CHAPTER 5

BIPOLAR JUNCTION TRANSISTORS

58 WRESEKE

KERHN
5.1 DU s iRE P ER 25 1)
5.2 npnf SR AL AR
53 pnpRLaREE
5.4 fLHATASRL Y SR A% L B
5.5 XML SR iR
5.6 AR SR TAEX
5.7 AL RAL TR
5.8 AU dh R A AR BRAR R P
59 B
5.10 BRI T 5 SPICERRY
5.1  BITHISER5 B i
512 (mEHKNAZE
AEB¥R
o PHFRBURN IR b (A O T R A A
o PRAFRXCI Y S A48 B4 T R S 3 - 18 3ot B DX A% ) A
o IREXUAN R A R HLARRE
o EARnpn b Kpnp b IS 1 X1
o PRAFRXUR Y g4 O A& A
FEAFBITHINY S TAFIX
SR TAER BB
PRAFEarly R0 1A IR A AR 5
AR L A E I SPICER B IA ;
o TR E RS R LT MR RIE (Monte Carlo) 73T .
AESIE
ARTEE SRR B RE (BIT) RS, C3Enpn i iRE DA pnp iR, U2 TTHB R 7 XUH)
BRSO BREEAE  (ERi. GRH RS IR SPICEAHL LR M B FELBR SF N 2% . N R AU
BB I A R ok B EE, oA M SRR T N 3t B A LB P Se g e Ua TS
TR .
BRI S AAAE T20H 2040 A AR AE DU/R H 3G 3L 56 %5 fHBardeen  BrattainFlShockley & B, FECHEE—1
Rl bR = AR, AR B A T 1956 3K 15 74 DU/RPI B4 o DR R oty (A4 1) Rl S T v
TR T HAEM AR, b AT X AL T A RER T LAT (S5 S A B TAEA S R R A

231



232

EEERIZ) . R, SRl ERR A AR B LR EMOSHE 25 5 o 201H 28 5045 SRR Y it (A /85 T 03 7o
tt. 2012860, I T S— A ERCEES, RIAEBH-M AR, DA AT S A R H B A4 B A
NN

HAT, BN S AR5 S ORI SE A R B BT R 8R 2 (E T, il e il A JEE RIS AR 2
SRR IR A S R B, IS B ge . A/DFID/AFER RS LA R TC L0572, 8 REBITHI TAERCR A
JIT A R A A R = B

SR SR RS L S = B4 SR IX, Hp BRI B S B2 S AP R i 1) = 2R 2K, AT
PAIVE Binpnipnp R TE X o TE LSRR O A SO 00 TR AN . K2 EEI TRE 2R R IX, FF AR AR
Wb o A ST A TR EAN DX B A E A 1 AR /N

AREETEANZR T RN A iR DA AR AR 25 HY T SRAE R (A 8 AR S A B ) =k
SEBH, RMEFIE IR 1E A ) 3 2 A B 25 8 Bro BrlE K, TEREIZ20~500, ‘& FAE T BITHI
KATHFEBORRE ST SEBRIE B R S BOM B 5 (A8 510 B A BRI R, HBeltpeMS 2, S0
{EAE0~10.

SRR FRAE | TR pn&E8E IER TR AR P FOIRES , BRI — LA TURR AT RERY TAR X o ARTEXIAR
BURE R YA TR T T L, IFERN A TIES T8 LAEX A B o AR in 2 AR - & S A AN &
W-FE A A R E R, o8 T R AR TIERX, RIEULX ERAIRX RIAAIEX AR, #
IEXFIEFI R &5 T IR RS g o SRR, SFRONWIFRIIEE, JAAFAEFIIX B SE80h &
AT o IE TR TR DX OB 2R S A REAS PR BUAR =y 1 FEURE R AR S 2, W PR 5 BT8O o WU AR S AR
iR R DLED R B G n i H R RS s e it o SR E SRR S VMR R, R 8
TN 5V BVl K Ko

BRI it AR B R AR VT 22 07 T S B AR R R e IR 22, 7R SR S A B R rp TR i &2
SR PR, ARTERHCH g R §EUEZ . S s R Early Uy, (Early  effect) ZE#8 T 7401
A o

AT ASBDRRTY S RS SR A T BT BT I8 AR I S5 MR RN A, I TR 2 S R AR A
FIFGR A TR LG . ARFEAE AT IR S AR T2 Al 25 H 7 UL A ) SPTICE A 7Y K2 L
b, Z5H T SPICEZE A4 T 240, BRMESPICEN SRISAY | 4 B T4 434 SPICE s BL 45 R 5 {5 EL AR 14
P ARE S I A A — 0

MR SR ) PRI 5 AT R SR B S A (I BB N 25 o ANZEIIFST T UM i A A 1 S o
I L PO L RE 45 I T T IR AR o A 2 1 B A 7 BRI S AR s skiQus, Frn i fix
BIFTAL ) TAEX o XX AR T 5, npndb PR QU i 48 R FELAE Y LI e 1 R B P AR - 2 SR A FE
Verdern; pnp iR Qs ) i 4 FER LA Y B L RN A AR -8 AR L PR Ve o P L 8 HEL B T LA
IRIFHIE QAT , AEREMARFF AL IS QA E M I I FE I 2 —

AREETEANPEAR T VY AR 0 F B 180 BAR, $205 T H T BSR4 114 7Y R P F B F
BEL (B FEL B S4B, 2 HE T P L L s B LB 3 1 P A A T e o

TCTR HL SR AE S0 = IS L A AR i RS e, BT e S EUERI A Z . S rBHAZE AT
PI10% 5%50E 1%, TR R HHEBMAZES TR (£30%)  HEEENAZE B N5%~10%. HHF
TCHF B2 0 i B LB LT RN AT P AR AR R 2 ), AR BB 0 26 tH T PR AT TC AR 45 2200 L B R M ) 7
B, MEEBRAS RS SR RIS, A TN isl. fERZEBRST, BT SEERriR
i, BEIMEERAARE. SRS LN TR REEVERE IR, DUE S ST RE G 1T 4 A 1Y SERR
e WWENIESZIES . BT EEIEMATLABH I REHLECE & 4: 48 7T LA SRR I AT 2 AL BENL I TT R4
B SPICEH 28 H B AT B B I R B SR AR RV e T



CHAPTER OUTLINE
5.1 Physical Structure of the Bipolar Transistor

5.2  The Transport Model for the npn Transistor
5.3 The pnp Transistor
5.4  Equivalent Circuit Representations for the
Transport Models
5.5 The /-v Characteristics of the Bipolar
Transistor
5.6  The Operating Regions of the Bipolar
Transistor
5.7  Transport Model Simplifications
5.8 Nonideal Behavior of the Bipolar Transistor
5.9 Transconductance
5.10 Bipolar Technology and SPICE Model
5.11 Practical Bias Circuits for the BJT
5.12 Tolerances in Bias Circuits
Summary
Key Terms
References
Problems

CHAPTER GOALS
e Explore the physical structure of the bipolar transistor

e Understand bipolar transistor action and the
importance of carrier transport across the base region
e Study the terminal characteristics of the BJT
e Explore the differences between npn and
pnp transistors
e Develop the transport model for the bipolar device
e Define the four regions of operation of the BJT
e Explore model simplifications for each region
of operation
e Understand the origin and modeling of the Early
effect
e Present the SPICE model for the bipolar transistor

e Provide examples of worst-case and Monte Carlo
analysis of bias circuits

November 2017 is the 70th anniversary of the discovery of
the bipolar transistor by John Bardeen and Walter Brattain
at Bell Laboratories. In a matter of a few months, William
Shockley managed to develop a theory describing the op-
eration of the bipolar junction transistor. Only a few years
later in 1956, Bardeen, Brattain, and Shockley received the
Nobel Prize in Physics for the discovery of the transistor.

= e

John Bardeen, William Shockley, and Walter Brattain
in Brattain’s Laboratory in 1948.
Reprinted with permission of Alacatel-Lucent USA Inc.

The first germanium bipolar transistor
Reprinted with permission of Alacatel-Lucent USA Inc.

In June 1948, Bell Laboratories held a major press
conference to announce the discovery (which of course
went essentially unnoticed by the public). Later in 1952,
Bell Laboratories, operating under legal consent decrees,
made licenses for the transistor available for the modest fee
of $25,000 plus future royalty payments. About this time,
Gordon Teal, another member of the solid-state group, left
Bell Laboratories to work on the transistor at Geophysi-
cal Services Inc., which subsequently became Texas Instru-
ments (TI). There he made the first silicon transistors, and
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234 Chapter 5 Bipolar Junction Transistors

TI marketed the first all transistor radio. Another of the early
licensees of the transistor was Tokyo Tsushin Kogyo which
became the Sony Company in 1955. Sony subsequently sold
a transistor radio with a marketing strategy based upon the

idea that everyone could now have their own personal radio;
thus was launched the consumer market for transistors. A
very interesting account of these and other developments
can be found in [1, 2] and their references.

F ollowing its invention and demonstration in the late 1940s by Bardeen, Brattain, and Shockley at
Bell Laboratories, the bipolar junction transistor, or BJT, became the first commercially successful
three-terminal solid-state device. Its commercial success was based on its structure in which the ac-
tive base region of the transistor is below the surface of the semiconductor material, making it much
less dependent on surface properties and cleanliness. Thus, it was initially easier to manufacture
BJTs than MOS transistors, and commercial bipolar transistors were available in the late 1950s. The
first integrated circuits, resistor-transistor logic gates and operational amplifiers, consisting of a few
transistors and resistors appeared in the early 1960s.

While the FET has become the dominant device technology in modern integrated circuits, bipolar
transistors are still widely used in both discrete and integrated circuit design. In particular, the BJT
is still the preferred device in many applications that require high speed and/or high precision.
Typical of these application areas are circuits for the growing families of wireless computing and
communication products, and silicon-germanium (SiGe) BJTs offer the highest operating frequencies
of any silicon transistor.

The bipolar transistor is composed of a sandwich of three doped semiconductor regions and
comes in two forms: the npn transistor and the pnp transistor. Performance of the bipolar transistor is
dominated by minority-carrier transport via diffusion and drift in the central region of the transistor.
Because carrier mobility and diffusivity are higher for electrons than holes, the npn transistor is an
inherently higher-performance device than the pnp transistor. In Part III of this book, we will learn
that the bipolar transistor typically offers a much higher voltage gain capability than the FET. On
the other hand, the BJT input resistance is much lower, because a current must be supplied to the
control electrode.

Our study of the BJT begins with a discussion of the npn transistor, followed by a discussion of
the pnp device. The transport model, a simplified version of the Gummel-Poon model, is developed
and used as our mathematical model for the behavior of the BJT. Four regions of operation of the BJT
are defined and simplified models developed for each region. Examples of circuits that can be used
to bias the bipolar transistor are presented. The chapter closes with a discussion of the worst-case
and Monte Carlo analyses of the effects of tolerances on bias circuits.

5.1 PHYSICAL STRUCTURE OF THE BIPOLAR TRANSISTOR

The bipolar transistor structure consists of three alternating layers of n- and p-type semiconductor
material. These layers are referred to as the emitter (E), base (B), and collector (C). Either an npn
or a pnp transistor can be fabricated. The behavior of the device can be seen from the simplified
cross section of the npn transistor in Fig. 5.1(a). During normal operation, a majority of the current
enters the collector terminal, crosses the base region, and exits from the emitter terminal. A small
current also enters the base terminal, crosses the base-emitter junction of the transistor, and exits the
emitter.

The most important part of the bipolar transistor is the active base region between the dashed lines
directly beneath the heavily doped (n+) emitter. Carrier transport in this region dominates the i-v
characteristics of the BJT. Figure 5.1(b) illustrates the rather complex physical structure actually used
to realize an npn transistor in integrated circuit form. Most of the structure in Fig. 5.1(b) is required
to fabricate the external contacts to the collector, base, and emitter regions and to isolate one bipolar
transistor from another. In the npn structure shown, collector current i and base current i g3 enter the
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Figure 5.1 (a) Simplified cross section of an npn transistor with currents that occur during “normal” operation; (b) three-
dimensional view of an integrated npn bipolar junction transistor; (c) output characteristics of an npn transistor.

collector (C) and base (B) terminals of the transistor, and emitter current i g exits from the emitter
(E) terminal. An example of the output characteristics of the bipolar transistor appears in Fig. 5.1(c),
which plots collector current i versus collector-emitter voltage v g with base current as a parameter.
The characteristics exhibit an appearance very similar to the output characteristics of the field-effect
transistor. We find that a primary difference, however, is that a significant dc current must be supplied
to the base of the device, whereas the dc gate current of the FET is zero. In the sections that follow,
a mathematical model is developed for these i-v characteristics for both npn and pnp transistors.

5.2 THE TRANSPORT MODEL FOR THE npn TRANSISTOR

Figure 5.2 represents a conceptual model for the active region of the npn bipolar junction transistor
structure. At first glance, the BJT appears to simply be two pn junctions connected back to back.
However, the central region (the base) is very thin (0.1 to 100 wm), and the close proximity of the
two junctions leads to coupling between the two diodes. This coupling is the essence of the bipolar
device. The lower n-type region (the emitter) injects electrons into the p-type base region of the
device. Almost all these injected electrons travel across the narrow base region and are removed (or
collected) by the upper n-type region (the collector).

The three terminal currents are the collector current ic, the emitter current iz, and the base
current iz. The base-emitter voltage vy and the base-collector voltage vgc applied to the two pn
junctions in Fig. 5.2 determine the magnitude of these three currents in the bipolar transistor and
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Figure 5.2 (a) Idealized npn transistor structure for a general-bias condition; (b) circuit symbol for the npn transistor.

¢ TABLE 5.1
Ic Common-Emitter and Common-Base
iv] | Collector Current Gain Comparison
. _ _oF _ R
-»—LB—O— Z—F P | Base or Or o i 1—ap = 1—oag
5 | |Br 0.1 0.11
T ' 0.5 1
Upp _ | Emitter 0.9 9
i 0.95 19
£ 0.99 99
0.998 499

Figure 5.3 npn transistor with vz, applied and vge = 0.

are defined as positive when they forward-bias their respective pn junctions. The arrows indicate
the directions of positive current in most npn circuit applications. The circuit symbol for the npn
transistor appears in Fig. 5.2(b). The arrow part of the symbol identifies the emitter terminal and
indicates that dc current normally exits the emitter of the npn transistor.

5.2.1 FORWARD CHARACTERISTICS

To facilitate both hand and computer analysis, we need to construct a mathematical model that closely
matches the behavior of the transistor, and equations that describe the static i-v characteristics of
the device can be constructed by summing currents within the transistor structure.! In Fig. 5.3, an
arbitrary voltage vpg is applied to the base-emitter junction, and the voltage applied to the base-
collector junction is set to zero. The base-emitter voltage establishes emitter current i , which equals
the total current crossing the base-emitter junction. This current is composed of two components. The
largest portion, the forward-transport current iy, enters the collector, travels completely across
the very narrow base region, and exits the emitter terminal. The collector current i¢ is equal to i,
which has the form of an ideal diode current

ic = ip = Is [exp (v‘l/’l) - 1} (5.1)
T

1 The differential equations that describe the internal physics of the BJT are linear second-order differential equations. These
equations are linear in terms of the hole and electron concentrations; the currents are directly related to these carrier
concentrations. Thus, superposition can be used with respect to the currents flowing in the device.
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Parameter I is the transistor saturation current—that is, the saturation current of the bipolar
transistor. Iy is proportional to the cross-sectional area of the active base region of the transistor, and
can have a wide range of values:

108A<Ig<107°A

In Eq. (5.1), V7 should be recognized as the thermal voltage introduced in Chapter 2 and given by
Vr =kT/q = 0.025 V at room temperature.

In addition to i 7, a second, much smaller component of current crosses the base-emitter junction.
This current forms the base current iz of the transistor, and it is directly proportional to iy:

e _Is [ (e
lB_ﬁF_ﬂF {exp(w) 1} 5.2)

Parameter B is called the forward (or normal®) common-emitter current gain. Its value typically
falls in the range

10 < Br <500
Emitter current iz can be calculated by treating the transistor as a super node for which
ic+ip=ig (5.3)
Adding Egs. (5.1) and (5.2) together yields

. I VBE
= I+ —= — | =1 5.4
o= (i 50) [ (5) -1} 59
which can be rewritten as

. Br+1 UBE _Is VBE \
() () ]

The parameter a is called the forward (or normal®) common-base current gain, and its value
typically falls in the range

095 <ar <1.0

The parameters oy and B are related by

Br OF

=] or =
Br+ 1 Br 1 —ar

aF (5.6)

Equations (5.1), (5.2), and (5.5) express the fundamental physics-based characteristics of the
bipolar transistor. The three terminal currents are all exponentially dependent on the base-emitter
voltage of the transistor. This is a much stronger nonlinear dependence than the square-law behavior
of the FET.

For the bias conditions in Fig. 5.3, the transistor is actually operating in a region of high current
gain, called the forward-active region* of operation, which is discussed more fully in Sec. 5.9.
Three extremely useful auxiliary relationships are valid in the forward-active region. The first two

2 By is sometimes used to represent the normal common-emitter current gain.
3 ay is sometimes used to represent the normal common-base current gain.

4 Four regions of operation are fully defined in Sec. 5.6.
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can be found from the ratio of the collector and base current in Eqs. (5.1) and (5.2):

i
S=Pr o c=fprip and ip=(Br+ Dip (5.7)
B

using Eq. (5.3). The third relationship is found from the ratio of the collector and emitter currents in
Egs. (5.1) and (5.5):

l._C =Uf or ic =OlpiE (58)

lEg

Equation (5.7) expresses important and useful properties of the bipolar transistor: The transistor

“amplifies” (magnifies) its base current by the factor 8. Because the current gain S >> 1, injection
of a small current into the base of the transistor produces a much larger current in both the collector
and the emitter terminals. Equation (5.8) indicates that the collector and emitter currents are almost
identical because oy = 1.

5.2.2 REVERSE CHARACTERISTICS

Now consider the transistor in Fig. 5.4, in which voltage v is applied to the base-collector junction,
and the base-emitter junction is zero-biased. The base-collector voltage establishes the collector
current i, now crossing the base-collector junction. The largest portion of the collector current, the
reverse-transport current i g, enters the emitter, travels completely across the narrow base region, and
exits the collector terminal. Current iz has a form identical to iz:

ix = Is {exp (v“/’i> - 1] and iy = —ig (5.9)

T

except the controlling voltage is now vgc.
In this case, a fraction of the current i must also be supplied as base current through the base

terminal:
. IR I { <UBC> ]
ip=—=—|exp|— | —1 (5.10)
"7 Br Bk P Vr

Parameter By is called the reverse (or inverse’) common-emitter current gain.

In Chapter 4, we discovered that the FET was an inherently symmetric device. For the bipolar
transistor, Eqs. (5.1) and (5.9) show the symmetry that is inherent in the current that traverses the
base region of the bipolar transistor. However, the impurity doping levels of the emitter and collector
regions of the BJT structure are quite asymmetric, and this fact causes the base currents in the

C
ic
Upc - Collector
+ n

—— | P | Base

Emitter

Figure 5.4 Transistor with vgc applied and vz = 0.

5 B, is sometimes used to represent the inverse common-emitter current gain.
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forward and reverse modes to be significantly different. For typical BJTs, 0 < Sz < 10 whereas
10 < Br < 500.

