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184 ® BIPOLAR JUNCTION TRANSISTORS

4-1 B TRANSISTOR CONSTRUCTION

FIGURE 4-1

Basic bipolar transistor construction.

The basic structure of the bipolar junction transistor (BJT) determines ils operaling
characteristics. In this section, you will see how semiconductor materials are used to
form a transistor, and you will learn the standard transistor symbaols.

After completing this section, you should be able to

B Describe the basic structure of the bipolar junction transistor
D Explain the difference between the structure of an npn and a pnp transistor
G 1dentify the symbols for npn and prp transistors
O Name the three regions of a BJT and their labels

The bipolar junction transistor (BJT) is constructed with three doped semiconductor
regions separated by two pn junctions, as shown in the epitaxial planar structure in Figure
4—1(a). The three regions are calied emitter, base, and collector. Physical representations
of the 1wo types of bipolar transistors are shown in Figure 4-1(b) and (c). One type con-
sists of two n regions separated by a p region (mpn), and the other consists of two p
regions separaied by an region (pnp).

The pn junction joining the base region and the eminer region is called the hase-
emitier junction. The junction joining the base region and the collector region is called
the base-collector junction, as indicated in Figure 4-1(b). A wire lead connects 10 each of
the three regions, as shown. These leads are labeled E, B, and C for emitter, base, and

collector, respectively.
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185 ® BASIC TRANSISTOR OPERATION

The base region is lightly doped and very thin compared to the heavily doped emit-
ter and the moderately doped collector regions. (The reason for this is discussed in the
next section.) Figure 4-2 shows the schematic symbols for the npn and pnp bipolar tran-
sistors. The term bipolar refers to the use of both holes and electrons as carriers in the
transistor structure,

FIGURE 4-2 C
Standard bipolar junction transistor (BJT)
symbols.

-}
w
M= %‘9——(‘]

(a) npn {b) pnp

SECTION 4-1 L. Name the t_viro types of EITs a:é_:s,-ding to their construction.
REVIEW 2. The BIT is a thres-terminal device. Name the three terminals.
3. What separates the three regions in 2 BJT?

4-2 W BASIC TRANSISTOR OPERATION

In order for the transistor o operate properly as an amplifier, the two pn Jjunctions
muust be correctly biased with external dc voliages. In this section, we use the npn tran-
sistor for illustration. The operation of the prp is the same as for the npn excep! that
the roles of the electrons and holes, the bias voltage polarities, and the current direc-
tions are all reversed.

After completing this section, you should be able to

% Explain how a transistor is biased and discuss the transistor currents and their
relationships .
O Describe forward-reverse bias
O Show how to connect a transistor to the bias-voltage sources
0O Describe the basic internal operation of a transistor
O State the formula relating the collector, emitter, and base currents in 2 transistor

Figure 4-3 shows the proper bias arrangement for both npn and prp transistors for
active operation as an amplifier. Notice that in both cases the base-emitter (BE) junction
is forward-biased znd the base-collector (BC) junction is reverse-biased.

To illustrate transistor action let’s examine what happens inside the npn transistor
when the junctions are forward-reverse biased. The forward bias from base to emitter nar-
rows the BE depletion region, and the reverse bias from base to collector widens the BC
depletion region, as depicted in Figure 4—4. The heavily doped n-type emitter region is
teeming with conduction-band (free) electrons that easily diffuse through the forward-
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FIGURE 4-3
Forward-reverse bias of a bipolar ransistor.

biased BE junction into the p-type base region where they become minority carriers, just
as in 2 forward-biased diode. The base region is lightly doped and very thin so that it has
a very limited number of holes. Thus, only 2 small percentage of all the electrons flowing
through the BE junction can combine with the available holes in the base. These rela-
tively few recombined electrons fiow out of the base lead as valence electrons, forming
the small base electron current, as showm in Figure 4-4.

Most of the electrons fiowing from the emitter into the thin, lightly doped base
region do not recombine but diffuse into the BC depletion region. Once in this region
they are pulled through the reverse-biased BC junction by the electric field set up by the
force of attraction between the positive and negative ions. Actually, you can think of the
elecirons as being pulled across the reverse-bizsed BC junction by the attraction of the
collector supply voltage. The electrons now move through the collector region, out

BE junction BC junciion
depletion region depletion region
Eminer (1) L. Base (p) Collector ()
= : oY
e
-
i 2 g__
Reverse-biased___/ 1

BE junction

Emitier electron current Collecior electron curmrent

FIGURE 44
Illustration of BJT action.
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SECTION 4-2
REVIEW

187 = BASIC TRANSISTOR OPERATION

through the collector lead, and into the positive terminal of the collector voltage source.
This forms the collector electron current, as shown in Figure 4—4.

