; Bras = B and Brys = Br. In addition, the parameters
np and ny are included as the fitting parameters to improve the accuracy of
data fitting with the model.
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A complete set of SGP BJT compact model parameters is extracted from
the following set of measurement data set for BJT parameter extraction
including:

e Forward characteristics
e Gummel plot (I, Ip) versus Vg with V- =0
e [.versus Vi,
e Cut-off frequency, f versus I-
e Reverse characteristics
e Gummel plot (I, Ip) versus Vi with Vi =0

e [.versus Vi,

The SGP model does not model the devices in the reverse mode as accurately
as in the forward mode. Though BJTs are normally operated in the forward
mode, both forward and reverse data are needed to extract series resistances.

In addition EB and CB pn-junction structures are used to extract capaci-
tance model parameters {C, dy;, 1}

11.6 Summary

This chapter presented the basic BJT model for circuit simulation. A system-
atic methodology is presented to derive SGP BJT compact model starting
from the basic EM model. An overview of the model parameter extraction
is presented. The objective of this chapter is to expose readers to the basic
understanding of BJT device modeling. The readers involved in BJT device
engineering can extend the basic understanding from this study to more
appropriate advanced BJT models.

Exercises
11.1 An npn-BJT is used as an open-collector pn-junction diode as
shown in Figure E11.1. Then

a. Use the injection version of EM1 BJT model to derive an expres-
sion for the emitter current I as a function of V;

b. Usethe expression derived in part (a) to calculate V; for [, = -1 mA.
Given that: o, = 0.98; 0 = 0.49; [,s = 107 A, and T = 300 K.
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FIGURE E11.1
An open collector npn-B] T used as a two terminal EB pn-junction diode.

Bo—

+

FIGURE E11.2
An npn-BJT is used as a two-terminal EB pn-junction diode with CB terminals shorted.

11.2 The npn-BJT in exercise 11.1 is used as a shorted base-collector
diode as shown in Figure E11.2. Then use the parameters given in
exercise 11.1 earlier to answer the following;:

a. Use the injection version of EM1 BJT model to derive an expres-
sion for the emitter current I; as a function of Vg

b. Use the expression derived in part (a) to calculate Vi, for I, = -1 mA
11.3 The basic (EM1) npn-BJT compact model is discussed in Section

11.5.1. Following the same procedure, develop the EM1 type model

equations for a lateral pnp-B] T as shown in Figure E11.3.

a. Sketch the basic EM1 model; define and label all parameters.

b. Write equations for the terminal currents; define and explain all
parameters.

c. If the pnp-BJT is used as a shorted base-collector diode, then
from EM1 model equations in part (b) calculate the EB voltage at
I =1 mA. Given that: I;s =101 A, [ =2.0 X 1071% A, o, = 0.98,
o =049, and T = 300 K. Define and explain all parameters.

d. Include the bulk-ohmic resistors and charge storage elements to

your model in part (a) to generate and sketch the lateral pnp-B]JT
EM2 model. Define and label all parameters.
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p-Substrate

FIGURE E11.3
An ideal lateral pnp-BJT structure on a p-substrate: E, B, and C are the emitter, base, and collec-
tor terminals, respectively.

11.4 Consider an npn-BJT in the inverse active mode of operation in
the high-level injection regime. For simplicity of modeling, you can
assume uniformly doped base region.

a. Schematically show the components of base charge, Q; under
the above operating condition. Label your plot and show the
integration limits to compute different components of Qj.

b. Write down the expression for the normalized base-charge
responsible for base-width modulation in terms of junction biases
and early voltages. Define all parameters and explain.

¢. Write down the expression for SGP-model current source for base-
width modulation in terms of early voltages only under the above
specified operating condition. Define all parameters and explain.

11.5 The Gummel plot shown in Figure 11.20 for npn-BJT is obtained
at V- =0 and is used for DC compact model parameter extraction.

a. Describe graphically how I versus V; characteristics at V- =0
can be obtained from I versus V-, characteristics at different V.
for an npn-BJT.

b. Mathematically describe the methodology to extract BJT satura-
tion current Igs for I- — Vi plot at V- = 0.

Clearly define any assumptions you make.

11.6 The measured forward Gummel-plot of an npn-BJT is shown in
Figure E11.4. Extract the following SGP-model parameters.

a. BJT saturation current, [s. Explain the extraction procedure.

b. Maximum forward current gain, B, Explain the extraction
procedure.
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FIGURE E11.4
Measured forward Gummel plot of an npn-BJT used to extract SGP BJT device model
parameters.

c. Forward “Knee” current, I;. Explain the extraction procedure.
The value of Vg at I = Iy Explain the extraction procedure.

e. If the extracted forward transit time T =1ns, calculate the zero-
bias base charge, Qj, of the device.

f. Use the extracted value of Qg from part (e) to calculate the for-
ward emission coefficient, n, that is, slope of In(I) versus q Ve /kT
plot of the given characteristics at room temperature at the onset
of high-level injection. Assume the width of the zero-bias neutral
base region, W; = 0.2 um, V; =10V, and area of the intrinsic BJT
shown in Figure E11.4 is unity.

State any assumptions you make.