The collector current in Fig. 5.4 can be found by combining the base and emitter currents, as
was done to obtain Eq. (5.5):

1
ic=——s{exp (”ic> —1] (5.11)
R VT
in which the parameter a is called the reverse (or inverse®) common-base current gain:
Br R
= = 5.12
ag et 1 Br T~ o (5.12)

Typical values of oy fall in the range
0 <ag <0.95

Values of the common-base current gain o and the common-emitter current gain 8 are compared
in Table 5.1 on page 218. Because a is typically greater than 0.95, Br can be quite large. Values
ranging from 10 to 500 are quite common for 8, although it is possible to fabricate special-purpose
transistors’ with B as high as 5000. In contrast, a is typically less than 0.5, which results in values
of Bg of less than 1.

EXERCISE: (a) What values of 8 correspond to a = 0.970, 0.993, 0.250? (b) What values of «
correspond to g = 40, 200, 3?

ANSWERS: (a) 32.3; 142; 0.333 (b) 0.976; 0.995; 0.750

5.2.3 THE COMPLETE TRANSPORT MODEL EQUATIONS

FOR ARBITRARY BIAS CONDITIONS
Combining the expressions for the two collector, emitter, and base currents from Egs. (5.1) and
(5.11), (5.4) and (5.9), and (5.2) and (5.10) yields expressions for the total collector, emitter, and
base currents for the npn transistor that are valid for the completely general-bias voltage situation in

Fig. 5.2:
e sfon () =o0 (55) | =3 Lo (55)
Vr Vr Br Vr
_ voe\ o (vse\] L I [ vee)
zE_IS{exp (V—T> exp(VT )] +,3F {exp(VT) 1} (5.13)
N VBE Is Vgc
o= (5r)= 1]+ oo (59)

From this equation set, we see that three parameters are required to characterize an individual BJT:
I, Br, and Bg. (Remember that temperature is also an important parameter because Vy = kT /q.)
The first term in both the emitter and collector current expressions in Egs. (5.13) is

ir = I [exp (v“/’l> —exp (”"/’i)] (5.14)
T T

which represents the current being transported completely across the base region of the transistor.
Equation (5.14) demonstrates the symmetry that exists between the base-emitter and base-collector
voltages in establishing the dominant current in the bipolar transistor.

6 o/ is sometimes used to represent the inverse common-base current gain.

7 These devices are often called “super-beta” transistors.
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EXAMPLE 5.1

PROBLEM

SOLUTION

Equation (5.13) actually represents a simplified version of the more complex Gummel-Poon
model [3, 4] and form the heart of the BJT model used in the SPICE simulation program. The full
Gummel-Poon model accurately describes the characteristics of BJTs over a wide range of operating
conditions, and it has largely supplanted its predecessor, the Ebers-Moll model [5] (see Prob. 5.23).

TRANSPORT MODEL CALCULATIONS

The advantage of the full transport model is that it can be used to estimate the currents in the
bipolar transistor for any given set of bias voltages.

Use the transport model equations to find the terminal voltages and currents in the circuit in Fig. 5.5
in which an npn transistor is biased by two dc voltage sources.

Vs 075V

Figure 5.5 npn transistor circuit example: Is = 107'° A, 8 = 50, Bz = 1.

Known Information and Given Data: The npn transistor in Fig. 5.5 is biased by two dc sources
Vg =0.75 V and V¢ = 5.0 V. The transistor parameters are Iy = 1071 A, B =50, and Bz =1.

Unknowns: Junction bias voltages Vzg and Vpc; emitter current /g, collector current /¢, base
current /g

Approach: Determine Vg and V¢ from the circuit. Use these voltages and the transistor param-
eters to calculate the currents using Eq. (5.13).

Assumptions: The transistor is modeled by the transport equations and is operating at room
temperature with Vr = 25.0 mV.

Analysis: In this circuit, the base emitter voltage Vi is set directly by source Vpp, and the base
collector voltage is the difference between Vg and Vc:

Ve = Vg =0.75V
Vec = Vg — Vee =075V =500V = —4.25V

Substituting these voltages into Eqs. (5.13) along with the transistor parameters yields

0 0
iy 075V 475V 10-16 475V
Ic =107 A |exp — exp — A | exp —1
0.025 V 0.025 V 1 0.025 V
0
b 1096 A Jexe (9T o (ABVN] 107 T 075V
Ch Ploo0sv PX0.025v 50 Ploo2sv
0
LMo T 075V ) 100 TSV
= X - X -
5= 750 P\oosv 1 P X005 v
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and evaluating these expressions gives

Ic = 1.07mA Ir = 1.09 mA Ig =214 pA

Check of Results: The sum of the collector and base currents equals the emitter current as
required by KCL for the transistor treated as a super node. Also, the terminal currents range from
microamperes to milliamperes, which are reasonable for most transistors.

Discussion: Note that the collector-base junction in Fig. 5.5 is reverse-biased, so the terms con-
taining V¢ become negligibly small. In this example, the transistor is biased in the forward-active
region of operation for which

I 1.07 mA Ic  1.07mA
6o A 50 and  ap=-S="T%_ (o

Pr = = 00o1amA ~1;  1.09mA

EXERCISE: Repeat the example problem for Is = 107"5 A, B = 100, 8 = 0.50, Vg = 0.70 V,
and Ve =10 V.

ANSWERS: Ic =1.45mA, I =1.46 mA, and /g = 14.5 pA

In Secs. 5.5 to 5.11 we completely define four different regions of operation of the transistor and
find simplified models for each region. First, however, let us develop the transport model for the pnp
transistor in a manner similar to that for the npn transistor.

5.3 THE pnp TRANSISTOR

In Chapter 4, we found we could make either NMOS or PMOS transistors by simply interchanging
the n- and p-type regions in the device structure. One might expect the same to be true of bipolar
transistors, and we can indeed fabricate pnp transistors as well as npn transistors.

The pnp transistor is fabricated by reversing the layers of the transistor, as diagrammed in Fig. 5.6.
The transistor has been drawn with the emitter at the top of the diagram, as it appears in most circuit
diagrams throughout this book. The arrows again indicate the normal directions of positive current
in the pnp transistor in most circuit applications. The voltages applied to the two pn junctions are
the emitter-base voltage vgp and the collector-base voltage vcp. These voltages are again positive
when they forward-bias their respective pn junctions. Collector current i and base current i exit
the transistor terminals, and the emitter current i p enters the device. The circuit symbol for the pnp

E
ig
Emitter (E)
VEp 0 P
emitter . L i
. ip E
Ip n -

p | base Base (B)

llector
co Collector (C)

ict
C

(a) (b)

Figure 5.6 (a) Idealized pnp transistor structure for a general-bias condition; (b) circuit symbol for the pnp transistor.
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Emitter p | Emitter

- -t n| Base - n| Base

p| Collector C—) ir] p| Collector
Ucs

(@ (b)

Figure 5.7 (a) pnp transistor with vz applied and vep = 0; (b) pnp transistor with vep applied and vz = 0.

transistor appears in Fig. 5.6(b). The arrow identifies the emitter of the pnp transistor and points in
the direction of normal positive-emitter current.

Equations that describe the static i-v characteristics of the pnp transistor can be constructed by
summing currents within the structure just as for the npn transistor. In Fig. 5.7(a), voltage vgp is
applied to the emitter-base junction, and the collector-base voltage is set to zero. The emitter-base
voltage establishes forward-transport current i r that traverses the narrow base region and base current
ip that crosses the emitter-base junction of the transistor:

ir =15 lexp [ 2E2) —1 PRLZ S Py 7
i 7 P8 B P\ g

and (5.15)

cvmafon ) ()

In Fig. 5.7(b), a voltage vcp is applied to the collector-base junction, and the emitter-base
junction is zero-biased. The collector-base voltage establishes the reverse-transport current ig and

base current ip:
ip =I5 |ex Yer —1 i —i—R—ﬁ ex ves —1
RSP Vr " Br  Br P Vr

and (5.16)

et o (3) -

where the collector current is given by ic = ig — ip.
For the general-bias voltage situation in Fig. 5.6, Egs. (5.15) and (5.16) are combined to give
the total collector, emitter, and base currents of the pnp transistor:

. VER Vca Is Vca

ic = Is |exp V_T — exp V—T — ,3_R exp V—T -1
Ry A CO R
X Ve \ ﬁ Vep\

o= oo () g oo (52)

ic

g
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These equations represent the simplified Gummel-Poon or transport model equations for the
pnp transistor and can be used to relate the terminal voltages and currents of the pnp transistor for
any general-bias condition. Note that these equations are identical to those for the npn transistor
except that vgp and vcp replace vgr and vpc, respectively, and are a result of our careful choice for
the direction of positive currents in Figs. 5.2 and 5.6.

EXERCISE: Find /¢, I, and I for a pnp transistor if Is = 1078 A, B¢ = 75, Bz = 0.40, Ve =
0.75V, and Vg = +0.70 V.

ANSWERS: Ic = 0.563 mA, /¢ = 0.938 mA, /g = 0.376 mA

5.4 EQUIVALENT CIRCUIT REPRESENTATIONS
FOR THE TRANSPORT MODELS

For circuit simulation, as well as hand analysis purposes, the transport model equations for the
npn and pnp transistors can be represented by the equivalent circuits shown in Fig. 5.8(a) and (b),
respectively. In the npn model in Fig. 5.8(a), the total transport current iy traversing the base is
determined by I, vpg, and vpc, and is modeled by the current source i7:

. . . UBE Upc
— i —in=1 —== ) - — 5.18
ir =ip — IR s [exp < v, > exp ( v, )] ( )
The diode currents correspond directly to the two components of the base current:
v () e () -
ig=—|exp|— ) —1|+—|exp| — | — 1 (5.19)
" B Vr Br Vr

Directly analogous arguments hold for the circuit elements in the pnp circuit model of Fig. 5.8(b).

EXERCISE: Find I7 if /s =10""° A, Vge = 0.75V, and Vgc = —2.0 V.
ANSWER: 10.7 mA

EXERCISE: Find the dc transport current /1 for the transistor in Example 5.1 on page 222.

ANSWER: I+ =1.07 mA

ir=ip—Iig ir=ip—ig

ir=1Ig [exp(vTBTE) - exp(v%:)] E = ir=1Ig [CXP(UVL:) —eXP(UVLf)] Cc N
(@) (b)

Figure 5.8 (a) Transport model equivalent circuit for the npn transistor; (b) transport model equivalent circuit for the pnp
transistor.
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5.5 THE j-v CHARACTERISTICS OF THE BIPOLAR TRANSISTOR

Two complementary views of the i-v behavior of the BJT are represented by the device’s output
characteristic and transfer characteristic. (Remember that similar characteristics were presented
for the FETs in Chapter 4.) The output characteristics represent the relationship between the col-
lector current and collector-emitter or collector-base voltage of the transistor, whereas the transfer
characteristic relates the collector current to the base-emitter voltage. A knowledge of both i-v
characteristics is basic to understanding the overall behavior of the bipolar transistor.

5.5.1 OUTPUT CHARACTERISTICS

Circuits for measuring or simulating the common-emitter output characteristics are shown in
Fig. 5.9. In these circuits, the base of the transistor is driven by a constant current source, and the
output characteristics represent a graph of i¢ vs. vcg for the npn transistor (or i¢ vs. vgc for the pnp)
with base current iz as a parameter. Note that the Q-point (Ic, Vcg) or (Ic, Vic) locates the BJT
operating point on the output characteristics.

First, consider the npn transistor operating with vcg > 0, represented by the first quadrant of the
graph in Fig. 5.10. For i = 0, the transistor is nonconducting or cut off. As iy increases above 0, i¢
also increases. For vcg > v, the npn transistor is in the forward-active region, and collector current
is independent of vcp and equal to Brig. Remember, it was demonstrated earlier that ic = Brip in
the forward-active region. For vcg < vpg, the transistor enters the saturation region of operation
in which the total voltage between the collector and emitter terminals of the transistor is small.

It is important to note that the saturation region of the BJT does not correspond to the saturation
region of the FET. The forward-active region (or just active region) of the BJT corresponds to the
saturation region of the FET. When we begin our discussion of amplifiers in Part III, we will simply
apply the term active region to both devices. The active region is the region most often used in
transistor implementations of amplifiers.

In the third quadrant for vcg < 0, the roles of the collector and emitter reverse. For vgr <
ver < 0, the transistor remains in saturation. For vcg < vpg, the transistor enters the reverse-
active region, in which the i-v characteristics again become independent of vcg, and now ic =
—(Br+1)ip. The reverse-active region curves have been plotted for a relatively large value of reverse

3.0 mA -
Saturation Forward-active
region N region  ip=100 pA
ip=80 uUA
2.0 mA | Ll
L ip=060nA
=
o}
g ip=40 UA
y 1.0 mA [
e
8 ig=20 HA
3
ip=0uUA
0.0 mA
v Cutoff
. EC .
'8 E Reverse-active Saturation
region — region Br=25 Br=5
-1.0 mA L
— -5V ov 5V 10V
(a) (b) Collector-emitter voltage v g
Figure 5.9 Circuits for determining common-emitter output Figure 5.10 Common-emitter output characteristics for the bipolar
characteristics: (a) npn transistor, (b) pnp transistor. transistor (i¢ vs. vcg for the npn transistor or i¢c vs. vge for the pnp

transistor).
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Figure 5.11 BJT transfer characteristic in the forward-active region.

common-emitter current gain, Bg = 5, to enhance their visibility. As noted earlier, the reverse-current
gain By is often less than 1.

Using the polarities defined in Fig. 5.9(b) for the pnp transistor, the output characteristics will
appear exactly the same as in Fig. 5.10, except that the horizontal axis will be the voltage vgc rather
than vcg. Remember that iz > 0 and i > 0 correspond to currents exiting the base and collector
terminals of the pnp transistor.

5.5.2 TRANSFER CHARACTERISTICS

The common-emitter transfer characteristic of the BJT defines the relationship between the col-
lector current and the base-emitter voltage of the transistor. An example of the transfer characteristic
for an npn transistor is shown in graphical form in Fig. 5.11, with both linear and semilog scales for
the particular case of vgc = 0. The transfer characteristic is virtually identical to that of a pn junction
diode. This behavior can also be expressed mathematically by setting vgc = 0in the collector-current

expression in Eq. (5.13):
ic = I [exp (v"l> — 1] (5.20)
Vr

Because of the exponential relationship in Eq. (5.20), the semilog plot exhibits the same slope as
that for a pn junction diode. Only a 60-mV change in v is required to change the collector current
by a factor of 10, and for a fixed collector current, the base-emitter voltage of the silicon BJT will
exhibit a —1.8-mV/°C temperature coefficient, just as for the silicon diode (see Sec. 3.5).

EXERCISE: What base-emitter voltage Ve corresponds to /¢ = 100 pA in an npn transistor at
room temperature if Is = 10~'® A? For Ic = 1 mA?

ANSWERS: 0.691V; 0.748 V

5.6 THE OPERATING REGIONS OF THE BIPOLAR TRANSISTOR

In the bipolar transistor, each pn junction may be independently forward-biased or reverse-biased, so
there are four possible regions of operation, as defined in Table 5.2. The operating point establishes
the region of operation of the transistor and can be defined by any two of the four terminal voltages
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TABLE 5.2
Regions of Operation of the Bipolar Transistor

BASE-EMITTER JUNCTION BASE-COLLECTOR JUNCTION
Reverse Bias Forward Bias
Forward Bias Forward-active region Saturation region*
(Normal-active region) (Closed switch)
(Good amplifier)
Reverse Bias Cutoff region Reverse-active region
(Open switch) (Inverse-active region)
(Poor amplifier)

* It is important to note that the saturation region of the bipolar transistor does not correspond to the saturation region
of the FET. This unfortunate use of terms is historical in nature and something we just have to accept.

or currents. The characteristics of the transistor are quite different for each of the four regions of
operation, and in order to simplify our circuit analysis task, we need to be able to make an educated
guess as to the region of operation of the BJT.

When both junctions are reverse-biased, the transistor is essentially nonconducting or cut off
(cutoff region) and can be considered an open switch. If both junctions are forward-biased, the
transistor is operating in the saturation region and appears as a closed switch. Cutoff and saturation
are most often used to represent the two states in binary logic circuits implemented with BJTs.
For example, switching between these two operating regions occurs in the transistor-transistor logic
circuits that we shall study in Chapter 9 on bipolar logic circuits.

In the forward-active region (also called the normal-active region or just active region), in
which the base-emitter junction is forward-biased and the base-collector junction is reverse-biased,
the BJT can provide high current, voltage, and power gains. The forward-active region is most often
used to achieve high-quality amplification. In addition, in the fastest form of bipolar logic, called
emitter-coupled logic, the transistors switch between the cutoff and the forward-active regions.

In the reverse-active region (or inverse-active region), the base-emitter junction is reverse-
biased and the base-collector junction is forward-biased. In this region, the transistor exhibits low
current gain, and the reverse-active region is not often used. However, we will see an important
application of the reverse-active region in transistor-transistor logic circuits in Chapter 9. Reverse
operation of the bipolar transistor has also found use in analog-switching applications.

The transport model equations describe the behavior of the bipolar transistor for any combination
of terminal voltages and currents. However, the complete sets of equations in (5.13) and (5.17) are
quite imposing. In subsequent sections, bias conditions specific to each of the four regions of operation
will be used to obtain simplified sets of relationships that are valid for the individual regions. The
Q-point for the BJT is (I¢, Vcg) for the npn transistor and (I¢, Vi) for the pnp.

EXERCISE: What is the region of operation of (a) an npn transistor with Vg = 0.75 V and
Vgec = —0.70 V? (b) A pnp transistor with Vcg = 0.70 V and Vg = 0.75 V?

ANSWERS: Forward-active region; saturation region

5.7 TRANSPORT MODEL SIMPLIFICATIONS

The complete sets of transport model equations developed in Secs. 5.2 and 5.3 describe the behavior
of the npn and pnp transistors for any combination of terminal voltages and currents, and these
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equations are indeed the basis for the models used in SPICE circuit simulation. However, the full
sets of equations are quite imposing. Now we will explore simplifications that can be used to reduce
the complexity of the model descriptions for each of the four different regions of operation identified
in Table 5.2.

5.7.1 SIMPLIFIED MODEL FOR THE CUTOFF REGION

The easiest region to understand is the cutoff region, in which both junctions are reverse-biased. For
an npn transistor, the cutoff region requires vgr < 0 and vgc < 0. Let us further assume that

4kT kT
Vgg < ——— and vpe < —4— where —4— = —0.1V
q q

These two conditions allow us to neglect the exponential terms in Eq. (5.13), yielding the following
simplified equations for the npn terminal currents in cutoff:

0 0 0
o= [or( ) - o) ] 2 or{c) -
€ Vr T Br Vr
0 0
o Use\ _ oepf P80 | 4 Is Upe ) _
zE—IS{eﬂa/(i) e T)]+ﬁp [eﬁ(i) 1} (5.21)
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In cutoff, the three terminal currents —ic, ig, and iz —are all constant and smaller than the
saturation current /g of the transistor. The simplified model for this situation is shown in Fig. 5.12(b).
In cutoff, only very small leakage currents appear in the three transistor terminals. In most cases,
these currents are negligibly small and can be assumed to be zero.

We usually think of the transistor operating in the cutoff region as being “off” with essentially
zero terminal currents, as indicated by the three-terminal open-circuit model in Fig. 5.12(c). The
cutoff region represents an open switch and is used as one of the two states required for binary logic
circuits.

C oC
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Br
ip K ip ©
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I 0 o
B Br
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E OF
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Figure 5.12 Modeling the npn transistor in cutoff: (a) npn transistor, (b) constant leakage current model, (c) open-circuit
model.
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EXAMPLE 5.2

PROBLEM

SOLUTION

A BJT BIASED IN CUTOFF

Cutoff represents the “off state” in switching applications, so an understanding of the magnitudes
of the currents involved is important. In this example, we explore how closely the “off state”
approaches zero.

Figure 5.13 is an example of a circuit in which the transistor is biased in the cutoff region. Estimate
the currents using the simplified model in Fig. 5.12, and compare to calculations using the full
transport model.