Transistor Currents

The directions of the currents in an nipn transistor are as shown in Figure 4-5(a), and
those for a pnp are shown in Figure 4-5(b). The currents arc indicated on the correspond-
ing schematic symbols in parts (c) and (d) of the figure. Notice that the arrow on the emit-
ter of the transistor symbols points in the direction of conventional current. These dia-
grams show that the emitter current (/2 is the sum of the collector current (/) and the
base current (/), expressed as follows:

le=lc+lp (4-1)

As mentioned before, /g is very small compared to Jg or /c. The uppercase subscripts
indicate dc values.
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FIGURE 4-5

Transistor currents.

1. What are the bias conditions of the base-emitter and base-collector junctions for a
transistor to operate as an amplifier?

2. Which is the largest of the three transistor currents?

3. Is the base current smaller or larger than the emitter current?

4, Is the base region much thinner or much wider than the collector and emitter
regions?

5. If the collector current is 1 mA and the base current is 10 pA, what is the emitter
current?
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188 e BIPOLAR JUNCTION TRANSISTORS

. 4-3 m TRANSISTOR CHARACTERISTICS AND PARAMETERS

In this section, you will first learn how o set up a de circuit to properly bias a transis-
tor, Two important parameters, Bpc (de current gain) and apc are introduced and used
fo analyze a transistor circuit. Also, transistor characleristic curves are covered, and
you will learn how a transistor’s operation can be determined from these curves.
Finally, maximum ratings of a transistor are discussed.

After completing this section, you should be able to

® Discuss transistor parameters and characteristics and use these to analyze a tran.
sistor circuit
0 Define dc beta (Bpe)
O Define dc aipha (OCpe)
O3 State the mathematical telationship between Bpc and ¢pe
O 1dentify all currents and voltages in 2 transistor circuit
O Analyze a basic transistor dc circuit
O Interpret collector characteristic curves and use a dc load line
O Describe how Bpe varies with temperature and collector current
O Discuss and apply maximum transistor ratings
D Derate a transistor for power dissipation
O Interpret a transistor data sheet

- When a transistor is connected to bias voltages, as shown in Figure 4-6 for both npn and
pnp types, Vgg forward-biases the base-emitter junction, and V¢ reverse-biases the base-
, _ collector junction. Although in this chapter we are using battery symbols 1o represent the

' bias voltages, in practice the voltages are usually derived from a dc power supply. For
example, Ve is usually taken directly from the power supply output and Vs (which is
smaller) can be produced with a voltage divider. Bias arrangements are examined thor-
8 oughly in Chapter 5.

(a) npnt (b) pap

bl FIGURE 4-6
Transistor de bias circuits.
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189 ® TRANSISTOR CHARACTERISTICS AND PARAMETERS

DC Beta (Bpc) and DC Alpha (apc)

The ratio of the collecter-current Jc to the base current [y is the dc beta (Boc). which is
the dc current gain of a transistor.

-1 (4-2)
B

Typical values of Ppc range from less than 20 to 200 or higher. Boc is usually designated
as hgg on transistor data sheets.

bFE=ﬂDc

The ratio of the collector current /¢ to the emitter current /g is the de alpha (0ipc).

Upe = ’—C (4-3)
E

Typically, values of tipc range from 0.95 to 0.99 or greater, but apc is always less than 1.
The reason is that /¢ is always slightly less than /¢ by the amount of 1. For example, if
I = 100 mA and Iy = 1 mA, then Ic =99 mA and tpe=0.99.

Relationship of Boc and apc

"Let's start with the current formula Jg = Ic + Ip and divide each current byl

_{B—_—_.{E I_n-_—].p.fl

fc Ic ]C fc

Since Bpe = I¢/le and ape = Ic/fg, we can substitute the reciprocals into the equation:

_l... = 1 + L
Ooc Boc
By rearranging and solving for Bpc, we get
1 _Bpctl
Upc Boc

Boc=apc Boc+ 1D
Boc = Gpc Boc + toc
Boc — cpcPoc = Ooc
Poc (1 -dpc) =apc

e (4—4)

1—-tpc

Boc=

Equation (4—4) shows that the closer o isto 1, the higher the value of Byc.
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190 = BIPOLAR JUNCTION TRANSISTORS

EXAMPLE 41

Determine Poc, g, and oipe for a transistor where fp = 50 pA and /o = 3.65 mA.