11.7 Consider a vertical npn-BJT operating in the normal active mode.
The p-type base region is uniformly doped with concentration,
N,3=2.0x 10" cm~* and depth = 1.0 um. The n-type emitter is formed
by ion implantation with doping concentration, N, = 2.0 x 10* cm™3
and depth = 0.3 um. Neglect the space-charge recombination current
for high-level injection to answer the following questions. Clearly
define all parameters and explain.

a. What is the minority-carrier density in the p-base at which the
high-level injection is reached?



Bipolar Junction Transistor Compact Models 419

b. Calculate the base-emitter forward bias V at which the high-level
injection is reached.

c. If the effect of high-level injection on the current gain f starts when
the injected minority-carrier density reaches 10% of the majority
carrier density, calculate the value of V;; at the onset of B roll-off
at high collector current level, I..

d. Show the conditions obtained in part (b) and (c) on I vs. V; @
Ve = 0 characteristic of the transistor.

Define and label all parameters in your plot(s). Explain.

11.8 The SGP-BJT model, presented in this chapter, cannot model the
effect of parasitic substrate transistor on intrinsic devices. Consider
the 2D cross section of dual-poly npn-B]T with a parasitic vertical pnp-
BJT with the p-base as the emitter as shown in Figure E11.5. In this
problem, you will modify the intrinsic vertical npn-BJT SGP model to
include the effect of parasitic pnp-B]T. Clearly, state any assumptions
you make, define all parameters, and label all terminal currents.

a. Draw the SGP equivalent network for the parasitic vertical pnp-
BJT shown in Figure E11.5.

b. Use block diagrams to include the parasitic pnp-BJ T network and
the base-emitter and base-collector overlap oxide capacitances
into the intrinsic npn-BJT model.

11.9 The small signal base-collector junction capacitance, Cc versus
Ve characteristics of an npn-BJT is shown in Figure E11.6. From the
figure, extract the following diode model parameters. Clearly state

any model you use and explain the procedure for each case.
a. CB-junction capacitance, Cicy at Ve = 0.
b. Built-in potential, ¢pc.

POIY Po]y
emitter base

Trench Trench
isolation p-substrate isolation

FIGURE E11.5
Trench isolated double polysilicon npn-BJ T structure: poly emitter, poly base, and C represent
emitter, base, and collector terminals, respectively.
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FIGURE E11.6

CB pn-junction C-V characteristics used to extract capacitance compact model parameters for
npn-BJTs.

c. Calculate the junction gradient factor, m,c.

d. If the integrated base charge, Qp,=1.31 X 1022 Cat Vi, = V=0,
calculate the forward early voltage V,; for the device operating
in the normal active mode with CB-junction reverse biased at
2.0 V. Clearly state any assumptions you make.

11.10 A typical SGP npn-BJT compact model card of a typical bipolar
technology is shown in Table E11.1. Consider an npn-BJT with
emitter area, Ay = 25 pum? of this technology used in an integrated
circuit to operate in the normal active mode at the biasing condition,
Vee=061Vand Vo =3 V.

Use the relevant SGP model parameters from the given model card to
answer the following questions. Define each parameter and explain
your results. Assume that V. = Vo and Ve = Ve

a. Calculate the base charge Qp, in the neutral base region at
Ve =0= Ve

b. Calculate the normalized base charge ¢, that models the base-
width modulation.

c. Calculate the normalized base charge, g, that models the high-
level injection.
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.option gmin = 1.0000000-16

.model NPN1 npn (
+ bf =2.1139717E+01

+ Gamma = 0.0000000E+00

+ irb = 0.0000000E+00
+ ise = 4.5630707E-15

+ Nepi = 1.0000000E+00

+ nr = 1.0000000E+00
+ rc = 9.9999998E-03
+ var = 6.0068092E+00
+ gje = 3.8835999E-15
+ itf = 3.2536294E-03
+ mjs = 5.0000000E-01
+ tf = 7.7961665E-11

+ vje = 1.7466000E-01

+ xcjc = 1.0000000E+00

+ eg = 1.1100000E+-00
+subs =1)

LEVEL =1

br = 4.9802084E+0
ikf = 2.3796255E-04
is = 3.7746394E-18
nc = 1.9324214E+00
nf = 1.0000000E+00
rb = 6.7165161E+02
re = 4.8533592E+01
vo = 0.0000000E+00
¢js = 0.0000000E+00
mjc = 1.4907001E-01
ptf = 0.0000000E+00
tr = 0.0000000E+00
vjs = 1.0000000E+00
xtf = 3.4448984E+00
xtb = 0.0000000E+00

brs = 0.0000000E+00
ikr = 1.0738911E-04
isc = 3.4311697E-15
ne = 1.7137365E+00
nkf = 5.0000000E-01
rbm = 1.0000000E-01
vaf = 4.3480446E+01
cjc = 1.3075999E-15
fc = 5.0000000E-01
mje = 1.7038001E-01
qco = 0.0000000E+00
vjc = 1.0000000E-01
vif = 2.2093861E+00
tref = 2.7000000E+01
xti = 3.0000000E+00

Note: The parameters in the model card: is = Ig; ise = C,lgg; and ige = C,lgs.

d. Calculate the total normalized base charge, g,. From your results,
what is your conclusion on the injection level under the biasing

condition?

e. Calculate the base current I at the operating point.

f. Calculate the collector current I at the operating point.