Known Information and Given Data: From the figure, Iy = 107! A, ap = 0.95, ax = 0.25,
Vee =0V, Vge =—-5V

Unknowns: I, I, I

Approach: First analyze the circuit using the simplified model of Fig. 5.12. Then, compare the
results to calculations using the voltages to simplify the transport equations.

Assumptions: Vg = 0V, so the “diode” terms containing Vg are equal to 0. Ve = =5V,
which is much less than —4kT /q = —100 mV, so the transport model equations can be simplified.

(a) (®)

Figure 5.13 (a) npn transistor bias in the cutoff region (for calculations, use Is = 107'® A, ar = 0.95, ax = 0.25);
(b) normal current directions.

Analysis: The voltages Vpr = 0 and Vzc = —5 V are consistent with the definition of the cutoff
region. If we use the open-circuit model in Fig. 5.12(c), the currents I, I, and I are all predicted
to be zero.

To obtain a more exact estimate of the currents, we use the transport model equations. For the
circuit in Fig. 5.13, the base-emitter voltage is exactly zero, and V3¢ < 0. Therefore, Eq. (5.13)
reduces to

1 Iy 10710 A
Ie=I(1+—]=== =4x107°A
,BR (053 0.25
I 10716 A
I[e=Ig=10"%A and Iz=—=———"=-"3x10""%A
Br I

The calculated currents in the terminals are very small but nonzero. Note, in particular, that the base
current is not zero and that small currents exit both the emitter and base terminals of the transistor.

Check of Results: As a check on our results, we see that Kirchhoff’s current law is satisfied for
the transistor treated as a super node: ic +ip = ig.

Discussion: The voltages Vzr = 0 and Vzc = —5 V are consistent with the definition of the
cutoff region. Thus, we expect the currents to be negligibly small. Here again we see an example
of the use of different levels of modeling to achieve different degrees of precision in the answer
[(Ic, Ig, Ig) = (0,0,0) or (4 x 1071 A, 10710 A, =3 x 1076 A)].
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EX ERCISE: Calculate the values of the currents in the circuit in Fig. 5.13(a).(a) if the value of the
voltage source is changed to 10 V and (b) if the base-emitter voltage is set to —3 V using a
second voltage source.

ANSWERS: (a) No change; (b) 0.300 fA, 5.26 aA, —0.305 fA

5.7.2 MODEL SIMPLIFICATIONS FOR THE FORWARD-ACTIVE REGION

Arguably the most important region of operation of the BJT is the forward-active region, in which
the emitter-base junction is forward-biased and the collector-base junction is reverse-biased. In this
region, the transistor can exhibit high voltage and current gains and is useful for analog amplification.
From Table 5.2, we see that the forward-active region of an npn transistor corresponds to vgg > 0
and vpc < 0. In most cases, the forward-active region will have

kT kT
vgg >4—=0.1V and vpe < —4—=-0.1V
q q

and we can assume that exp (—vpc/ Vr) < 1 just as we did in simplifying Eq. set (5.21). We can
also assume exp(vgg/ Vr) > 1. These simplifications yield

v 1
weo ()
T R

. Ig (vBE> I
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ip=—exp|— | ————
Br Vr Br  Br
The exponential term in each of these expressions is usually huge compared to the other terms.

By neglecting the small terms, we find the most useful simplifications of the BJT model for the
forward-active region:

. v . 1 v . 1 v
ic = Igexp <VLTE> ip = i exp (VLTE> ip = IB—i exp (VLTE) (5.23)

In these equations, the fundamental, exponential relationship between all the terminal currents
and the base-emitter voltage vgp is once again clear. In the forward-active region, the terminal
currents all have the form of diode currents in which the controlling voltage is the base-emitter
junction potential. It is also important to note that the currents are all independent of the base-
collector voltage vpc. The collector current i can be modeled as a voltage-controlled current source
that is controlled by the base-emitter voltage and independent of the collector voltage.

By taking ratios of the terminal currents in Eq. (5.23), two important auxiliary relationships
for the forward-active region are found, and observing that iz = ic + ip yields a third important
result:

ic

ic = aFig and ic = Brip ir = (Br+ Dip (5.24)

The results from Eq. (5.24) are placed in a circuit context in the next two examples from Fig. 5.14.
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DESIGN FORWARD-ACTIVE REGION

M= NoTE

EXAMPLE 5.3

PROBLEM

SOLUTION

Operating points in the forward-active region are normally used for linear amplifiers. Our dc
model for the forward-active region is quite simple:

IC = ﬁFIB and IE = (/317 + 1)13 with VBE =0.7V.

Forward-active operation requires Vgg > 0 and Vg > Vpp.

FORWARD-ACTIVE REGION OPERATION WITH EMITTER CURRENT BIAS

Current sources are widely utilized for biasing in circuit design, and such a source is used to set
the Q-point current in the transistor in Fig. 5.14(a).

Find the emitter, base and collector currents, and base-emitter voltage for the transistor biased by
a current source in Fig. 5.14(a).

100 pA E ¢ 1= By + DI

(a) (b)

Figure 5.14 Two npn transistors operating in the forward-active region (Is = 10~'° A and ar = 0.95 are assumed for
the example calculations).

Known Information and Given Data: An npn transistor biased by the circuit in Fig. 5.14(a) with
Is = 107'° A and oy = 0.95. From the circuit, Vzc = Vg — Ve = =5 Vand Iz = +100 pA.

Unknowns: Ic, IB, VBE

Approach: Show that the transistor is in the forward-active region of operation and use Eqgs. (5.23)
and (5.24) to find the unknown currents and voltage.

Assumptions: Room temperature operation with V; = 25.0 mV

Analysis: From the circuit, we observe that the emitter current is forced by the current source
to be Iy = +100 nA, and the current source will forward-bias the base-emitter diode. Study of
the mathematical model in Eq. (5.13) also confirms that the base-emitter voltage must be positive
(forward bias) in order for the emitter current to be positive. Thus, we have Vgr > 0 and Vg < 0,
which correspond to the forward-active region of operation for the npn transistor.

The base and collector currents can be found using Eq. (5.24) with I = 100 pA:

Ic = aplp = 0.95- 100 pA = 95 pA
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PROBLEM

SOLUTION
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_ap 095
T l—ar 1-095

Solving for Br gives BF 19 Br+1=20

I 100 pA
and Ip = E_ = 2 s A
Br+1 20
The base-emitter voltage is found from the emitter current expression in Eq. (5.23):
aplg 0.95(107*A)
Ve = Vrl =(0.025V)In ———— =0.690 V
BE rin Is ( ) In 10-16A

Check of Results: As a check on our results, we see that Kirchhoff’s current law is satisfied for
the transistor treated as a super node: ic +ip = ig. Also we can check Vg using both the collector
and base current expressions in Eq. (5.23).

Discussion: We see that most of the current being forced or “pulled” out of the emitter by the
current source comes directly through the transistor from the collector. This is the common-base
mode in which ic = apip with oy = 1.

EXERCISE: Calculate the values of the currents and base-emitter voltage in the circuit in
Fig. 5.14(a) if (a) the value of the voltage source is changed to 10 V and (b) the transistor’s
common-emitter current gain is increased to 50.

ANSWERS: (a) No change; (b) 100 A, 1.96 pA, 98.0 pA, 0.690 V

FORWARD-ACTIVE REGION OPERATION WITH BASE CURRENT BIAS

A current source is used to bias the transistor into the forward-active region in Fig. 5.14(b).

Find the emitter, base and collector currents, and base-emitter and base-collector voltages for the
transistor biased by the base current source in Fig. 5.14(b).

Known Information and Given Data: An npn transistor biased by the circuit in Fig. 5.14(b)
with Ig = 107'° A and ar = 0.95. From the circuit, Vo = 45 V and Iy = +100 pA.

Unknowns: Ic, IB, VBE’ VBC

Approach: Show that the transistor is in the forward-active region of operation and use
Egs. (5.23) and (5.24) to find the unknown currents and voltage.

Assumptions: Room temperature operation with V; = 25.0 mV

Analysis: In the circuit in Fig. 5.14(b), base current I is now forced to equal 100 A by the ideal
current source. This current enters the base and will exit the emitter, forward-biasing the base-
emitter junction. From the mathematical model in Eq. (5.13), we see that positive base current can
occur for positive Vg and positive Vgc. However, we have Vg = Vg — Vo = Vg — V. Since
the base-emitter diode voltage will be approximately 0.7 V, and Vo = 5V, V¢ will be negative
(e.g., Vgc = 0.7 — 5.0 = —4.3 V). Thus we have Vzr > 0 and Ve < 0, which corresponds to
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the forward-active region of operation for the npn transistor, and the collector and emitter currents
can be found using Eq. (5.24) with I = 100 pA:

I = (Br+ 1)Ip =20- 100 pA = 2.00 mA
The base-emitter voltage can be found from the collector current expression in Eq. (5.23):

Ic 1.9x107% A
Veeg = Vrln— =(0.025V)ln — =0.764 V
BE T in I ( )In 10-16 A

VBC: VB— VC: VBE - VC: 0.764 —5=—4236V

Check of Results: As a check on our results, we see that Kirchhoff’s current law is satisfied for
the transistor treated as a super node: ic + ip = ig. Also we can check the value of Vzp using
either the emitter or base current expressions in Eq. (5.23). The calculated values of Vgg and Ve
correspond to forward-active region operation.

Discussion: A large amplification of the current takes place when the current source is injected
into the base terminal in Fig. 5.14(b) in contrast to the situation when the source is connected to
the emitter terminal in Fig. 5.14(a).

EXERCISE: Calculate the values of the currents and base-emitter voltage in the circuit in
Fig. 5.14(b) if (a) the value of the voltage source is changed to 10 V and (b) the transistor’s
common-emitter current gain is increased to 50.

ANSWERS: (a) No change; (b) 5.00 mA, 100 pA, 5.10 mA, 0.789V, —4.21 V

EXERCISE: What is the minimum value of V¢ that corresponds to forward-active region bias
in Fig. 5.14(b)?

ANSWER: Vgg =0.764 V

As illustrated in Examples 5.3 and 5.4, Eq. (5.24) can often be used to greatly simplify the
analysis of circuits operating in the forward-active region. However, remember this caveat well: The
results in Eq. (5.24) are valid only for the forward-active region of operation!

The BJT is often considered a current-controlled device. However, from Eq. (5.23), we see
that the fundamental physics-based behavior of the BJT in the forward-active region is that of a
(nonlinear) voltage-controlled current source. The base current should be considered as an unwanted
defect current that must be supplied to the base in order for the transistor to operate. In an ideal BJT,
Br would be infinite, the base current would be zero, and the collector and emitter currents would
be identical, just as for the FET. (Unfortunately, it is impossible to fabricate such a BJT.)

Equation (5.23) leads to the simplified circuit model for the forward-active region shown in
Fig. 5.15. The current in the base-emitter diode is amplified by the common-emitter current gain Sr
and appears in the collector terminal. However, remember that the base and collector currents are
exponentially related to the base-emitter voltage. Because the base-emitter diode is forward-biased
in the forward-active region, the transistor model of Fig. 5.15(b) can be further simplified to that
of Fig. 5.15(c), in which the diode is replaced by its constant voltage drop (CVD) model, in this
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ocC Bo—w—— c Bo_ 2 c
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EXAMPLE 5.5

PROBLEM

SOLUTION

Figure 5.15 (a) npn transistor; (b) simplified model for the forward-active region; (c) further simplification for the forward-
active region using the CVD model for the diode.

case Vgr = 0.7 V. The dc base and emitter voltages differ by the 0.7-V diode voltage drop in the
forward-active region.

FORWARD-ACTIVE REGION BIAS USING TWO POWER SUPPLIES

Analog circuits frequently operate from a pair of positive and negative power supplies so that
bipolar input and output signals can easily be accommodated. The circuit in Fig. 5.16 provides
one possible circuit configuration in which resistor R and —9-V source replace the current source
utilized in Fig. 5.14(a). Collector resistor R has been added to reduce the collector-emitter voltage.

Find the Q-point for the transistor in the circuit in Fig. 5.16.

Vee=49V Re
I. B c VWO V=49V
43kQ L B 4.3kQ
- +
1,
¢ ¢ + SZ V_BE <‘> Ic=Brlp
=0 Vg E
¢ Ig Iy
8.2kQ R 8.2kQ
~Vep=-9V Vg =9V

(b)

Figure 5.16 (a) npn Transistor circuit (assume By = 50 and Bz = 1); (b) simplified model for the forward-active region.

Known Information and Given Data: npn transistor in the circuit in Fig. 5.16(a) with S = 50
and B =1

Unknowns: Q-point (I¢, Ver)

Approach: In this circuit, the base-collector junction will tend to be reverse-biased by the
9-V source. The combination of the resistor and the —9-V source will force a current out of
the emitter and forward-bias the base-emitter junction. Thus, the transistor appears to be biased in
the forward-active region of operation.
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Assumptions: Assume forward-active region operation; since we do not know the saturation
current, assume Vzp = 0.7 V; use the simplified model for the forward-active region to analyze
the circuit as in Fig. 5.16(b).

Analysis: The currents can now be found by using KVL around the base-emitter loop:

83V

For Vi = 0.7 V. 0.7 + 82001 —9 = 0 Iy =
of Vae + £ o TR0

= 1.01 mA

At the emitter node, I = (B8 + 1)1, so

1.01 mA

Iy = — 2
BT 5041

= 19.8 pA and Ic = Brlp = 0.990 mA

The collector-emitter voltage is equal to
Vee = Vee — IcRc — (—Vpg) =9 — 990 mA(4.3kRQ) +0.7=5.44V
The Q-point is (0.990 mA, 5.44 V).

Check of Results: We see that KVL is satisfied around the output loop containing the collector-
emitter voltage: +9 — Vec — Ve — Ve — (—9) =9 — 4.3 — 5.4 — 8.3 + 9 = 0. We must check
the forward-active region assumption Vo = 5.4 V which is greater than Vzrz = 0.7 V. Also, the
currents are all positive and I¢ + Ip = IE.

Discussion: In this circuit, the combination of the resistor and the —9-V source replace the current
source that was used to bias the transistor in Fig. 5.14(a).

Computer-Aided Analysis: SPICE contains a built-in model for the bipolar transistor that will
be discussed in detail in Sec. 5.10. SPICE simulation with the default npn transistor model yields
a Q-point that agrees well with our hand analysis: (0.993 mA, 5.50 V).

EXERCISE: (a) Find the Q-point in Ex. 5.5 if resistor R is changed to 5.6 k. (b) What value of R
is required to set the current to approximately 100 A in the original circuit?

ANSWERS: (a) (1.45 mA, 3.5 V); (b) 82 k2.

Figure 5.17 displays the results of simulation of the collector current of the transistor in Fig. 5.16
versus the supply voltage V. For Ve > 0, the collector-base junction will be reverse-biased, and
the transistor will be in the forward-active region. In this region, the circuit behaves essentially as a
1-mA ideal current source in which the output current is independent of V¢. Note that the circuit
actually behaves as a current source for V¢ down to approximately —0.5 V. By the definitions in
Table 5.2, the transistor enters saturation for V¢ < 0, but the transistor does not actually enter heavy
saturation until the base-collector junction begins to conduct for Vzc > 4+0.5 V.
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Figure 5.17 Simulation of output characteristics of circuit of Fig. 5.16(a). Figure 5.18 Diode-connected transistor.

EXERCISE: Find the three terminal currents in the transistor in Fig. 5.16 if the 8.2 kS resistor
value is changed to 5.6 k2.

ANSWERS: 1.48 mA, 29.1 pA, 1.45 mA

EXERCISE: What are the actual values of Vge and Ve for the transistor in Fig. 5.16(a) if /s =
5 x 10-'® A? (Note that an iterative solution is necessary.)

ANSWERS: 0.708 V, 5.44 V

5.7.3 DIODES IN BIPOLAR INTEGRATED CIRCUITS

In integrated circuits, we often want the characteristics of a diode to match those of the BJT as
closely as possible. In addition, it takes about the same amount of area to fabricate a diode as a full
bipolar transistor. For these reasons, a diode is usually formed by connecting the base and collector
terminals of a bipolar transistor, as shown in Fig. 5.18. This connection forces vgc = 0.

Using the transport model equations for BJT with this boundary condition yields an expression
for the terminal current of the “diode’:

1 1
ip=(ic +ip) = <1s + ,B_i> {exp (%) - l} = i [exp <UV—L;) - 1} (5.25)

The terminal current has an i-v characteristic corresponding to that of a diode with a reverse
saturation current that is determined by the BJT parameters. This technique is often used in both
analog and digital circuit design; we will see many examples of its use in the analog designs in
Part I11.

EXERCISE: What is the equivalent saturation current of the diode in Fig 5.18 if the transistor is
described by /s =2 x 107'* A and «f = 0.95?

ANSWER: 21 fA
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ELECTRONICS IN ACTION

The Bipolar Transistor PTAT Cell

The diode version of the PTAT cell that generates an output voltage proportional to absolute
temperature was introduced back in Chapter 3. We can also easily implement the PTAT
cell using two bipolar transistors as shown in the figure here in which two identical bipo-
lar transistors are biased in the forward-active region by current sources with a 10:1 current
ratio.

Logo © Auburn University

The PTAT voltage is given by
Verar = Ve2 — Ver = (Vee — Vee2) — (Vee — Veer) = Veer — Ve

101 1 kT dVPTAT 198 /LV
Verar = Vrln | — | — V7l = —In(10 d =
PTAT T n( Is ) T Il( ) p n(10) an = o

The bipolar PTAT cell is the circuit most commonly used in electronic thermometry.

S

5.7.4 SIMPLIFIED MODEL FOR THE REVERSE-ACTIVE REGION

In the reverse-active region, also called the inverse-active region, the roles of the emitter and collector
terminals are reversed. The base-collector diode is forward-biased and the base-emitter junction is
reverse-biased, and we can assume that exp (vgg/Vr) < 1 for vgg < —0.1 V just as we did in
simplifying Eq. set (5.21). Applying this approximation to Eq. (5.13) and neglecting the —1 terms
relative to the exponential terms yields the simplified equations for the reverse-active region:

. I Ve . Ve ) I Ve
- i =7 == == — 5.26
ic o exp(VT> i Sexp<VT> ip B exp(VT> ( )

Ratios of these equations yield iy = —Brip and iy = agic.

Equation (5.26) leads to the simplified circuit model for the reverse-active region shown in
Fig. 5.19. The base current in the base-collector diode is amplified by the reverse common-emitter
current gain Bg and enters the emitter terminal.

In the reverse-active region, the base-collector diode is now forward-biased, and the transistor
model of Fig. 5.19(b) can be further simplified to that of Fig. 5.19(c), in which the diode is replaced
by its CVD model with a voltage of 0.7 V. The base and collector voltages differ only by one 0.7-V
diode drop in the reverse-active region.
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Figure 5.19 (a) npn transistor in the reverse-active region; (b) simplified circuit model for the reverse-active region; (c) further
simplification in the reverse-active region using the CVD model for the diode.

EXAMPLE 5.6 REVERSE-ACTIVE REGION ANALYSIS

Although the reverse-active region is not often used, one does encounter it fairly frequently in the
laboratory. If the transistor is inadvertently plugged in upside down, for example, the transistor
will be operating in the reverse-active region. On the surface, the circuit will seem to be working
but not very well. It is useful to be able to recognize when this error has occurred.

PROBLEM The collector and emitter terminals of the npn transistor in Fig. 5.16 have been interchanged in
the circuit in Fig. 5.20 (perhaps the transistor was plugged into the circuit backwards by accident).
Find the new Q-point for the transistor in the circuit in Fig. 5.20.