Solution Ic 365mA _
Ip=lc+Ip=365 mA+50 tA=3.70 mA
b5 mA
_le 38D o086

Related Exercise A certain transistor has a Ppc of 200. When the base current is
50 pA, determine the collector current. What is 0ipc? i

Current and Voltage Analysis
Consider the circuit configuration in Figure 4-7. Three transistor currents and three dc
voltages can be identified.

Ig: base current (dc)

Ig: emitter current (dc)

I collector current (dc)

Vge: dc voltage at base with respect to emitter

Vep: de voltage at collector with respect to base

Vg: de voltage at collector with respect to emitter

FICURE 47
Transistor currents and volfages.

Vg —

Vpp forward-biases the base-emitter junction and Ve reverse-biases the base-
collector junction. When the base-emitter junction is forward-biased, it is like 2 forward-
biased diode and has a forward voltage drop of

VBE =07V (4—-5)

Since the emitter is at ground (0 V), by Kirchhoff's voltage law, the voltage across Rp is
Veg = Ves — Vee
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191. & TRANSISTOR CHARACTERISTICS AND PARAMETERS

Also, by Ohm’s law,
Substituting for Vg, yields

Solving for I, you get

C7 Vg =V
i.-rB': BB BE (4—6)

The drop across Re is
Vee=IcRc
The voltage at the collector with respect to the emitter, which is grounded, is

Vc:s =Vec=Icke (4-7)
where /o = Poclp. The voltage across the reverse-biased collector-base junction is

Va = VCE - VBE (4—8)

v

R EXAMPLE 4-2

Determine Ig, Ic, fe, Vag, Ver. and Vg in the circuit of Figure 4-8. The transistor has
a Bpr_- = 150.

FIGURE 4-8
Re=10002
Rp +
=y — Ve
VY — 10V
Ver —
S5V-—

Solution From Equation (4-5) Vpg =0.7 V. Calculate the base, collector, and emitter
currents as follows:

Ven—Vge S5V=07V
I - = =
B Ro Toxa - P0KA
I = Bocls = (150)(430 |LA) = 64.5 mA

Ie=lc+Ip=645mA+430 UA=649 mA
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Solve for Vg and Vies:
Vee = Voo — IcBe =10V ~ (645 mA)100 Q)
=l0V-645V=355V
Veg=Veg— Vae=3.55V~0.7 V=285V
Since the collector is at a higher voltage than the base, the collector-base junction s
reverse-biased.

Related Exercise Determine I, Ic. Ig. Ve, and Vg in Figure 4-8 for the following
values: Rg =22 kQ, Re =220 Q, Vpp =6V, Voc =9 V. and Bpe = 90. E

Collector Characteristic Curves

Using a circuit like that shown in Figure 4-9(a), you can generate a set of collector char-
acteristic curves that show how the collector current, /¢, varies with the collector-to-emit-
ter voltage, Vg, for specified values of base current, /p. Notice in the circuit diagram that
both Vpg and Vg are variable sources of voltage.

Assume that Vgg is set to produce a certain value of I and Vc is zero. For this
condition, both the base-emitter junction and the base-collector junction are forward-
biased because the base is at approximately 0.7 V while the emitier and the collector are
at 0 V. The base current is through the base-emitter junction because of the low imped-
ance path to ground and, therefore, I is zero. When both junctions are forward-biased,
the transistor is in the saturation region of its operation.

As Ve is incrsased, Vg increases gradually as the collector current increases. This
is indicated by the portion of the characteristic curve between points A and B in Figure

 4-9(b). I increases as Ve is increzsed becauss Vg remains less than 0.7 V due 1o the

forward-biased base~collector junction.

When Vg exceeds 0.7 V, the base-collector junction becomes reverse-biased and
the transistor goes into the active or linear region of its operation. Once the base-collec-
tor junction is reverse-biased, Ic jevels off and remains essentially constant for a given
value of /5 as Vg continues to increase. Actually, Je increases very slightly as Ve
increases due to widening of the base-collector depietion region. This results in fewer
holes for recombination in the base region which effectively causes 2 slight increase in
Bpc. This is shown by the portion of the characteristic curve between points 8 and C in
Figure 4-9(b). For this portion of the characteristic curve, the value of Ic is determined
only by the relationship expressed 25 Ic = Boc/ 8.

When Ve reaches a sufficiently high voltage, the reverse-biased base-collector
junction goes into breakdown; and the collector current increases rapidly as indicated by
the part of the curve to the right of point C in Figure 4-9(b). A transistor should never be
operated in this breakdown region.

A family of collector characteristic curves is produced when /¢ versus Veg is plot-
ted for several values of Iy, as illustrated in Figure 4-9(c). When I = 0, the transistor is
in the cutoff region although there is a very small collector leakage current as indicated.
The amount of collector Jeakage current for /g = 0 is exaggerated on the graph for pur-
poses of illustration.
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193 = TRANSISTOR CHARACTERISTICS AND PARAMETERS
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Collector characteristic curves.
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.

Sketch an ideal family of collector curves for the circuit in Figure 4-10 for /g = 5 HA
t0 25 pA in 5 pLA increments. Assume Bpc = 100 and that Vg does not exceed break-

down.
Re
_}\[W_ .
Ry J.Z
= . V,
+l-:—‘\M Boc = 100 T o
Vgp ——
nn_,T
=

Solution Using the relationship Ic = Bocln, values of J are calculated and tabulated
in Table 4-1. The resulting curves are plotted in Figure 4-11. These are ideal curves
because the slight increase in I for a given value of I as Vg increases in the active

region is neglected.

FIGURE 4-10

TABLE 4-1

FIGURE 4-11 ic (mA)
Ig=25 A

Jp=20 pA

Ig=15pA

’a=lo..LA

Ig=5pA

Related Exercise Where would the curve for Jg = 0 appear on the graph in Figure
4-11, neglecting collector jeakage current?
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195 = TRANSISTOR CHARACTERISTICS AND PARAMETERS

Cutofi

As previously mentioned, when Ip =0, the transistor is in the cutoff region of its opera-
tion. This is shown in Figure 4-12 with the base lead open, resulting in 2 base current of
zero. Under this condition, there is a very small amount of collector leakage current, Iso
due mainly to thermally produced carriers. Because o is extremely small, it will usu-
ally be neglected in circuit analysis so that Vs = V. In cutoff, both the base-emitter and
the base-collecior junctions are reverse-biased.

FIGURE 4-12 Re
Collector leakage current (Icgo) in cutoff. —Wy
+ Iceo L
=0 {"CEE"CC %— Vec
e i
Saturation

When the base current in Figure 4-13(a) is increased, the collector current also increases
(lc = Bpo/p) and Vg decreases 2s 2 result of more drop across the coliector resistor
(Veg = Ve = JoRe). This is illustrated in Figure 4-13, When Ve reaches its saturation
value, Vs the base-collector junction becomes forward-biased and [~ can increase no
further even with  continued increase in Ip. At the point of saturation, the relation Ie=
Bocls is no longer valid Viegqa for 2 transistor occurs somewhere below the mee of the
collector curves, and it is usually only a few tenths of a volt for silicon transistors.

FIGURE 4-13 R,
As I, increases due to increasing Vg, Ic also increases —hAA
and Vg decreases due to the increased voltage drop Ic
across Re. Ry + +
ﬁ Ve = Voo IcRe —Vex
e b - -
T

DC Load Line

Cutoff and saturation can be illustrated in relation to the collector charactenistic curves
by the use of a load line. Figure 4-14 shows 2 dc load line drawn on a family of curves
connecting the cutoff point and the saturation point. The bottom of the load line is at
ideal cutoff where Io =0 and Vg = V. The top of the load line s at saturation where
Ic = Iy and Ve = Vepgay In between cutoff and saturation along the load line is the
active region of the transistor’s operation. Load line operation is discussed more in a

later chapter.
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196 = BIPOLAR JUNCTION TRANSISTORS

Saturation

Cuiolf
Vee

0! Vegen Vec

FIGURE 4-14
DC load line on e family of collector characteristic curves illustrating the cutoff and

saituration conditions.

MM?LE 44

Determine whether or not the transistor in Figure 4-15 is in saturation. Assume
Vcﬂm =02 V.

FIGURE 4-15
Re=1ED
Ry v
—_'\"W—‘g ]'3Dc=50 =
| 100 l =10V

Solution First, determine Jo(a-
Vee— Ve 10V-02V 9.8V

+

l-l'

Vee
3V

Iean = Re 1% =Tra =98 mA
Now, see if I is large enough to produce Leiay
Ves— Vi 3Vv=-07V 23V
=2 —F5= =23V _023mA

Ry 10kQ 10k
Ic = ﬂDCIB = (50)(0.23 mA) =11.5mA

This shows that with the specified Boc, this base current is capable of producing an /¢
greater than Jegay. Therefore, the transistor is saturated, and the coliector current value

P -




197 = TRANSISTOR CHARACTERISTICS AND PARAMETERS

of 11.5 mA is never reached. If you further increase I, the collector current remains at
its saturation value,

Related Exercise Determine whether or not the transistor in Figure 4-15 is saturated
for the following values: Bpc = 125, Vpg = 1.5 V, R = 6.8 kQQ, Rc = 180 Q, and
Vcc = 12 V.