+9V

(@ (b)

Figure 5.20 (a) Circuit of Fig. 5.16 with npn transistor orientation reversed; (b) circuit simplification using the model for
the reverse-active region (analysis of the circuit uses Br = 50 and g = 1).

SOLUTION Known Information and Given Data: npn transistor in the circuit in Fig. 5.20 with 8 = 50 and

Br =1
Unknowns: Q-point (I¢, V)

Approach: In this circuit, the base-emitter junction is reverse-biased by the 9-V source (Vg =
Vg — Vg = —9 V). The combination of the 8.2-k2 resistor and the —9-V source will pull a current
out of the collector and forward-bias the base-collector junction. Thus, the transistor appears to be
biased in the reverse-active region of operation.

Assumptions: Assume reverse-active region operation; since we do not know the saturation
current, assume Vgc = 0.7 V; use the simplified model for the reverse-active region to analyze
the circuit as in Fig. 5.20(b).
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Analysis: The current exiting from the collector (—I¢) is now equal to

iy 0TV =0V o
= 8200 ©2 -

The current through the 8.2-k€2 resistor is unchanged compared to that in Fig. 5.16. However,
significant differences exist in the currents in the base terminal and the +9-V source. At the
collector node, (—I¢) = (Br + 1)1, and at the emitter, (—Ig) = Brl3:

1.01 mA
Iy = ——5—

Ve =9 —4300(0.505 mA) — (—=0.7V)=75V

= 0.505 mA and —Ip = (1)Ip = 0.505 mA

Check of Results: We see that KVL is satisfied around the output loop containing the collector-
emitter voltage: +9 — Vg — Vg — (=9) =9 —-9.7—-83+4+9 = 0. Also, Ic + Iz = Ig, and
the calculated current directions are all consistent with the assumption of reverse-active region
operation. Finally Vgp = 9 — 43 kQ (0.505 mA) = 6.8 V. Vg > 0V, and the reverse active
assumption is correct.

Discussion: Note that the base current is much larger than expected, whereas the current entering
the upper terminal of the device is much smaller than would be expected if the transistor were
in the circuit as originally drawn in Fig. 5.16. These significant differences in current often lead
to unexpected shifts in voltage levels at the base and collector terminals of the transistor in more
complicated circuits.

Computer-Aided Design: The built-in SPICE model is valid for any operating region, and
simulation with the default model gives results very similar to hand calculations.

DESIGN  REVERSE-ACTIVE REGION CHARACTERISTICS
e NoTE
Note that the currents for reverse-active region operation are usually very different from those
found for forward-active region operation in Fig. 5.16. These drastic differences are often useful
in debugging circuits that we have built in the lab and can be used to discover transistors that have
been improperly inserted into a circuit breadboard.

EXERCISE: Find the three terminal currents in the transistor in Fig. 5.20 if resistor R is changed
to 5.6 k€.

ANSWERS: 1.48 mA, 0.741 mA, 0.741 mA

5.7.5 MODELING OPERATION IN THE SATURATION REGION

The fourth and final region of operation is called the saturation region. In this region, both junctions
are forward-biased, and the transistor typically operates with a small voltage between collector and
emitter terminals. In the saturation region, the dc value of vcp is called the saturation voltage of
the transistor: vcgsar for the npn transistor or vgcsar for the pnp transistor.
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Figure 5.21 (a) Relationship between the terminal voltages of the transistor; (b) circuit for Ex. 5.8.

In order to determine vcgsar, we assume that both junctions are forward-biased so that i and
ip from Eq. (5.13) can be approximated as

ic = Igex YsE —I—Sex Ysc
¢ SPVT OlRpVT

ip = ]—Sexp (vBl) + ﬁexp <v£)
P Br Vi) Br Vr

Simultaneous solution of these equations using Br = ag/(l — o) yields expressions for the base-
emitter and base-collector voltages:

(5.27)

e an
vpp = Vpln 2T mardic Vi Pr (5.28)

1 1
1oy 1) o] [+ a-em)]

By applying KVL to the transistor in Fig. 5.21, we find that the collector-emitter voltage of the
transistor is vcg = Vg — VUpc, and substituting the results from Eq. (5.28) into this equation yields
an expression for the saturation voltage of the npn transistor:

ic
T+ .
1 .
UCESAT = VT In <0(_) (ﬂR—j_Cl)lB for iB > IlB_C (529)
R 1 — P
Brip

This equation is important and highly useful in the design of saturated digital switching circuits. For
a given value of collector current, Eq. (5.29) can be used to determine the base current required to
achieve a desired value of vcgsar.

Note that Eq. (5.29) is valid only for iz > ic/BF. This is an auxiliary condition that can be used
to define saturation region operation. The ratio i /B represents the base current needed to maintain
transistor operation in the forward-active region. If the base current exceeds the value needed for
forward-active region operation, the transistor will enter saturation. The actual value of i/ i 5 is often
called the forced beta Bror of the transistor, where Bror < Br.

SATURATION VOLTAGE CALCULATION

The BJT saturation voltage is important in many switching applications including logic circuits
and power supplies. Here we find an example of the value of the saturation voltage for a forced
beta of 10.

Calculate the saturation voltage for an npn transistor with I = 1 mA, Iz = 0.1 mA, Br = 50,
and Bz = 1.
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SOLUTION Known Information and Given Data: An npn transistor is operating with Ic = 1 mA, I =
0.1 mA, Br =50,and B = 1

Unknowns: Collector-emitter voltage of the transistor

Approach: Because Ic/Iz = 10 < B, the transistor will indeed be saturated. Therefore we can
use Eq. (5.29) to find the saturation voltage.

Assumptions: Room temperature operation with V;y = 0.025 V

Analysis: Using ag = Br/(Br + 1) = 0.5 and I/Ip = 10 yields
1 mA
1 i 2(0.1 mA)
veesar = (0.025 V) In <ﬁ) W =0.068 V
50(0.1 mA)

Check of Results: A small, nearly zero, value of saturation voltage is expected; thus the calculated
value appears reasonable.

Discussion: We see that the value of V¢ in this example is indeed quite small. However, it is
nonzero even for ic = 0 [see Prob. 5.56]! It is impossible to force the forward voltages across both
pn junctions to be exactly equal, which is a consequence of the asymmetric values of the forward
and reverse current gains. The existence of this small voltage “offset” is an important difference
between the BJT and the MOSFET. In the case triode region operation of the MOSFET, the voltage
between drain and source becomes zero when the drain current is zero.

Computer-Aided Analysis: We can simulate the situation in this example by driving the base
of the BJT with one current source and the collector with a second. (This is one of the few
circuit situations in which we can force a current into the collector using a current source.) SPICE
yields Vcgsar = 0.070 V. The default temperature in SPICE is 27°C, and the slight difference in
Vr accounts for the difference between SPICE result and our hand calculations.

EXERCISE: What is the saturation voltage in Ex. 5.7 if the base current is reduced to 40 pA?
ANSWER: 99.7 mV

EXERCISE: Use Eq. (5.28) to find Vgesar and Vicsar for the transistor in Ex. 5.7 if Is = 10715 A,
ANSWERS: 0.694 V, 0.627 V

Figure 5.22 shows the simplified model for the transistor in saturation in which the two diodes
are assumed to be forward-biased and replaced by their respective on-voltages. The forward voltages

—_0oC

—“OE o E

Figure 5.22 Simplified model for the npn transistor in saturation.
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ELECTRONICS IN ACTION

Optical Isolators

The optical isolator drawn schematically here represents a highly useful circuit that behaves
much like a single transistor, but provides a very high breakdown voltage and low capacitance
between its input and output terminals. Input current i;y drives a light emitting diode (LED)
whose output illuminates the base region of an npn transistor. Energy lost by the photons
creates hole—electron pairs in the base of the npn. The holes represent base current that is then
amplified by the current gain By of the transistor, whereas the electrons simply become part
of the collector current.

. . 7 ]
UN o UN lg
Photons Photons
LED SZ T Z Photo transistor LED SZ N Photo
Darlington
o—— o——

Photo Darlington

The output characteristics of the optical isolator are very similar to those of a BJT operating
in the active region in Fig. 5.10. However, the conversion of photons to hole—electron pairs is
not very efficient in silicon, and the current transfer ratio, Br = ip/i;y, of the optical isolator
is often only around unity. The “Darlington connection” of two transistors (see Sec. 15.2.3), is
often used to improve the overall current gain of the isolator. In this case, the output current is
increased by the current gain of the second transistor.

The dc isolation provided by such devices can exceed a thousand volts and is limited
primarily by the spacing of the pins and the characteristics of the circuit board that the isolator
is mounted upon. ac isolation is limited to the low picofarad range by stray capacitance between
the input and outputs pins.

of both diodes are normally higher in saturation than in the forward-active region, as indicated in
the figure by Vggsar = 0.75 V and Vgcsar = 0.7 V. In this case, Vegsar is 50 mV. In saturation, the
terminal currents are determined by the external circuit elements; no simplifying relationships exist
between ic, ig, and ig other than ic +ip = if.

5.8 NONIDEAL BEHAVIOR OF THE BIPOLAR TRANSISTOR

As with all devices, the BJT characteristics deviate from our ideal mathematical models in a number
of ways. The emitter-base and collector-base diodes that form the bioplar transistor have finite reverse
breakdown voltages (see Sec. 3.6.2) that we must carefully consider when choosing a transistor or
the power supplies for our circuits. There are also capacitances associated with each of the diodes,
and these capacitances place limitations on the high frequency response of the transistor. In addition,
we know that holes and electrons in semiconductor materials have finite velocities. Thus, it takes time
for the carriers to move from the emitter to the collector, and this time delay places an additional limit
on the upper frequency of operation of the bipolar transistor. Finally, the output characteristics of
the BJT exhibit a dependence on collector-emitter voltage similar to the channel-length modulation
effect that occurs in the MOS transistor (Sec. 4.2.7). This section considers each of these limitations
in more detail.
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5.8.1 JUNCTION BREAKDOWN VOLTAGES

The bipolar transistor is formed from two back-to-back diodes, each of which has a Zener breakdown
voltage associated with it. If the reverse voltage across either pn junction is too large, the correspond-
ing diode will break down. In the transistor structure in Fig. 5.1, the emitter region is the most heavily
doped region and the collector is the most lightly doped region. These doping differences lead to a
relatively low breakdown voltage for the base-emitter diode, typically in the range of 3 to 10 V. On
the other hand, the collector-base diode can be designed to break down at much larger voltages. Tran-
sistors can be fabricated with collector-base breakdown voltages as high as several hundred volts.®

Transistors must be selected with breakdown voltages commensurate with the reverse voltages
that will be encountered in the circuit. In the forward-active region, for example, the collector-base
junction is operated under reverse bias and must not break down. In the cutoff region, both junctions
are reverse-biased, and the relatively low breakdown voltage of the emitter-base junction must not
be exceeded.

5.8.2 MINORITY-CARRIER TRANSPORT IN THE BASE REGION

Current in the BJT is predominantly determined by the transport of minority carriers across the base
region. In the npn transistor in Fig. 5.23, transport current iy results from the diffusion of minority
carriers — electrons in the npn transistor or holes in the pnp —across the base. Base current ip
is composed of hole injection back into the emitter and collector, as well as a small additional
current Irgc needed to replenish holes lost to recombination with electrons in the base. These three
components of base current are shown in Fig. 5.23(a).

An expression for the transport current i can be developed using our knowledge of carrier
diffusion and the values of base-emitter and base-collector voltages. It can be shown from device
physics (beyond the scope of this text) that the voltages applied to the base-emitter and base-collector
junctions define the minority-carrier concentrations at the two ends of the base region through these
relationships:

n(0) = ny, exp ( vsc

l%:) and n(WB)znboexp(V—T> (5.30)

in which ny, is the equilibrium electron density in the p-type base region.
The two junction voltages establish a minority-carrier concentration gradient across the base
region, as illustrated in Fig. 5.23(b). For a narrow base, the minority-carrier density decreases linearly

Y
UBE l Upc
| l | n(x)
. Iy . Iy . n(0)
B e
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B

Space charge regions
(@ ()

Figure 5.23 (a) Currents in the base region of an npn transistor; (b) minority-carrier concentration in the base of the
npn transistor.

8 Specially designed power transistors may have breakdown voltages in the 1000-V range.
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across the base, and the diffusion current in the base can be calculated using the diffusion current
expression in Eq. (2.14):

. dn Npo UBE Upc
=—qAD,— = +qAD, — ) = — 5.31
ir = —aAD, G = +qAD, 2 fexp (222 — exp (12 )| 531

where A = cross-sectional area of base region and Wz = base width. Because the carrier gradient
is negative, electron current iy is directed in the negative x direction, exiting the emitter terminal
(positive i7).

Comparing Eqgs. (5.31) and (5.18) yields a value for the bipolar transistor saturation current /:

Npo qADnnlz
Is =qAD,— = ——+ (5.32a)
Wg  NagWsp
where N4 p = doping concentration in base of transistor, n; = intrinsic-carrier concentration
(10'%/cm?), and ny, = n?/N4p using Eq. (2.12).
The corresponding expression for the saturation current of the pnp transistor is
AD, n?
Iy = gAD, Do — 12500 (5.32b)

"Ws  NpgWs

Remembering from Chapter 2 that mobility i, and hence diffusivity D = (kT /q)iu (cm?/s),
is larger for electrons than holes (1, > u,), we see from Eqs. (5.32) that the npn transistor will
conduct a higher current than the pnp transistor for a given set of applied voltages.

EXERCISE: (a) What is the value of D, at room temperature if 1, = 500 cm?/V - s? (b) What is
I for a transistor with A = 50 pm2, W =1 pum, D, = 12.5 cm?/s, and N = 10'8/cm®?

ANSWERS: 12.5 cm?/s; 10718 A

5.8.3 BASE TRANSIT TIME

To turn on the bipolar transistor, minority-carrier charge must be introduced into the base to establish
the carrier gradient in Fig. 5.23(b). The forward transit time 7, represents the time constant
associated with storing the required charge Q in the base region and is defined by

0

T I

TF (5.33)

Figure 5.24 depicts the situation in the neutral base region of an npn transistor operating in the
forward-active region with vgr > 0 and vgc = 0. The area under the triangle represents the excess
minority charge Q that must be stored in the base to support the diffusion current. For the dimensions
in Fig. 5.24 and using Eq. (5.30)

w %
0 = gA[n(0) — nbu]TB — g Any, {exp (%) - 1} 7‘* (5.34)

For the conditions in Fig. 5.24(a),

. AD, v
ir = qW Npo {exp (%) — 1} (5.35)
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EXAMPLE 5.8

PROBLEM

SOLUTION

n(x) n(x)
n(0, Vg )
n(0) n(0, Vggy)
AQ
0 0
Mo n(Wp) = ny, [ n(Wp) = ny,
— X — x
0 Wy 0 Wy

(a) (b)

Figure 5.24 (a) Excess minority charge Q stored in the bipolar base region; (b) stored charge Q changes as vgr changes.

Substituting Eqs. (5.34) and (5.35) into Eq. (5.33), the forward transit time for the npn transistor is
found to be

Wi _ W
= = 5.36a
72D, T Wm, (3360
The corresponding expression for the transit time of the pnp transistor is
w2 w2
Tp = —B = —B (536b)
2D P 2 VT Mp

The base transit time can be viewed as the average time required for a carrier emitted by the
emitter to arrive at the collector. Hence, one would not expect the transistor to be able to reproduce
frequencies with periods that are less than the transit time, and the base transit time in Eq. (5.36)
places an upper limit on the useful operating frequency f of the transistor:

1

2T TR

f=

(5.37)

From Eq. (5.36), we see that the transit time is inversely proportional to the minority-carrier mobility
in the base, and the difference between electron and hole mobility leads to an inherent frequency
and speed advantage for the npn transistor. Thus, an npn transistor may be expected to be 2 to
2.5 times as fast as a pnp transistor for a given geometry and doping. Equation (5.36) also indicates
the importance of shrinking the base width W of the transistor as much as possible. Early transistors
had base widths of 10 wm or more, whereas the base width of transistors in research laboratories
today is 0.1 wm (100 nm) or less.

SATURATION CURRENT AND TRANSIT TIME

Device physics has provided us with expressions that can be used to estimate transistor satura-
tion current and transit time based on a knowledge of physical constants and structural device
information. Here we find representative values of I5 and t for a bipolar transistor.

Find the saturation current and base transit time for an npn transistor with a 100 pm x 100 pm
emitter region, a base doping of 10'7/cm?, and a base width of 1 wm. Assume p,, = 500 cm?/V -s.

Known Information and Given Data: Emitter area = 100 wm x 100 wm, Ny = 10'7/cm?,
Wg =1 pm, u, = 500 cm?/V - s
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Unknowns: Saturation current Ig; transit time 7
Approach: Evaluate Eqs. (5.33) and (5.37) using the given data.
Assumptions: Room temperature operation with V; = 0.025 V and n; = 10'%/cm’

Analysis: Using Eq. (5.32) for Is:

_ qADn}

MW <£7>(10—4 cm)

S cm®

2 1020
(1.6 x 10-19 C)(10~2 cm)? (0.025 V x 500 ;1) (—)
: =2x107% A

S

cm3

in which D,, = (kT /q)u, has been used [remember Eq. (2.15)].
Using Eq. (5.36)

L (10~* cm)?

= = =4x107"s
2Vr

TF

cm?
2(0.025 V) (500 —>
V-s

Check of Results: The calculations appear correct, and the value of Ig is within the range given
in Sec. 5.2.

Discussion: Operation of this particular transistor is limited to frequencies below f =1/Q2m 1) =
400 MHz.

5.8.4 DIFFUSION CAPACITANCE

Capacitances are circuit elements that limit the high-frequency performance of both MOS and bipolar
devices. For the base-emitter voltage and hence the collector current in the BJT to change, the charge
stored in the base region also must change, as illustrated in Fig. 5.24(b). This change in charge with
v can be modeled by a capacitance Cp, called the diffusion capacitance, placed in parallel with
the forward-biased base-emitter diode as defined by

d 1 gAny, W %
cp= 242 = M lE (ﬂ> (5.38)
deE Q—point VT 2 VT
This equation can be rewritten as
1 [gAD,ny, VeE W§ Iy
Cp=—|— — — | = — 5.39
"=V [ [T < Vr )] <2D,, v -39

Because the transport current actually represents the collector current in the forward-active region,
the expression for the diffusion capacitance is normally written as
Ic
Cp=—1p (5.40)
Vr
From Eq. (5.40), we see that the diffusion capacitance C}, is directly proportional to current and
inversely proportional to temperature 7. For example, a BJT operating at a current of 1 mA with
7p = 4 x 10719 s has a diffusion capacitance of
Ic 1073 A
C D= —TFp= ——=—
Vr 0.025 vV
This is a substantial capacitance, but it can be even larger if the transistor is operating at significantly
higher currents.

(4x107"%s) =16 x 107 F = 16 pF
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EXERCISE: Calculate the value of the diffusion capacitance for a power transistor operating at
a current of 10 A and a temperature of 100°C if t = 4 nS.

ANSWER: 1.24 uF—a significant capacitance!

5.8.5 FREQUENCY DEPENDENCE OF THE COMMON-EMITTER CURRENT GAIN

The forward-biased diffusion and reverse-biased pn junction capacitances of the bipolar transistor
cause the current gain of the transistor to be frequency-dependent. An example of this dependence
is given in Fig. 5.25. At low frequencies, the current gain has a constant value B, but as frequency
increases, the current gain begins to decrease. The unity-gain frequency fr is defined to be the
frequency at which the magnitude of the current gain is equal to 1. The behavior in the graph is
described mathematically by

B(S) = % (5.41)
1 -
" (fﬂ)

where fg = fr/Br is the B-cutoff frequency. For the transistor in Fig. 5.25, B = 125 and
fr =300 MHz.

EXERCISE: What is the B-cutoff frequency for the transistor in Fig. 5.25?
ANSWER: 2.4 MHz

5.8.6 THE EARLY EFFECT AND EARLY VOLTAGE
In the transistor output characteristics in Fig. 5.10, the current is saturated at a constant value in
the forward-active region. However, in a real transistor, there is actually a positive slope to the
characteristics, as shown in Fig. 5.26. The collector current is not truly independent of vcg. Note
that this situation is the same as that found for the MOSFET in saturation.

It has been observed experimentally that when the output characteristic curves are extrapolated
back to the point of zero collector current, the curves all intersect at approximately a common

3
10 E T T T T TTIm T T T T T8 /
= = ig=100 uA

§D N N 2 40mA [ /
= 100 = E| £ i5= 80 uA
] E 3 =
:F A\ : : /
5] L _ 8 -7 ip=60uA
g 1o N 3 20mAF e Pk
= E E| e [ 1 in =40 UA
e E \ E S - ip=40p
@ C = ////://:,,f///
5 - \ . P St ip=20 uA
g 10° 0A ===
g E -V,
S = Ir

107! _|||||_uu ERRTIT I RRTIT | AT M | | | | |

10t 105 106 107 108 10° -15V -10V -5V 0V 5V 10V 15V
Frequency (Hz) Collector-emitter voltage

Figure 5.25 Magnitude of the common-emitter Figure 5.26 Transistor output characteristics identifying the Early

current gain S vs. frequency. voltage V.



5.8 Nonideal Behavior of the Bipolar Transistor 267

point, vcg = — V4. This phenomenon is called the Early effect [7], and the voltage V, is called
the Early voltage after James Early from Bell Laboratories, who first identified the source of the
behavior. A relatively small value of Early voltage (14 V) has been used in Fig. 5.26 to exaggerate
the characteristics. Values for the Early voltage more typically fall in the range

10V<V, <200V

5.8.7 MODELING THE EARLY EFFECT

The dependence of the collector current on collector-emitter voltage is easily included in the sim-
plified mathematical model for the forward-active region of the BJT by modifying Eqgs. (5.23) as

follows:
. UBE UcE
e S[GXP<VT H { VA}

Br = Bro {1 + UC—E} (5.42)
Va

Bro represents the value of Sy extrapolated to Vcr = 0. In these expressions, the collector current
and current gain now have the same dependence on vcg, but the base current remains independent
of vcg. This result assumes that the current gain is determined by back injection into the emitter [9].
This is consistent with Fig. 5.26, in which the separation of the constant-base-current curves in the
forward-active region increases as vcg increases, indicating that the current gain B is increasing
with VUCE-

EXERCISE: A transistor has Is = 107'5 A, B, = 75, and V, = 50 V and is operating with
Vge = 0.7 Vand Ve = 10 V. What are /g, B, and Ic? What would be 8 and /¢ if V4 = co?

ANSWERS: 19.3 pA, 90, 1.74 mA; 75, 1.45 mA

5.8.8 ORIGIN OF THE EARLY EFFECT

Modulation of the base width Wj of the transistor by the collector-base voltage is the cause of
the Early effect. As the reverse bias across the collector-base junction increases, the width of the
collector-base depletion layer increases, and width W of the base decreases. This mechanism, termed
base-width modulation, is depicted in Fig. 5.27, in which the collector-base space charge region

Emitter | Base | Collector
n p n
Wg
- >
Wp

L_1-Vep
L 1— Ucp>Vcni

Space charge region widths

Figure 5.27 Base-width modulation, or Early effect.



268 Chapter 5 Bipolar Junction Transistors

width is shown for two different values of collector-base voltage corresponding to effective base
widths of Wy and W. Equation (5.31) demonstrated that collector current is inversely proportional
to the base width Wp, so a decrease in Wp results in an increase in transport current i7. This decrease
in Wpg as Vcp increases is the cause of the Early effect.

The Early effect reduces the output resistance of the bipolar transistor and places an important
limit on the amplification factor of the BJT. These limitations are discussed in detail in Part III,
Chapter 13. Note that both the Early effect in the BJT and channel-length modulation in the MOSFET
are similar in the sense that the nonzero slope of the output characteristics is related to changes in
a characteristic length within the device as the voltage across the output terminals of the transistor
changes.

5.9 TRANSCONDUCTANCE

The important transistor parameter, transconductance g,,, was introduced during our study of the
MOSEFET in Chapter 4. For the bipolar transistor, g, relates changes in i¢ to changes in vgg as
defined by

 dic
8n = Jo—

(5.43)

Q—point

For Q-points in the forward-active region, Eq. (5.43) can be evaluated using the collector-current
expression from Eq. (5.23):

d Isex vBE
dUBE S P VT

Equation (5.44) represents the fundamental relationship for the transconductance of the bipolar
transistor, in which we find g, is directly proportional to collector current. This is an important
result that is used many times in bipolar circuit design. It is worth noting that the expression for the
transit time defined in Eq. (5.40) can be rewritten as

8m =

1 V, 1
= L exp (ﬁ) _le (5.44)
Q—point Vr Vr Vr

C
r=—-"2  or Cp=gnir (5.45)
gm

DESIGN BIPOLAR TRANSCONDUCTANCE

M= NoTE

&m = VT

The BJT transconductance is substantially higher than that of the FET for a given operating
current. This difference will be discussed in more detail in Chapters 13 and 14.

DESIGN TRANSIT TIME

e NoTE

Cp
Tp = —
8m

Transit time tr places an upper limit on the frequency response of the bipolar device.
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EXERCISE: What is the value of the BJT transconductance g, at /Ic =100 pA and I¢c=
1 mA? What is the value of the diffusion capacitance for each of these currents if the base
transit time is 25 ps?

ANSWERS: 4 mS; 40 mS; 0.1 pF; 1.0 pF

5.10 BIPOLAR TECHNOLOGY AND SPICE MODEL

In order to create a comprehensive simulation model of the bipolar transistor, our knowledge of the
physical structure of the transistor is coupled with the transport model expressions and experimental
observations. We typically start with a circuit representation of our mathematical model that describes
the intrinsic behavior of the transistor, and then add additional elements to model parasitic effects
introduced by the actual physical structure. Remember, in any case, that our SPICE models represent
only lumped element equivalent circuits for the distributed structure that we actually fabricate.

Although we will seldom use the equations that make up the simulation model in hand calcu-
lations, awareness and understanding of the equations can help when SPICE generates unexpected
results. This can happen when we attempt to use a device in an unusual way, or the simulator may
produce a circuit result that does not fit within our understanding of the device behavior. Under-
standing the internal model is SPICE will help us interpret whether our knowledge of the device is
wrong or if the simulation has some built-in assumptions that may not be consistent with a particular
application of the device.

5.10.1 QUALITATIVE DESCRIPTION

A detailed cross section of the classic npn structure from Fig. 5.1 is given in Fig. 5.28(a), and the
corresponding SPICE circuit model appears in Fig. 5.28(b). Circuit elements ic, ip, Cpg, and Cpc
describe the intrinsic transistor behavior that we have discussed thus far. Current source i represents
the current transported across the base from collector to emitter, and current source i 3 models the total
base current of the transistor. Base-emitter and base-collector capacitances Cpr and Cpc include

:
=)

Cis
Cgc
|] A
” SUB
ig
o—AA—¢
B Ry ‘ ic
Emitter Cpr —/— ip
11 ]
CRNGINNT
p-type base p-type T
" isolation
n-type .co ector Ry
n+ buried layer
p-type substrate E

(a) (b)

Figure 5.28 (a) Top view and cross section of a junction-isolated transistor; (b) SPICE model for the npn transistor.
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models for the diffusion capacitances and the junction capacitances associated with the base-emitter
and base-collector diodes.

Additional circuit elements are added to account for nonideal characteristics of the real transistor.
The physical structure has a large-area pn junction that isolates the collector from the substrate of
the transistor and separates one transistor from the next. The primary components related to this
junction are diode current ig and capacitance C,s. Base resistance Rp accounts for the resistance
between the external base contact and the intrinsic base region of the transistor. Similarly, collector
current must pass through R¢ on its way to the active region of the collector-base junction, and Rg
models any extrinsic emitter resistance present in the device.

5.10.2 SPICE MODEL EQUATIONS
The SPICE models are comprehensive but quite complex. Even the model equations presented below
represent simplified versions of the actual models. Table 5.3 defines the SPICE parameters that are
used in these expressions. More complete descriptions can be found in [8].

The collector and base currents are given by

ip—1i i i i

lc=—( ;(BQR)—ﬁ—iRG and iBZB_};__:‘Fﬁ‘i‘iFG“‘iRG
TABLE 5.3
Bipolar Device Parameters for Circuit Simulation (npn/ pnp)
PARAMETER NAME DEFAULT TYPICAL VALUES
Saturation current IS 10716 A 3x 10717 A
Forward current gain BF 100 100
Forward emission coefficient NF 1 1.03
Forward Early voltage VAF ) 5V
Forward knee current IKF 00 0.05 A
Reverse knee current IKR 00 0.01 A
Reverse current gain BR 1 0.5
Reverse emission coefficient NR 1 1.05
Base resistance RB 0 250
Collector resistance RC 0 50 @
Emitter resistance RE 0 1Q
Forward transit time TF 0 0.15 ns
Reverse transit time TR 0 15 ns
Base-emitter leakage saturation current ISE 0 1 pA
Base-emitter leakage emission coefficient NE 1.5 1.4
Base-emitter junction capacitance CIE 0 0.5 pF
Base-emitter junction potential PHIE 0.8V 0.8V
Base-emitter grading coefficient ME 0.5 0.5
Base-collector leakage saturation current ISC 0 1 pA
Base-collector leakage emission coefficient NC 1.5 1.4
Base-collector junction capacitance ClC 0 1 pF
Base-collector junction potential PHIC 0.75V 0.7V
Base-collector grading coefficient MC 0.33 0.33
Substrate saturation current ISS 0 1fA
Substrate emission coefficient NS 1 1
Collector-substrate junction capacitance CJS 0 3 pF
Collector-substrate junction potential VIS 0.75V 0.75V

Collector-substrate grading coefficient MIJS 0 0.5
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in which the forward and reverse components of the transport current are

ir =18 {exp (N;BEV ) - 1] and  ip=IS- [exp (N;BCV ) . 1} (5.46)
VT VT

Base current i 5 includes two added terms to model additional space-charge region currents associated
with the base-emitter and base-collector junctions:

irg = ISE - {exp (NI?EVT> — 1] and irg = ISC - [exp (NéB-CVT> — 1]

Another new addition is the KBQ term that includes voltages VAF and VAR to model the Early
effect in both the forward and reverse modes, as well as “knee current” parameters IKF and IKR that
model current gain fall-off at high operating currents. This phenomenon is discussed in more detail
in Chapter 13.

in e \1VK
T4 144 (2L 4 15
1 +{ + (IKF+ IKRH
KBQ = 2 |4 JcB  VEp
VAF = VAR

Note as well that the Early effect is cast in terms of v rather than vc as we have used in Eq. (5.42).
The substrate junction current is expressed as

. USUB-C
=1ISS- — ] -1
B [exp (NS : VT) }

The three device capacitances in Fig. 5.28(b) are represented by

Cpe= T TF+ oF 4 Che= % TR+ s
BE — NEVT (1_ VBE )MJE an BC — NCVT (1_ Ve )MJC
PHIE PHIC
cJs
Cjs = e (5.47)
(1+5s)

Cpr and Cpc consist of two terms representing the diffusion capacitance (modeled by TF and NE or
TR and NC) and depletion-region capacitance (modeled by CJE, PHIE, and MJE or CJC, PHIC, and
MJC). The substrate diode is normally reverse biased, so it is modeled by just the depletion-layer
capacitance (CJS, VIS, and MJS). The base, collector, and emitter series resistances are RB, RC,
and RE, respectively.

The SPICE model for the pnp transistor is similar to that presented in Fig. 5.28(b) except for
reversal of the current sources and of the positive polarity for the transistor currents and voltages.

5.10.3 HIGH-PERFORMANCE BIPOLAR TRANSISTORS

Modern transistors designed for high-speed switching and analog RF applications use combinations
of sophisticated shallow and deep trench isolation processes to reduce the device capacitances and
minimize the transit times. These devices typically utilize polysilicon emitters, have extremely narrow
bases, and may incorporate SiGe base regions. A layout and cross section of a very high frequency,
trench-isolated SiGe bipolar transistor appear in Fig. 5.29. In the research laboratory, SiGe transistors
have already exhibited cutoff frequencies in excess of 300 GHz.
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(a) (b)

Figure 5.29 (a) Top view of a high-performance trench-isolated integrated circuit; (b) cross section of a high-performance
trench-isolated bipolar transistor. J.D. Cressler, “Reengineering silicon: SiGe heterojunction bipolar technology,” IEEE Spec-
trum, Vol. 32, Issue: 3, pp. 49-55. March 1995. Copyright ©1995, IEEE. Reprinted with permission.

EXERCISE: A bipolar transistor has a current gain of 80, a collector current of 350 pA for Vgg =
0.68V, and an Early voltage of 70 V. What are the values of SPICE parameters BF, IS, and VAF?
Assume T = 27°C.

ANSWERS: 80,1.39 fA, 70V

5.11 PRACTICAL BIAS CIRCUITS FOR THE BJT

The goal of biasing is to establish a known quiescent operating point, or Q-point that represents
the initial operating region of the transistor. In the bipolar transistor, the Q-point is represented by the
dc values of the collector-current and collector-emitter voltage (Ic, Vcg) for the npn transistor, or
emitter-collector voltage (I¢, V) for the pnp.

Logic gates and linear amplifiers use very different operating points. For example, the circuit
in Fig. 5.30(a) can be used as either a logic inverter or a linear amplifier depending upon our choice
of operating points. The voltage transfer characteristic (VTC) for the circuit appears in Fig. 5.31(a),
and the corresponding output characteristics and load line appear in Fig. 5.31(b). For low values of
vk, the transistor is nearly cut off, and the output voltage is 5 V, corresponding to a binary “1” in a
logic applications. As vgg increases above 0.6 V, the output drops quickly and reaches its “on-state”
voltage of 0.18 V for vpg greater than 0.8 V. The BJT is now operating in its saturation region, and
the small “on-voltage” would correspond to a “0” in binary logic. These two logic states are also
shown on the transistor output characteristics in Fig. 5.31(b). When the transistor is “on,” it conducts
a substantial current, and vcg falls to 0.18 V. When the transistor is off, vcg equals 5 V. We study
the design of logic gates in detail in Chapters 6—9.

For amplifier applications, the Q-point is located in the region of high slope (high gain) of the
voltage transfer characteristic, also indicated in Fig. 5.31(a). At this operating point, the transistor is
operating in the forward-active region, the region in which high voltage, current, and/or power gain
can be achieved. To establish this Q-point, a dc bias Vy is applied to the base as in Fig. 5.30(b),
and a small ac signal vy, is added to vary the base voltage around the bias value.” The variation in

9 Remember vgr = Var + Vee.
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Figure 5.30 (a) Circuit for a logic inverter; (b) the same transistor used as a linear amplifier.
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Figure 5.31 (a) Voltage transfer characteristic (VTC) with quiescent operating points (Q-points) corresponding to an
“on-switch,” an amplifier, and an “off switch”; (b) the same three operating points located on the transistor output
characteristics.

total base-emitter voltage v causes the collector current to change, and an amplified replica of the
ac input voltage appears at the collector. Our study of the design of transistor amplifiers begins in
Chapter 13 of this book.

In Secs. 5.6 to 5.10, we presented simplified models for the four operating regions of the BJT.
In general, we will not explicitly insert the simplified circuit models for the transistor into the circuit
but instead will use the mathematical relationships that were derived for the specific operating region
of interest. For example, in the forward-active region, the results Vg = 0.7 V and I = Brlp will
be utilized to directly simplify the circuit analysis.

In the dc biasing examples that follow, the Early voltage is assumed to be infinite. In general,
including the Early voltage in bias circuit calculations substantially increases the complexity of the
analysis but typically changes the results by less than 10 percent. In most cases, the tolerances on the
values of resistors and independent sources will be 5 to 10 percent, and the transistor current-gain
Br may vary by a factor of 4:1 to 10:1. For example, the current gain of a transistor may be specified
to be a minimum of 50 with a typical value of 100 but no upper bound specified. These tolerances
will swamp out any error due to neglect of the Early voltage. Thus, basic hand design will be done
ignoring the Early effect, and if more precision is needed, the calculations can be refined through
SPICE analysis.
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5.11.1 FOUR-RESISTOR BIAS NETWORK

Because of the BJT’s exponential relationship between current and voltage and its strong dependence
on temperature 7', the constant V5 form of biasing utilized in Fig. 5.30 does not represent a practical
technique. One of the best circuits for stabilizing the Q-point of a transistor is the four-resistor bias
network in Fig. 5.32. R, and R, form a resistive voltage divider across the power supplies (12 V
and 0 V) and attempt to establish a fixed voltage at the base of transistor Q. Rg and R are used to
define the emitter current and collector-emitter voltage of the transistor.

Our goal is to find the Q-point of the transistor: (Ic, Vcg). The first steps in analysis of the
circuit in Fig. 5.32(a) are to split the power supply into two equal voltages, as in Fig. 5.32(b), and
then to simplify the circuit by replacing the base-bias network by its Thévenin equivalent circuit, as
shown in Fig. 5.32(c). Vgp and R are given by

R, R R,

EQ cc R+ R, EQ R+ R

(5.48)
For the values in Fig. 5.32(c), Vgp =4 V and Rpp = 12 k2.

Detailed analysis begins by assuming a region of operation in order to simplify the BJT model
equations. Because the most common region of operation for this bias circuit is the forward-active

Vee =+12V
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Figure 5.32 (a) The four-resistor bias network (assume gy = 75 for analysis); (b) four-resistor bias circuit with replicated
sources; (c) Thévenin simplification of the four-resistor bias network (assume Br = 75); (d) load line for the four-resistor
bias circuit.
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region, we will assume it to be the region of operation. Using Kirchhoff’s voltage law around
loop 1:

Veo =IpRpo + Ve + IgRg = IgRpo + Ver + (Br + D IR (5.49)

Solving for I yields

Veo =V 1
I EQ BE where Vzp = Vr ln( B + 1> (5.50)

"~ Reo+ (Br+ DR Is/Br

Unfortunately, combining these expressions yields a transcendental equation. However, if we assume
an approximate value of Vg, then we can find the collector and emitter currents using our auxillary
relationships Ic = Brlp and I = (Br + 1) Ip:

Veo =V, Veo =V,
Ic EQ BE and Iy = EQ BE

R 1 R
EQ (Br + )RE EQ
Br Br Br+1)
For large current gain (8r > 1), Egs. (5.50) and (5.51) simplify to

(5.51)

+ Rg

Veo — Ve
Rego + BrRe

Vip — V.
Ip == EC 7 TBE  Gith Iy =

REQ
+ R
Br O F

Now that /¢ is known, we can use loop 2 to find collector-emitter voltage V¢ p:

(5.52)

R
Vee = Vee — IcRc — IgRg = Vee — Ic (Rc + a—E) (5.53)
F

since I = I¢c/ap. Normally o = 1, and Eq. (5.53) can be simplified to
Vee = Vee — Ic(Re + Rg) (5.54)

For the circuit in Fig. 5.32, we are assuming forward-active region operation with Vgz = 0.7V,

and the Q-point values (I¢, V) are
Veo =V 4—-0.7)V 204 nA
Jo= E2T TBE ( ) —204pA with Ip=—"

Reo 12kQ
R —— +16k2
7 TI

Ver = Vee — Ic(Re + Rg) = 12 — 2.04 pAQ22kQ + 16kQ) = 4.25V

=272 pA

A more precise estimate using Eqgs. (5.51) and (5.53) gives a Q-point of (202 pA, 4.30 V). Since
we don’t know the actual value of Vg, and haven’t considered any tolerances, the approximate
expressions give excellent engineering results.

All the calculated currents are greater than zero, and using the result in Eq. (5.53), Vgc =
Ve — Veg = 0.7 — 4.32 = —3.62 V. Thus, the base-collector junction is reverse-biased, and the
assumption of forward-active region operation was correct. The Q-point resulting from our analysis
is (204 pA, 4.25 V).

Before leaving this bias example, let us draw the load line for the circuit and locate the Q-point
on the output characteristics. The load-line equation for this circuit already appeared as Eq. (5.51):

R
Ver = Vee — (RC + —E> Ic = 12 — 38,2001 (5.55)
afp

Two points are needed to plot the load line. Choosing I = 0 yields Vg = 12V, and picking
Vee = O yields Ic = 314 pA. The resulting load line is plotted on the transistor common-emitter
output characteristics in Fig. 5.32(d). The base current was already found to be 2.7 pA, and the
intersection of the Iz = 2.7-pA characteristic with the load line defines the Q-point. In this case we
must estimate the location of the /g = 2.7-A curve.
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EXERCISE: Find the values of I, Ic, I, and Ve using the exact expressions in Egs. (5.50),
(5.51), and (5.53).

ANSWERS: 2.69 pA, 202 pA, 204 pA, 4.28 V
EXERCISE: Find the Q-point for the circuit in Fig. 5.32(d) if R; = 180 k® and R, = 360 k<.
ANSWER: (185 pA, 4.93 V)

DESIGN

M= NoTE

Good engineering approximations for the Q-point in the four-resistor bias circuit for the bipolar
transistor are:
Veo — Ve ~ Veo — VBE

= and VCE = VCC — IC(RC + RE)
Rg

5.11.2 DESIGN OBJECTIVES FOR THE FOUR-RESISTOR BIAS NETWORK

Now that we have analyzed a circuit involving the four-resistor bias network, let us explore the design
objectives of this bias technique through further simplification of the expression for the collector and
emitter currents in Eq. (5.52) by assuming that Rgo/Br < Rg. Then

~ Veo — VBE
S
The value of the Thévenin equivalent resistance R is normally designed to be small enough to ne-
glect the voltage drop caused by the base current flowing through R . Under these conditions, /¢ and
I are set by the combination of Vg, Vg, and Rg. In addition, Vi is normally designed to be large
enough that small variations in the assumed value of Vgg will not materially affect the value of /.

In the original bias circuit reproduced in Fig. 5.33, the assumption that the voltage drop Iz R g <
(Veo — Vge) is equivalent to assuming [z < I, so that I; = I,. For this case, the base current of
0, does not disturb the voltage divider action of R; and R,. Using the approximate expression in
Eq. (5.54) estimates the emitter current in the circuit in Fig. 5.32 to be

I = Ic (5.56)

P A L A S
=T 60000 0 F
Vee = +12V

36 kQ 22 kQ

18 kQ 16 kQ

Figure 5.33 Currents in the base-bias network.
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which is essentially the same as the result that was calculated using the more exact expression. This
is the result that should be achieved with a proper bias network design. If the Q-point is independent
of I, it will also be independent of current gain § (a poorly controlled transistor parameter). The
emitter current will then be approximately the same for a transistor with a current gain of 50 or 500.
Generally, a very large number of possible combinations of R, and R, will yield the desired
value of Vgp. An additional constraint is needed to finalize the design choice. A useful choice is
to limit the current used in the base-voltage-divider network by choosing I, < I /5. This choice
ensures that the power dissipated in bias resistors R; and R, is less than 20 percent of the total
quiescent power consumed by the circuit and at the same time ensures that I, > Iz for § > 50.

EXERCISE: Show that choosing I, = I¢/5 is equivalent to setting /, = 10/5 when B = 50.

EXERCISE: Find the Q-point for the circuit in Fig. 5.32(a) if B is 500.
ANSWER: (206 pA, 4.18 V)

FOUR-RESISTOR BIAS DESIGN

Here we explore the design of the network most commonly utilized to bias the BJT — the four-
resistor bias circuit.

Design a four resistor bias circuit to give a Q-point of (750 pA, 5 V) using a 15-V supply with
an npn transistor having a minimum current gain of 100.

Known Information and Given Data: The bias circuit in Fig. 5.33 with Vo = 15 V; the npn
transistor has Br = 100, Ic = 750 pA, and Veg =5 V.

Unknowns: Base voltage Vg, voltages across resistors Ry and R¢; values for Ry, R;, Rc, and Rg

Approach: First, partition V¢ between the collector-emitter voltage of the transistor and the
voltage drops across R¢ and Rg. Next, choose currents /; and I, for the base-bias network. Finally,
use the assigned voltages and currents to calculate the unknown resistor values.

Assumptions: The transistor is to operate in the forward-active region. The base-emitter voltage
of the transistor is 0.7 V. The Early voltage is infinite.

Analysis: To calculate values for the resistors, we must know the voltage across the emitter and
collector resistors and the voltage V. Vg is designed to be 5 V. One common choice is to divide
the remaining power supply voltage (Vec — Veg) = 10 V equally between Ry and Rc. Thus,
Ve =5V and Vo =5+ Vg = 10 V. The values of Rc and Ry are then given by

_ Vee = Ve 5V Ve 5V

Re = = =6.67kQ and Rp=-—- = = 6.60 k2
Ic 750 pA Ir 758 pA

The base voltage is given by Vy = Vg + Vgg = 5.7 V. For forward-active region operation,
we know that Iy = Ic/Br = 750 wA/100 = 7.5 pA. Now choosing I, = 107z, we have
I, =75pA, I, =9I = 67.5 pA, and R, and R, can be determined:

Vg 57V _Vee=Vp 15—-57V

=_2 = =844kQ R, = =
9l  67.5 pA 1015 75 pA

Check of Results: We have Vg = 0.7 Vand Vgec = 5.7 — 10 = —4.3 V, which are consistent
with the forward-active region assumption.

. = 124kQ (5.57)
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Discussion: The values calculated above should yield a Q-point very close to the design goals.
However, if we were going to build this circuit in the laboratory, we must use standard values for
the resistors. In order to complete the design, we refer to the table of resistor values in Appendix A.
There we find that the closest available values are Ry =82 k2, R, =120 k2, R = 6.8 k2, and
Rc = 6.8 k.

Computer-Aided Analysis: SPICE can now be used as a tool to check our design. The final
design using these values appears in Fig. 5.34 for which SPICE (with IS = 2 x 10~"> A) predicts
the Q-point to be (734 wA, 4.97 V), with Vg = 0.65 V. We neglected the Early effect in our hand
calculations, but SPICE represents an easy way to check this assumption. If we set VAF =75V
in SPICE, keeping the other parameters the same, the new Q-point is (737 pnA, 4.93 V). Clearly,
the changes caused by the Early effect are negligible.

Vee =+15V

120 kQ 6.8 kQ

82 kQ 6.8 kQ

Figure 5.34 Final bias circuit design for a Q-point of (750 WA, 5 V).

EXERCISE: Redesign the four resistor bias circuit to yield /Ic = 75 pA and Vg = 5 V.
ANSWERS: (66.7 k2, 66.0 k2, 844 kR, 1.24 MQ) — (68 kR, 68 k2, 820 kL, 1.20 M)

DESIGN  FOUR-RESISTOR BIAS DESIGN

e NoTE

5. Rc is determined by the desired collector-emitter voltage:  Rc¢

V Vi
1. Choose the Thévenin equivalent base voltage Vio: % < Vi = —;C
V
2. Select Ry toset Iy = 91p: R, = ZEQ
9lp
Vee =V,
3. Select R, to set I, = 101p: R, = cc £Q
101g
. . . . Veo — Vie
4. Rp is determined by Vg and the desired collector current: Ry = 7
c
Vee — Vee

12

_RE
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exaMPLE 5.10  TWO-RESISTOR BIASING

In this example, we explore an alternative bias circuit that requires only two resistors and apply it
to biasing a pnp transistor. (A similar circuit can also be used for npn biasing.)

PROBLEM Find the Q-point for the pnp transistor in the two-resistor bias circuitin Fig. 5.35. Assume S = 50.

SOLUTION Known Information and Given Data: Two-resistor bias circuit in Fig. 5.35 with a pnp transistor
with B = 50

Unknowns: Ic, Ve

Approach: Assume a region of operation and analyze the circuit to determine the Q-point; check

7 +9\: answer to see if it is consistent with the assumptions.
» Ny Ve _ Assumptions: Forward-active region operation with Vg = 0.7 V and V4 = oo
EC
- 1, Analysis: The voltages and currents are first carefully labeled as in Fig. 5.35. To find the Q-point,
Ic ) 15150 an equation is written involving Vg, I, and I¢:
i) 9 = Vgp + 18,00075 + 1000(I¢ + Ip) (5.58)
Applying the assumption of forward-active region operation with S = 50 and Vg = 0.7V
Figure 5.35 Two- 9 = 0.7+ 18,0001 + 1000(51)1p (5.59)
resistor bias circuit d
with a pnp transistor. i
1= 2"V h0uA g =501, = 6.01 mA (5.60)
— — = = . m .
#7 769,000 2 : ¢ s

The emitter-collector voltage is given by
Vee =9 —1000(¢ + Ip) =2.88 V and Ve =2.18V (5.61)
The Q-point is (I¢, Vgc) = (6.01 mA, 2.88 V).

Check of Results: Because I, I, and Vi are all greater than zero, the assumption of forward-
active region operation is valid, and the Q-point is correct.

Computer-Aided Analysis: For this circuit, SPICE simulation yields (6.04 mA, 2.95 V), which
agrees with the Q-point found from our hand calculations.

EXERCISE: What is the Q-point if the 18-k resistor is increased to 36 k2?
ANSWER: (4.77 mA, 4.13V)
EXERCISE: Draw the two-resistor bias circuit (a “mirror image” of Fig. 5.35) that would be used

to bias an npn transistor from a single +9-V supply using the same two resistor values as in
Fig. 5.35.

ANSWER: See circuit topology in Fig. P5.95.
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TABLE 5.4

BJT lterative Bias Solution /s = 107154,
Vr =25 mV

Ve (V) Ic (A) Vi (V)
0.7000 2.015E—-04 0.6507
0.6507 2.046E—04 0.6511
0.6511 2.045E—04 0.6511

The bias circuit examples that have been presented in this section have only scratched the surface
of the possible techniques that can be used to bias npn and pnp transistors. However, the analysis
techniques have illustrated the basic approaches that need to be followed in order to determine the
Q-point of any bias circuit.

5.11.3 ITERATIVE ANALYSIS OF THE FOUR-RESISTOR BIAS CIRCUIT

To find /¢ in the circuit in Fig. 5.32, we need to find a solution to the following pair of equations:

Veo =V 1,
Ic = £Q BE where Vgr = Viln [ = +1 (5.62)
Reo n (Br + I)R I
TEQ L PFT R,
Br Br

In the analysis presented in Sec. 5.11, we avoided the problems associated with solving the resulting
transcendental equation by assuming that we knew an approximate value for Vgr. However, we can
find a numerical solution to these two equations with a simple iterative process.

1. Guess a value for V.

. . Veo — Ve
2. Calculate the corresponding value of I using I~ = R BrrD
~Ee T R,
Br Br

I
3. Update the estimate for Vgg as Vi, = VrIn <I—C + 1).
s

4. Repeat steps 2 and 3 until convergence is obtained.

Table 5.4 presents the results of this iterative method showing convergence in only three iterations.
This rapid convergence occurs because of the very steep nature of the I — Vg characteristic.

One might ask if this result is better than the one obtained earlier in Sec. 5.11.1. As in most
cases, the results are only as good as the input data. Here we need to accurately know the values of
saturation current /g and temperature 7 in order to calculate V. In the earlier solution we simply
estimated V. In reality, we seldom will know exact values of either /s or 7', so we most often are
just satisfied with a direct estimate for V.

EXERCISE: Repeat the iterative analysis above to find the values of /¢ and Vp¢ if V; = 25.8 mV.

ANSWERS: 203.3 pA, 0.6718 V

5.12 TOLERANCES IN BIAS CIRCUITS

When a circuit is actually built in discrete form in the laboratory or fabricated as an integrated circuit,
the components and device parameters all have tolerances associated with their values. Discrete
resistors can easily be purchased with 10 percent, 5 percent, or 1 percent tolerances, whereas typical
resistors in ICs can exhibit even wider variations (30 percent). Power supply voltage tolerances
are often 5 to 10 percent.
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For a given bipolar transistor type, parameters such as current gain may cover a range of 5:1
to 10:1, or may be specified with only a nominal value and lower bound. The BJT (or diode)
saturation current may vary by a factor varying from 10:1 to 100:1, and the Early voltage may
vary by £20 percent. In FET circuits, the values of threshold voltage and the transconductance
parameter can vary widely, and in op-amp circuits all the op-amp parameters (e.g., open-loop gain,
input resistance, output resistance, input bias current, unity gain frequency, and the like) typically
exhibit wide specification ranges.

In addition to these initial value uncertainties, the values of the circuit components and parameters
change as temperature changes and the circuit ages. It is important to understand the effect of these
variations on our circuits and be able to design circuits that will continue to operate correctly in the face
of these element variations. Worst-case analysis and Monte Carlo analysis, introduced in Chapter 1,
are two approaches that can be used to quantify the effects of tolerances on circuit performance.

5.12.1 WORST-CASE ANALYSIS

Worst-case analysis is often used to ensure that a design will function under an expected set of
component variations. In Q-point analysis, for example, the values of components are simultaneously
pushed to their various extremes in order to determine the worst possible range of Q-point values.
Unfortunately, a design based on worst-case analysis is usually an unnecessary overdesign and
economically undesirable, but it is important to understand the technique and its limitations.

WORST-CASE ANALYSIS OF THE FOUR-RESISTOR BIAS NETWORK

Now we explore the application of worst-case analysis to the four-resistor bias network with a
given set of tolerances assigned to the elements. In Ex. 5.12, the bounds generated by the worst-
case analysis will be compared to a statistical sample of the possible network realizations using
Monte Carlo analysis.

I
Req Iy €

12 kQ ™
~ +12V <> Vee
Vio <_> 4v Ig

RE% 16 kQ
=

Figure 5.36 Simplified four-resistor bias circuit of Fig. 5.32(c) assuming nominal element values.

Find the worst-case values of I and V- for the transistor circuit in Fig. 5.36 that is the simplified
version of the four-resistor bias circuit in Fig. 5.32. Assume that the 12-V power supply has a
5 percent tolerance and the resistors have 10 percent tolerances. Also, assume that the transistor
current gain has a nominal value of 75 with a 50 percent tolerance.

Known Information and Given Data: Simplified version of the four-resistor bias circuit in
Fig. 5.36; 5 percent tolerance on V¢; 10 percent tolerance for each resistor; current Sro = 75
with a 50 percent tolerance
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Unknowns: Minimum and maximum values of I and Vg

Approach: Find the worst-case values of Vg, and Rg; use the results to find the extreme values
of the base and collector current; use the collector current values to find the worst-case values of
collector-emitter voltage.

Assumptions: To simplify the analysis, assume that the voltage drop in Rg, can be neglected
and By is large so that I is given by

Veo — Ve

IC;IEZ R
13

(5.63)

Assume Vg is fixed at 0.7 V.

Analysis: To make I as large as possible, Vg, should be at its maximum extreme and R should
be a minimum value. To make /. as small as possible, Vg, should be minimum and Ry should
be a maximum value. Variations in Vg are assumed to be negligible but could also be included if
desired.

The extremes of Rp are 0.9 x 16 kQ = 14.4 k2, and 1.1 x 16 k2 = 17.6 k2. The extreme
values of Vg are somewhat more complicated:

Vio = V. Ri Ve (5.64)
EQ — CCR1+R2_1+& .
Ry

To make Vi as large as possible, the numerator of Eq. (5.64) should be large and the denominator
small. Therefore, V¢ and R; must be as large as possible and R, as small as possible. Conversely,
to make V¢ as small as possible, Vo and R; must be small and R, must be large. Using this
approach, the maximum and minimum values of Vg are

12 V(1.05) 12 V(0.95)

18 k2(1.1) 18 k€2(0.9)
Substituting these values in Eq. (5.60) gives the following extremes for I:
max 478V =07V min | 331V =07V
[P = ——————— =283 pA and Ip" = —————— =148 pA
14,400 2 17,600 €2

The worst-case range of Vg will be calculated in a similar manner, but we must be careful to
watch for possible cancellation of variables:

Veo — Ve

Vee = Vee — IcRe — IgRg = Vee — IcRe — R
E

Ry (5.65)
Vee = Vee — IcRe — Veg + Ve

The maximum value of Vg in Eq. (5.65) occurs for minimum /- and minimum R¢ and vice versa.
Using (5.65), the extremes of Vg are

VIS = 12 V(1.05) — (148 pA)(22 k2 x 0.9) =331V +0.7V=706V ¢
Viin 2 12 V(0.95) — (283 wA)(22kQ x 1.1) —4.78 V 4+ 0.7 V = 0.471 Saturated!

Check of Results: The transistor remains in the forward-active region for the upper extreme,
but the transistor saturates (weakly) at the lower extreme. Because the forward-active region
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assumption is violated in the latter case, the calculated values of Vg and I would not actually
be correct for this case.

Discussion: Note that the worst-case values of I differ by a factor of almost 2:1! The maximum
I is 38 percent greater than the nominal value of 210 pA, and the minimum value is 37 percent
below the nominal value. The failure of the bias circuit to maintain the transistor in the desired
region of operation for the worst-case values is evident.

5.12.2 MONTE CARLO ANALYSIS

In a real circuit, the parameters will have some statistical distribution, and it is unlikely that the
various components will all reach their extremes at the same time. Thus, the worst-case analysis
technique will overestimate (often badly) the extremes of circuit behavior. A better approach is to
attack the problem statistically using the method of Monte Carlo analysis.

As discussed in Chapter 1, Monte Carlo analysis uses randomly selected versions of a given
circuit to predict its behavior from a statistical basis. For Monte Carlo analysis, values for each
parameter in the circuit are selected at random from the possible distributions of parameters, and the
circuit is then analyzed using the randomly selected element values. Many random parameter sets are
generated, and the statistical behavior of the circuit is built up from analysis of the many test cases.

In Ex. 5.12, an Excel spreadsheet will be used to perform a Monte Carlo analysis of the four-
resistor bias circuit. As discussed in Chapter 1, Excel contains the function RAND( ), which generates
random numbers uniformly distributed between 0 and 1, but for Monte Carlo analysis, the mean must
be centered on R, and the width of the distribution set to (2&) X Ryom:

R = Ruom[1 + 26(RAND() — 0.5)] (5.66)

MONTE CARLO ANALYSIS OF THE FOUR-RESISTOR BIAS NETWORK

Now, let us compare the worst-case results from Ex. 5.11 to a statistical sample of 500 randomly
generated realizations of the transistor embedded in the four-resistor bias network.

Perform a Monte Carlo analysis to determine statistical distributions for the collector current
and collector-emitter voltage for the four-resistor circuit in Figs. 5.32 and 5.36 with a 5 percent
tolerance on V¢, 10 percent tolerances for each resistor and a 50 percent tolerance on the current
gain Bro =75.

Known Information and Given Data: Circuit in Fig. 5.32(a) as simplified in Fig. 5.36; 5 percent
tolerance on the 12-V power supply Vcc; 10 percent tolerance on each resistor; current 8o = 75
with a 50 percent tolerance

Unknowns: Statistical distributions of I- and Vg

Approach: To perform a Monte Carlo analysis of the circuit in Fig. 5.32, random values are
assigned to V¢c, Ry, Ry, Rc, RE, and S and then used to determine /- and V. A spreadsheet
is used to make the repetitive calculations. Since the computer is performing the calculations, the
most exact formulas will be used in the analyses.

Assumptions: Vpp is fixed at 0.7 V. Random values are statistically independent of each other.
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Computer-Aided Analysis: Using the tolerances from the worst-case analysis, the power supply,
resistors, and current gain are represented as

1. Vee=12(1+0.1(RAND() — 0.5))
2. R, =18,000(1 4+ 0.2(RAND() —0.5))

3. R,=36,000(1 + 0.2(RAND() — 0.5)) (5.67)
4. Rg=16,000(1 + 0.2(RAND() — 0.5))

5. Rc=22,000(1+ 0.2(RAND() — 0.5))

6. Br=75(14 (RAND() — 0.5))

Remember, each variable evaluation must invoke a separate call of the function RAND() so that
the random values will be independent of each other.

In the spreadsheet results presented in Fig. 5.37, the random elements in Eq. (5.67) are used to
evaluate the equations that characterize the bias circuit:

R
7. VEQ:VCCﬁ 10 ICZﬂFIB
1 2
8. Rpy = 1 1=te (5.68)
. EQ R+ R, . g e .
Veo — Ve

9. Ig

= 12. Veg=Vee — IcRc — IgR
Reo + (Br + DRy CE cc — lcikc — lERE

Because the computer is doing the work, the complete expressions rather than the approximate
relations for the various calculations are used in Eq. (5.68).'° Once Egs. (5.67) and (5.68) have
been entered into one row of the spreadsheet, that row can be copied into as many additional rows
as the number of statistical cases that are desired. The analysis is automatically repeated for the
random selections to build up the statistical distributions, with each row representing one analysis
of the circuit. At the end of the columns, the mean and standard deviation can be calculated using
built-in spreadsheet functions, and the overall spreadsheet data can be used to build histograms
for the circuit performance.

An example of a portion of the spreadsheet output for 25 cases of the circuit in Fig. 5.36 is
shown in Fig. 5.37, whereas the full results of the analysis of 500 cases of the four-resistor bias
circuit are given in the histograms for /- and Vg in Fig. 5.38. The mean values for I and Vg
are 207 pA and 4.06 V, respectively, which are close to the values originally estimated from the
nominal circuit elements. The standard deviations are 19.6 wA and 0.64 V, respectively.

Check of Results and Discussion: The worst-case calculations from Sec. 5.12.1 are indicated
by the arrows in the figures. It can be seen that the worst-case values of Vcg lie well beyond
the edges of the statistical distribution, and that saturation does not actually occur for the worst
statistical case evaluated. If the Q-point distribution results in the histograms in Fig. 5.38 were not
sufficient to meet the design criteria, the parameter tolerances could be changed and the Monte
Carlo simulation redone. For example, if too large a fraction of the circuits failed to be within some
specified limits, the tolerances could be tightened by specifying more expensive, higher accuracy
resistors.

10Note that Vge could also be treated as a random variable.
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value

Collector-emitter voltage histogram

500 values
Collector-current histogram Interval = 0.14 V
E 500 values Mean = 4.06 V
= Interval = 3 pA Standard deviation = 0.64 V

Mean = 207 pA
Standard deviation = 19.5 pA

Worst-case
value

Worst-case Worst-case
value value

0.00015

(a)

| Mean 0.0003 0 | Mean 7
(b)

Figure 5.38 (a) Collector-current histogram; (b) collector-emitter voltage histogram.

Some implementations of the SPICE circuit analysis program actually contain a Monte Carlo

option in which a full circuit simulation is automatically performed for any number of randomly
selected test cases. These programs are a powerful tool for performing much more complex statistical
analysis than is possible by hand. Using these programs, statistical estimates of delay, frequency
response, and so on of circuits with large numbers of transistors can be performed.

SUMMARY

The bipolar junction transistor (BJT) was invented in the late 1940s at the Bell Telephone
Laboratories by Bardeen, Brattain, and Shockley and became the first commercially successful
three-terminal solid-state device.

Although the FET has become the dominant device technology in modern integrated circuits,
bipolar transistors are still widely used in both discrete and integrated circuit design. In particular,
the BJT is still the preferred device in many applications that require high speed and/or high
precision such as op-amps, A/D and D/A converters, and wireless communication products.

The basic physical structure of the BJT consists of a three-layer sandwich of alternating p- and
n-type semiconductor materials and can be fabricated in either npn or pnp form.

The emitter of the transistor injects carriers into the base. Most of these carriers traverse the base
region and are collected by the collector. The carriers that do not completely traverse the base
region give rise to a small current in the base terminal.

A mathematical model called the transport model (a simplified Gummel-Poon model) characterizes
the i-v characteristics of the bipolar transistor for general terminal voltage and current conditions.
The transport model requires three unique parameters to characterize a particular BJT: saturation
current /g and forward and reverse common-emitter current gains Sz and Sg.

Br is a relatively large number, ranging from 20 to 500, and characterizes the significant current
amplification capability of the BJT. Practical fabrication limitations cause the bipolar transistor
structure to be inherently asymmetric, and the value of By is much smaller than B, typically
between 0 and 10.
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SPICE circuit analysis programs contain a comprehensive built-in model for the transistor that is
an extension of the transport model.

Four regions of operation — cutoff, forward-active, reverse-active, and saturation — were identi-
fied for the BJT based on the bias voltages applied to the base-emitter and base-collector junctions.
The transport model can be simplified for each individual region of operation.

The cutoff and saturation regions are most often used in switching applications and logic circuits. In
cutoff, the transistor approximates an open switch, whereas in saturation, the transistor represents
a closed switch. However, in contrast to the “on” MOSFET, the saturated bipolar transistor has
a small voltage, the collector-emitter saturation voltage Vcgsar, between its collector and emitter
terminals, even when operating with zero collector current.

In the forward-active region, the bipolar transistor can provide high voltage and current gain for
amplification of analog signals. The reverse-active region finds limited use in some analog- and
digital-switching applications.

The i-v characteristics of the bipolar transistor are often presented graphically in the form of
the output characteristics, ic versus vcg or vcp, and the transfer characteristics, i versus vgg
Or Vgpg.

In the forward-active region, the collector current increases slightly as the collector-emitter voltage
increases. The origin of this effect is base-width modulation, known as the Early effect, and it can
be included in the model for the forward-active region through addition of the parameter called
the Early voltage V.

The collector current of the bipolar transistor is determined by minority-carrier diffusion across
the base of the transistor, and expressions were developed that relate the saturation current
and base transit time of the transistor to physical device parameters. The base width plays a
crucial role in determining the base transit time and the high-frequency operating limits of the
transistor.

Minority-carrier charge is stored in the base of the transistor during its operation, and changes
in this stored charge with applied voltage result in diffusion capacitances being associated with
forward-biased junctions. The value of the diffusion capacitance is proportional to the collector
current /c.

Capacitances of the bipolar transistor cause the current gain to be frequency-dependent. At the beta
cutoff frequency fp, the current gain has fallen to 71 percent of its low frequency value, whereas
the value of the current gain is only 1 at the unity-gain frequency fr.

The transconductance g,, of the bipolar transistor in the forward-active region relates differential
changes in collector current and base-emitter voltage and was shown to be directly proportional
to the dc collector current /.

Design of the four-resistor network was investigated in detail. The four-resistor bias circuit pro-
vides highly stable control of the Q-point and is the most important bias circuit for discrete
design.

Techniques for analyzing the influence of element tolerances on circuit performance include the
worst-case analysis and statistical Monte Carlo analysis methods. In worst-case analysis, element
values are simultaneously pushed to their extremes, and the resulting predictions of circuit behav-
ior are often overly pessimistic. The Monte Carlo method analyzes a large number of randomly
selected versions of a circuit to build up a realistic estimate of the statistical distribution of cir-
cuit performance. Random number generators in high-level computer languages, spreadsheets, or
MATLAB can be used to randomly select element values for use in the Monte Carlo analysis.
Some circuit analysis packages such as PSPICE provide a Monte Carlo analysis option as part of
the program.
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KEY TERMS

Base

Base current

Base width

Base-collector capacitance
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PROBLEMS

If not otherwise specified, use Iy = 107! A,
V/\ =50 V, ,3/«‘ = ]OO, [’jk = 1, and V/glg =0.70 V.

S1P

5.1.

hysical Structure of the Bipolar Transistor

Figure P5.1 is a cross section of an npn bipolar tran-
sistor similar to thatin Fig. 5.1. Indicate the letter (A
to G) that identifies the base contact, collector con-
tact, emitter contact, n-type emitter region, n-type
collector region, and the active or intrinsic transistor
region.

P+

Pt D

F

52T
5.2.

5.3.

igure P5.1

he Transport Model for the npn Transistor

(a) Label the collector, base, and emitter termi-
nals of the transistor in the circuit in Fig. P5.2.
(b) Label the base-emitter and base-collector volt-
ages, Vpg and Vpc, respectively. (¢c) If V =
0.650V, Ic = 275pA, and Iz = 3pA, find
the values of Ig, Br, and Bi for the transistor if
Or = 0.55.

Figure P5.2

Figure P5.3

(a) Label the collector, base, and emitter termi-
nals of the transistor in the circuit in Fig. P5.3.
(b) Label the base-emitter and base-collector volt-
ages, Vpg and Vpc, and the positive directions
of the collector, base, and emitter currents. (c) If
V =0.615V, I = =275 pA, and Iz = 125 pA,
find the values of I, Br, and By for the transistor if
ar = 0.975.
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5.4. Fill in the missing entries in Table P5.4

5.5.

5.6.

TABLE P5.4
a B
0.200
0.400
0.750
10.0
0.980
200
1000
0.9998

(a) Find the current Iy in Fig. P5.5(a). (Use the
parameters specified at the beginning of the prob-
lem set.) (b) Find the current /-5 and the voltage

(b)

Figure P5.5

For the transistor in Fig. P5.6, Iy = 5 x 10716 A,
Br = 100, and Bz = 0.25. (a) Label the collec-
tor, base, and emitter terminals of the transistor.
(b) What is the transistor type? (c) Label the base-
emitter and base-collector voltages, Vzg and Vi,
respectively, and label the normal directions for I,
Ic, and Ip. (d) What is the relationship between
Ve and Vpc? (e) Write the simplified form of the
transport model equations that apply to this partic-
ular circuit configuration. Write an expression for
Ig/I. Write an expression for I /I¢. (f) Find the
values of I, Ic, Ig, Ve, and Vg,

[)

150 A

Figure P5.6
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5.7.

5.8.

5.9.

5.10.

Chapter 5 Bipolar Junction Transistors

For the transistor in Fig. P5.7, Iy = 6 x
1071 A, Br = 100, and B = 0.25. (a) Label
the collector, base, and emitter terminals of the
transistor. (b) What is the transistor type? (c) Label
the base-emitter and base-collector voltages, Vpp
and Vpc, and the normal directions for I, I, and
I. (d) Find the values of I, I¢, I, Vg, and Ve
if I =175 pA.

Figure P5.7 Figure P5.8

For the transistor in Fig. P5.8, Iy = 6 x 107! A,
Br = 100, and Bz = 0.25. (a) Label the collec-
tor, base, and emitter terminals of the transistor.
(b) What is the transistor type? (c) Label the base-
emitter and base-collector voltages, Vg and Vpc,
and label the normal directions for /¢, I, and Ip.
(d) Find the values of I, I¢, Iy, Vpc, and Vg if
I =175 pA.

The npn transistor is connected in a “diode” con-
figuration in Fig. P5.9(a). Use the transport model
equations to show that the i-v characteristics of this
connection are similar to those of a diode as defined
by Eq. (3.11). What is the reverse saturation current
of this “diode” if Is = 4 x 10~ A, Br = 100, and
Br = 0.257

(@ (b) (©)
Figure P5.9

The npn transistor is connected in an alternate
“diode” configuration in Fig. P5.9(b). Use the trans-
port model equations to show that the i-v char-
acteristics of this connection are similar to those
of a diode as defined by Eq. (3.11). What is the
reverse saturation current of this “diode” if Iy =
5x 10718 A, Br = 60, and Bz = 3?

5.11.

5.12.

Calculate i7 foran npn transistor with Is = 1075 A
for (a) Vagg = 0.70 V and Ve = —3 V and
(b) VBC =0.70 V and VBE =-3V.

Calculate i for an npn transistor with Ig = 107'° A

for (a) Vagg = 0.75 V and Ve = —3 V and
(b) VBC =0.75 V and VBE =-3V.

5.3 The pnp Transistor

5.13.

5.14.

5.15.

Figure P5.13 is a cross section of a pnp bipolar
transistor similar to the npn transistor in Fig. 5.1.
Indicate the letter (A to G) that represents the base
contact, collector contact, emitter contact, p-type
emitter region, p-type collector region, and the
active or intrinsic transistor region.

E F G
[ ‘ [ 1 [ ‘ [ 1 [ ‘ [ 1
al L | D p*
n C it
P
nt B
Figure P5.13

For the transistor in Fig. P5.14(a), Is = 6 x 10719 A,
ar = 0.985, and agx = 0.25. (a) What type of
transistor is in this circuit? (b) Label the collec-
tor, base, and emitter terminals of the transistor.
(c) Label the emitter-base and collector-base volt-
ages, and label the normal direction for I, I¢, and
Ig. (d) Write the simplified form of the transport
model equations that apply to this particular circuit
configuration. Write an expression for I /I-. Write
an expression for Iz /Ig. (e) Find the values of I,
Ic, Ig, Br, Br, Ves, and Vcp.

100 uA 1 14

(@ (b)
Figure P5.14

(a) Label the collector, base, and emitter termi-
nals of the transistor in the circuit in Fig. P5.14(b).
(b) Label the emitter-base and collector-base volt-
ages, Vgp and Vg, and the normal directions for
Ig, Ic,and Ig. (c) If V = 0.640 V, I = 300 pA,



5.16.

5.17.

5.18.

5.19.

and Iz = 4 pA, find the values of I, Br, and Bg
for the transistor if g = 0.2.

Repeat Prob. 5.9 for the “diode-connected” pnp
transistor in Fig. P5.9(c).

For the transistor in Fig. P5.17, Iy = 4 x 1071¢ A,
Br =75, and Br = 4. (a) Label the collector, base,
and emitter terminals of the transistor. (b) What is
the transistor type? (c) Label the emitter-base and
collector-base voltages, and label the normal direc-
tion for I, I¢, and 1. (d) Write the simplified form
of the transport model equations that apply to this
particular circuit configuration. Write an expression
for Iz /Ig. Write an expression for Iz /Ic. (e) Find
the values of Ig, Ic, Iz, Vcp, and Vigp.

35uA

Figure P5.17

For the transistor in Fig. P5.18(a), Is=2.5 x
107'% A, Br =100, and B; =5. (a) Label the col-
lector, base, and emitter terminals of the transistor.
(b) Whatis the transistor type? (c) Label the emitter-
base and collector-base voltages, Vg and Vg, and
the normal directions for I, I, and I. (d) Find the
values of Ig, I¢, I, Vep, and Vi if I = 300 pA.
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and emitter terminals of the transistor. (b) What is
the transistor type? (c) Label the emitter-base and
collector-base voltages, Vg and Vg, and label the
normal directions for I, I-, and Iz. (d) Find the
values of I, I¢c, I, Vcp, and Vip if I = 300 pA.
Calculate i7 for a pnp transistor with Iy = 6 X
10719 A for (a) Vgg = 0.70 Vand Ve = =3V
and (b) Vcp =0.70 Vand Vgg = -3 V.

5.20.

5.4 Equivalent Circuit Representations for the
Transport Models

5.21. Calculate the values of iy and the two diode cur-
rents for the equivalent circuit in Fig. 5.8(a) for an
npn transistor with Iy = 2.5 x 1071° A, 8, = 80,
and Br = 2for(a) Vgg =0.73Vand Ve = -3 V

and (b) VBC =0.73 Vand VBE =-3V.

Calculate the values of iy and the two diode cur-
rents for the equivalent circuit in Fig. 5.8(b) for a
pnp transistor with I = 4 x 107%A, Bz = 60,
and Bg = 3for(a) Vgp =0.68 Vand Vo = -3V
and (b) Vep = 0.68 Vand Vi = —3 V.

The Ebers-Moll model was one of the first mathe-
matical models used to describe the characteristics
of the bipolar transistor. Show that the npn transport
model equations can be transformed into the Ebers-
Moll equations below. [Hint: Add and subtract 1
from the collector and emitter current expressions
in Egs. (5.13).]

5.22.

5.23.

iE = [ES |:CXp (U‘}/’l) — ]:l _aRICS {exp (l;:;c) — 1:|
T T

ic = arplgg {exp (l)‘l/i) — 1]
T

— ICS |:6Xp <v‘f—c> — l:|
T

ipg = (1 —ap)lgs {exp <U‘l/’l) - l} + (1 —ag)lcs [exp <v‘};l) - 1}
A T

aplps = aglcs

J__ -

@ (b)
Figure P5.18

For the transistor in Fig. P5.18(b), Iy =2.5x 10710 A,
Br =75, and Br = 1. (a) Label the collector, base,

5.24. What are the values of ar, g, Igs, and Icg for an
npn transistor with Iy = 4 x 10715 A, Bz = 100,
and ,BR = 0.5? Show that O[F]ES = OlRICS'

The Ebers-Moll model was one of the first mathe-
matical models used to describe the characteristics
of the bipolar transistor. Show that the pnp trans-
port model equations can be transformed into the
Ebers-Moll equations that follow. [Hint: Add and
subtract 1 from the collector and emitter current
expressions in Egs. (5.17).]

5.25.
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. VEB UcB
=1 — | = 1| —agrl — | =1
= s o (52 =1 - awtes oo () -
. VEB Uce
=arl — | —=1| =1 — | =1
lc =aflgs [CXP < vV, ) } cs [CXP ( A ) }

EB

ip=0—ap)lgs {CXP (vv_) - 1] + A —ag)lcs {GXP (

T

5.5 The i-v Characteristics of the Bipolar
Transistor

*5.26.

The common-emitter output characteristics for an
npn transistor are given in Fig. P5.26. What are the
values of Br at (a) Ic = S mA and Veg = 5 V?
®)Ic =7mA and Ve =7.5V?(c) Ic = 10 mA
and VCE =14V?

10 mA
| __— | Iz=100pA
I, =
2 — | Iz=80uA
£
] e
= smA Iz =60 pA
3
,:O‘ //-
o Iy =40 uA
— Iy =20 pA
0A
ov 5V 10V 15V
Ve
Figure P5.26

Plot the common-emitter output characteristics for
an npn transistor having Is = 1 fA, Bro = 75, and
V4 = 50V for six equally spaced base current steps
ranging from O to 200 wA and Vg ranging from 0
to 10 V.

Use SPICE to plot the common-emitter output char-
acteristics for the npn transistor in Prob. 5.27.

Plot the common-emitter output characteristics for
a pnp transistor having Iy = 1 fA, Bro = 75, and
Va = 50V for six equally spaced base current steps
ranging from O to 250 wA and V¢ ranging from O
to 10 V.

Use SPICE to plot the common-emitter output char-
acteristics for the pnp transistor in Prob. 5.29.

What is the reciprocal of the slope (in mV/decade)
of the logarithmic transfer characteristic for an npn
transistor in the common-emitter configuration at a

aplps = aglcy

UC_B) _ 1]
Vr

temperature of (a) 200 K, (b) 250 K, (¢) 300 K, and
(d) 350 K?

Junction Breakdown Voltages

*5.32.

5.33.

5.34.

*5.35.

In the circuits in Fig. P5.9, the Zener breakdown
voltages of the collector-base and emitter-base
junctions of the transistors are 40 V and 5V, re-
spectively. What s the Zener breakdown voltage for
each “diode” connected transistor configuration?

In the circuits in Fig. P5.33, the Zener break-
down voltages of the collector-base and emitter-
base junctions of the npn transistors are 40 V and
6.3 V, respectively. What is the current in the resis-
tor in each circuit? (Hint: The equivalent circuits
for the transport model equations may help in visu-
alizing the circuit.)

+5V +5V 5V
R 24kQ
R Z 1.6kQ R < 1.6kQ
-5V -5V -5V
(@ (b) (©
Figure P5.33

An npn transistor is biased as indicated in
Fig. 5.9(a). What is the largest value of V- that can
be applied without junction breakdown if the break-
down voltages of the collector-base and emitter-
base junctions of the npn transistors are 60 V and
5V, respectively?

(a) For the circuit in Fig. P5.35, what is the max-
imum value of I according to the transport model
equations if Ig = 1 x 10719 A, B = 50, and Bz =
0.5? (b) Suppose that I = 1 mA. What happens to
the transistor? (Hint: The equivalent circuits for the
transport model equations may help in visualizing
the circuit.)



Figure P5.35

5.6 The Operating Regions of the Bipolar
Transistor

5.36.

5.37.

5.38.

5.39.

5.40.

5.41.

5.42.

5.43.

Indicate the region of operation in the following
table for an npn transistor biased with the indicated
voltages.

BASE-COLLECTOR
VOLTAGE
BASE-EMITTER
VOLTAGE 0.7V —50V
—50V
0.7V

(a) What are the regions of operation for the tran-
sistors in Fig. P5.97 (b) In Fig. P5.44(a)? (¢) In
Fig. P5.477 (d) In Fig. P5.60?

(a) What is the region of operation for the transistor
in Fig. P5.5(a)? (b) In Fig. P5.5(b)?

(a) What is the region of operation for the transistor
in Fig. P5.6? (b) In Fig. P5.77 (c) In Fig. P5.8?
Indicate the region of operation in the following

table for a pnp transistor biased with the indicated
voltages.

COLLECTOR-BASE
VOLTAGE
EMITTER-BASE
VOLTAGE 0.7V —0.65V
0.7V
—0.65V

(a) What is the region of operation for the transistor
in Fig. P5.2? (b) In Fig. P5.3?

(a) What is the region of operation for the transistor
in Fig. P5.14(a)? (b) In Fig. P5.14(b)?

(a) What is the region of operation for the tran-
sistor in Fig. P5.17? (b) In Fig. P5.18(a)? (c) In
Fig. P5.18(b).
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5.7 Transport Model Simplifications
Cutoff Region

5.44.

**5.45.

(a) What are the three terminal currents I, Ip,
and /¢ in the transistor in Fig. P5.44(a) if Iy =
2 x 10718 A, Br =75, and Bz = 4? (b) Repeat for
Fig. P5.44(b).

e
e

(a)
Figure P5.44

e
e

(b)

An npn transistor with Iy = 5 x 1071° A, ap =
0.95, and ag = 0.5 is operating with Vg = 0.3 V
and Ve = —5 V. This transistor is not truly operat-
ing in the region defined to be cutoff, but we still say
the transistor is off. Why? Use the transport model
equations to justify your answer. In what region is
the transistor actually operating according to our
definitions?

Forward-Active Region

5.46. What are the values of 8r and Iy for the transistor
in Fig. P5.46?
5.47. What are the values of 8z and Iy for the transistor
in Fig. P5.47?
07V 07V
0.125 mA 30 uA
0.7V 0 10 mA 0.7V C 2.5 mA
Figure P5.46 Figure P5.47
5.48. What are the emitter, base, and collector currents in
the circuitin Fig. 5.16 if Vg = 3.3V, R = 47k,
and Br = 80?7
**5.49. A transistor has fr = 500 MHz and B = 75.

(a) What is the B-cutoff frequency fg of this tran-
sistor? (b) Use Eq. (5.41) to find an expression for
the frequency dependence of ar —that is, ar (f).
[Hint: Write an expression for §(s).] What is the
a-cutoff frequency for this transistor?
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*5.50. (a) Start with the transport model equations for the
pnp transistor, Eq. (5.17), and construct the sim-
plified version of the pnp equations that apply to
the forward-active region [similar to Eq. (5.23)].
(b) Draw the simplified model for the pnp transis-
tor similar to the npn version in Fig. 5.19(c).

Reverse-Active Region

5.51. What are the values of Sz and Iy for the transistor
in Fig. P5.51?

5.52. What are the values of S and I for the transistor
in Fig. P5.52?

orv ()
0.7V

30 A 0.125 mA
0.7V 0 75 uA 07V C 0.1 mA
Figure P5.51 Figure P5.52

5.53. Find the emitter, base, and collector currents in the
circuit in Fig. 5.20 if the negative power supply is
—3.3V, R =56k, and Bz = 0.75.

Saturation Region

5.54. What is the saturation voltage of an npn transistor
operating with Ic = I mA and I3 = 1 mAif B =50
and Br = 3? What is the forced S of this transistor?
What is the value of Vg if Iy =10"" A?

5.55. Derive an expression for the saturation voltage
Vecsar of the pnp transistor in a manner similar
to that used to derive Eq. (5.29).

5.56. (a) What is the collector-emitter voltage for the

transistor in Fig. P5.56(a) if Iy = 7 x 107'6 A,
ar = 0.99, and g = 0.5? (b) What is the emitter-
collector voltage for the transistor in Fig. P5.56(b)
for the same transistor parameters?

o o

[i=0 ji=0

500 pA 500 pA

(a) (b)
Figure P5.56

5.57.
5.58.

Repeat Prob. 5.56 for oy = 0.95 and o = 0.33.

(a) What base current is required to achieve a satu-
ration voltage of Vcgsar = 0.1 V in an npn power
transistor that is operating with a collector current of
20Aif Br = 20and B = 0.9? Whatis the forced
of this transistor? (b) Repeat for Vegsar = 0.04 V.

An npn transistor with Ig=1 x 107'® A, oy =
0.975,and ag = 0.5 is operating with Vg =0.70 V
and Ve =0.50 V. By definition, this transistor is
operating in the saturation region. However, in the
discussion of Fig. 5.17 it was noted that this tran-
sistor actually behaves as if it is still in the forward-
active region even though Ve > 0. Why? Use the
transport model equations to justify your answer.

**5.59.

5.60. The current / in both circuits in Fig. P5.60 is
200 pA. Find the value of Vg for both circuits
if I =4 x107'° A, B = 50, and Bz = 0.5. What

is Vegsar in Fig. P5.60(b)?

o+3V o
| 1e=0

(a) (b)
Figure P5.60

Diodes in Bipolar Integrated Circuits

5.61. Derive the resultin Eq (5.25) by applying the circuit

constraints to the transport equations.

5.62. What is the reverse saturation current of the diode
in Fig. 5.18 if the transistor is described by I, =

3x 107 A, ag = 0.20, and af = 0.98?

The two transistors in Fig. P5.63 are identical. What
is the collector current of Q, if I/ = 25 pA and
Br = 60?

5.63.

+5V

1 0 0y

I
Figure P5.63

5.8 Nonideal Behavior of the Bipolar Transistor

5.64. Calculate the diffusion capacitance of a bipolar
transistor with a forward transit time 7z = 50 ps



5.65.

5.66.

5.67.

5.68.

5.70.

for collector currents of (a) 2 wA, (b) 200 pA,
(c) 20 mA.

(a) What is the forward transit time 7 for an npn
transistor with a base width Wy = 0.5 wm and a
base doping of 10'/cm?? (b) Repeat the calculation
for a pnp transistor.

What is the diffusion capacitance for an npn
transistor with 7z =10 ps if it is operating at
300 K with a collector currents of 1 wA, 1 mA,
and 10 mA?

A transistor has fr = 750 MHz and f3 = 5MHz.
What is the dc current gain of the transistor? What
is the current gain of the transistor at 50 MHz? At
250 MHz?

A transistor has a dc current gain of 180 and a cur-
rent gain of 10 at 75 MHz. What are the unity-gain
and beta-cutoff frequencies of the transistor?

An npn transistor is needed that will operate at
a frequency of at least 5 GHz. What base width
is required for the transistor if the base doping is
5 x 10"8/cm3?

What is the saturation current for a transistor with
a base doping of 6 x 10'%/cm?, a base width of
0.25 pm, and a cross-sectional area of 25 pm??

The Early Effect and Early Voltage

5.71.

5.72.

5.73.

5.74.

5.75.

5.76.

An npn transistor is operating in the forward-active
region with a base current of 3 wA. It is found that
Ic =225 pAfor Veg =5 Vand I = 265 pA for
Vee = 10 V. What are the values of Sro and V,
for this transistor?

An npn transistor with Is = 5x 107'° A, Bz = 100,
and V4, = 65 V is biased in the forward-active
region with Vg = 0.72 V and Vo = 10 V.
(a) What is the collector current I-? (b) What
would be the collector current I if V4 = oo?
(c) What is the ratio of the two answers in parts (a)
and (b)?

The common-emitter output characteristics for an
npn transistor are given in Fig. P5.26. What are the
values of Brp and V, for this transistor?

(a) Recalculate the currents in the transistor in
Fig. 5.14if Ig=5 x 107" A, Brp =19, and V, =
50 V. What is Vpg? (b) What was Vpg for
VA =00?

Recalculate the currents in the transistor in
Fig. 5.16if Brp = 50and V4, =50 V.

Repeat Prob. 5.63 if V4 =50 Vand Vg = 0.7 V.
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5.9 Transconductance

5.71.

5.78.

What is the transconductance of an npn transis-
tor operating at 350 K and a collector current of
(a) 10 pA, (b) 100 pA, (c) 1 mA, and (d) 10 mA?
(e) Repeat for a pnp transistor.

(a) What collector current is required for an npn
transistor to have a transconductance of 25 mS at
a temperature of 320 K? (b) Repeat for a pnp tran-
sistor. (c) Repeat parts (a) and (b) for a transcon-
ductance of 40 w.S.

5.10 Bipolar Technology and SPICE Model

5.79.

5.80.

5.81.
n

(a) Find the default values of the following param-
eters for the generic npn transistor in the version of
SPICE that you use in class: IS, BF, BR, VAF, VAR,
TF, TR, NF, NE, RB, RC, RE, ISE, ISC, ISS, IKF,
IKR, CIJE, CIJC. (Note: The values in Table 5.P1
may not agree exactly with your version of SPICE.)
(b) Repeat for the generic pnp transistor.

A SPICE model for a bipolar transistor has a for-
ward knee current IKF = 10 mA and NK = 0.5.
How much does the KBQ factor reduce the collec-
tor current of the transistor in the forward-active
region if iy is (a) 1 mA? (b) 10 mA? (c) 50 mA?

Plot a graph of KBQ versus iy for an npn transis-
tor with IKF = 40 mA and NK = 0.5. Assume
forward-active region operation with VAF = oc.

5.11 Practical Bias Circuits for the BJT
Four-Resistor Biasing

5.82.

68 kQ

36 kQ

(@)

(a) Find the Q-point for the circuit in Fig. P5.82(a).
Assume that 8z =50 and Vzg =0.7 V. (b) Repeat
the calculation if all the resistor values are decreased
by a factor of 5. (c) Repeat if all the resistor values
are increased by a factor of 5. (d) Find the Q-point
in part (a) using the numerical iteration method if
Is = 0.5 fA and V; = 25.8 mV.

+9V +9V
43 kQ 36 kQ 27 kQ
27 kQ 68 kQ 43 kQ

(®)
Figure P5.82
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5.83.

5.84.

9]
[ee)
(@)

9

9]
Qo
o

Chapter 5 Bipolar Junction Transistors

(a) Find the Q-point for the circuit in Fig. P5.82(a) if
the 27-k<2 resistor is replaced with a 33-kS2 resistor.

(b) Assume that Br=75.

(a) Find the Q-point for the circuit in Fig. P5.82(b).
Assume Br = 50 and Vzr = 0.7 V. (b) Repeat if
all the resistor values are decreased by a factor of 5.
(c) Repeat if all the resistor values are increased by
a factor of 5. (d) Find the Q-point in part (a) using
the numerical iteration method if /g = 0.4 fA and
Vr =25.8 mV.

(a) Find the Q-point for the circuit in Fig. P5.82(b)
if the 27-k<2 resistor is replaced with a 33-k<2 resis-
tor. Assume Br = 75 and Vg = 0.7 V. (b) Repeat
if all the resistor values are decreased by a factor of
5. (c) Repeat if all the resistor values are increased
by a factor of 5. (d) Find the Q-point in part (a)
using the numerical iteration method if /s = 1 fA
and Vy = 25.8 mV.

(a) Simulate the circuits in Fig. P5.82 and com-
pare the SPICE results to your hand calculations
of the Q-point. Use Iy = 1 x 1071 A, Bz = 50,
Br = 0.25, and V4 = oo. (b) Repeat for V, =
60 V. (c) Repeat (a) for the circuit in Fig. 5.32(c).
(d) Repeat (b) for the circuit in Fig. 5.32(c).

Find the Q-point in the circuit in Fig. 5.32 if
R, = 120 k2, R, = 270 k2, R = 100 k€2,
Rc = 150 k2, Br = 100, and the positive power
supply voltage is 10 V.

Find the Q-point in the circuit in Fig. 5.32 if
R =62 kQ, R, =13 kQ, Rc=5.1 kQ, Rg=
7.5 k2, Br = 100, and the positive power supply
voltage is 15 V.

(a) Design a four-resistor bias network for an npn
transistor to give Ic = 10 pA and Vegp = 6 V if
Vee = 18 V and Br = 75. (b) Replace your ex-
act values with the nearest values from the resistor
table in Appendix C and find the resulting Q-point.

(a) Design a four-resistor bias network for an npn
transistor to give Ic = 1 mA, Ve = 5V, and
Ve=3Vif Ve =12V and B = 100. (b) Replace
your exact values with the nearest values from the
resistor table in Appendix C and find the resulting
Q-point.

(a) Design a four-resistor bias network for a pnp
transistor to give I = 850 pA, Vgc = 2V, and
Ve =1Vif Ve =5V and Br = 60. (b) Replace
your exact values with the nearest values from the
resistor table in Appendix C and find the resulting
Q-point.

5.92.

(a) Design a four-resistor bias network for a pnp
transistor to give Ic =11 mA and Vgc=5 V if
Vee =1V, Ve =—15V,and Br = 50. (b) Replace
your exact values with the nearest values from the
resistor table in Appendix C and find the resulting

Q-point.

Load Line Analysis

*5.93.

*5.94.

7.5 kQ

3.3kQ

Figure P5.93

Find the Q-point for the circuit in Fig. P5.93 using
the graphical load-line approach. Use the charac-
teristics in Fig. P5.26.

Find the Q-point for the circuit in Fig. P5.94 using
the graphical load-line approach. Use the charac-
teristics in Fig. P5.26, assuming that the graph is a
plot of i¢ vs. vgc rather than i¢ vs. veg.

10V +10V

820 Q 3.6 kQ 330Q

Figure P5.94

Bias Circuits and Applications

5.95.

Find the Q-point for the circuit in Fig. P5.95 for
(@) Br = 40, (b) Br = 120, () Br = 250,
(d) Br = oo. (e) Find the Q-point in part (a) us-
ing the numerical iteration method if Iy = 0.5 fA
and Vy = 25.8 mV. (f) Find the Q-point in part (c)
using the numerical iteration method if /g = 0.5 fA
and V; = 25.8 mV.

o +5V

+9V
1.5kQ
10kQ
RB
= 5V
Figure P5.95 Figure P5.96
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Design the bias circuit in Fig. P5.96 to give a
Q-point of Ic = 10 mA and Vg = 3 V if the tran-
sistor current gain r = 60. What is the Q-point if
the current gain of the transistor is actually 40?
Design the bias circuit in Fig. P5.97 to give a
Q-point of I = 20 pA and Vg = 0.90 V if
the transistor current gain is S = 50 and Vg =
0.65 V. What is the Q-point if the current gain of
the transistor is actually 1257

+15V
ch

Figure P5.97

Bias Circuit Applications

5.98.

*5.99.

**5.100.

The Zener diode in Fig. P5.98 has V; = 6 V
and Rz = 100 2. What is the output voltage if
I =20mA?Use Is = 1 x 107'° A, B = 50, and
Br = 0.5 to find a precise answer.

+15V

Zener diode

Figure P5.98

Create a model for the Zener diode and simulate
the circuit in Prob. P5.98. Compare the SPICE
results to your hand calculations. Use Iy = 1 x
107'° A, Br = 50, and Bz = 0.5.

The circuit in Fig. P5.100 has Vg = 7 V and
Rpo = 100 Q. What is the output resistance R,
of this circuit for i; = 20 mA if R, is defined as
R, = —dvo/di;? Assume B = 50.

5.101.

5.102.

297

Problems

+12V

Vo
VEQ

Figure P5.100

What is the output voltage v, in Fig. P5.101 if the
op-amp is ideal? What are the values of the base
and emitter currents and the total current supplied
by the 15-V source? Assume Br = 60. What is the
op-amp output voltage?

+15V

Figure P5.101

What is the output voltage v, in Fig. P5.102 if the
op-amp is ideal? What are the values of the base
and emitter currents and the total current supplied
by the 15-V source? Assume Br = 40. What is the
op-amp output voltage?

+15V

Vo

Figure P5.102
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RIEXTER

Active region HIRX

Base Hitl

Base current FoAk

Base width HXFEE
Base-collector capacitance LA A H XA
Base-emitter capacitance FoA- % B IX H A
Base-width modulation X 55 B
S-cutoff frequency f3 PR [

Bipolar junction transistor(BJT) PO R KE (BIT)
Collector B

Collector current BEH B LI
Common-base output characteristic LA 6 H R
Common-emitter output characteristic % SR Sy HH e
Common -emitter transfer characteristic o B A T e A
Cutoff region Ak IX

Dc bias B

Diffusion capacitance FTHHE A

Early effect Early R

Early voltage V4 Early L% 7,
Ebers-Moll model EMAs A

Emitter KR

Emitter current KA HLR
Equilibrium electron density AT R
Transfer characteristic 3 s
Forward-active region IEFAJRX

Forward common-emitter current gain S T TR S L 4 B
Forward common-base current gain AE [ LA P A
Forward transit time 7 TEIAME ST 1] 7
Forward transport current IETA 54
Gummel-Poon model GPHAY
Inverse-active region RIAA X

Inverse common-emitter current gain Bl $E A A LA

Inverse common-base current gain Sl BN F A 1



Monte Carlo analysis

Normal- active region

Normal common-emitter current gain
Normal common-base current gain
npn transistor

Output characteristic

pnp transistor

Quiescent operating point

Q-point

Reverse-active region

Reverse common-emitter current gain
Reverse common-base current gain oz
Reverse common-base current gain S
Saturation region

Saturation voltage

SPICE model parameters BF+ IS. VAF
Transconductance

Transfer characteristic

Transistor saturation current
Transport model

Transistor Unity-gain frequency
Unity-gain frequency fr

Worst-case analysis

ARIEXT IR

SRR
NAEIEER/-S

RGN I o
RN BRI 25
npninfARE
i R
prpin R

A TAE S
Qi
RIAAIRX
SR SR L
AR IS & ok
I B SR IR IE 25 fr

TAIX

VRTE R
SPICEMMZ4(BF. IS\ VAF
7S

MR

A O IR £
TR

HL IS s AT

LI AR fr

RZENH DT

299







<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages false
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages false
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages false
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [1200 1200]
  /PageSize [612.000 792.000]
>> setpagedevice