More About Bpc

The Ppc or kg is a very importznt bipolar junction transistor parameter that we need 10
examine further. Poc is not truly constant but varies with both collector current and with
temperature. Keeping the junction temperature constant and increasing /¢ causes fpc to
increass to a maximum. A further increase in I beyond this maximum point causes fpc
to decrease. If I is held constant and the temperature is varied, Bpc changes directly with
the temperature. If the temperature goes up, Boe goes up and vice versa. Figure 4-16
shows the variation of Ppc With /¢ and junction temperature (T}) for a typical transistor.

70
o S0
E:
£
8
"]
g
£
8
=
=
£
£
= 10}
7.0 E '
I.0 20 30 50 7.0 10
Ic. collector current (mA)
FIGURE 4-16

Variation of Bpc with I¢ for several temperatures.

A transistor data sheet usually specifies Bpc (firg) at specific /¢ values. Even at
fixed values of /. and temperature, Ppc varies from device to device for a given transistor
due to inconsistencies in the manufacturing process that are unavoidable. The Boc
specified at a certain value of /¢ is usually the minimum value, Bociminy although the
maximum and typical values are also sometimes specified.

Maximum Transistor Ratings

The transistor, like any other electronic device, has limitations on its operation. These
limitations are stated in the form of maximum ratings and are normally specified on the
manufacturer’s data sheet. Typically, maximum ratings are given for collector-to-base
voltage, collector-to-emitter voltage, emitter-to-base voltage, collector current, and power

dissipation.
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The product of Vg and [ must not exceed the maximum power dissipation. Both
Vcz 2nd /¢ cannot be maximum at the same time. If Veg is maximum, e can be calcu-

lated as

P
Ic= %:"- (4-9)

If I is maximum, Vg can be calculated by rearranging Equation (4-9) as follows:

Ve = 5’%“-’- (4-10)

For any given transistor, a maximum power dissipation curve can be plotted on the
collector characteristic curves, as shown in Figure 4—17(a). These values are tabulated in
Figure 4—17(b). Assume Pp(max) is 500 mW, Vegmas 15 20 V, and lemas is 50 mA. The
curve shows that this particular transistor cannot be operated in the shaded portion of the
graph. Jomax) is the fimiting rating between points A-and B, Ppimax 15 the limiting rating
between points B and C, and Vegimay is the limiting rating between points C and D.

fc(mA)
y

IO(MI

= Powan | Ve | fe
5 500mW | SV | 100mA
0 I I| 1 i VeeW) 500mw | 10V S0 mA
5 10 15 20 s00mwW | 15V | 33mA
Verman se0mW | 20V | 25mA
(a) )
FIGURE 4-17

Maximum power dissipation curve.

EXAMPLE 4-5

A certain transistor is to be operated with Ve = 6 V. If its maximum power rating is
950 mW, what is the most collector current that it can handle?
SO’ution PD(MI 250 mWw

Ie= Ve =6V =41.7mA

Remember that this is not necessarily the maximum /¢, The transistor can handle more
collector current if Veg is reduced, as long as Poymax) 18 nOt exceeded.

Related Exercise If Ppmay = 1 W, how much voltage is allowed from collector to
emitter if the transistor is operating with /¢ =100 mA?-
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199 = TRANSISTOR CHARACTERISTICS AND PARAMETERS

The transistor in Figure 418 has the following maximum ratings: Pbimaxy = 800 mW,
Vegman = 15 V, and Jogme = 100 mA. Determine the maximum value to which Ve
can be adjusted without exceeding 2 rating. Which rating would be exceeded first?

FIGURE 418

Sofution First, find [ 50 that you can determine f¢.

_ Ves—Ver  SV-07V _
h=—F% = "Txw =195pA

I = Bocls = J00)(195 pA) = 19.5 mA

I is much jess than Jemeq and will not change with V. It is determined only by /g

and Bpe.
The voltage drop across Re is

Vac=IcRe= (195 mAY1 k) =195V
Now you can determine the value of Ve when Vee = Vegiman = 15 V.
Vac=Vec-Vee
So,
Ve = Veem + Vee =15V +19.5V =345V

Vec can be increased to 34.5 V. under the existing conditions, before Vegman is
exceeded. However, at this point it is not known whether or not Ppmaxy has been
exceeded. -

Po = Vermaole = (15 V)(19.5 mA) = 293 mW

Since Ppmax is 800 mW, it is nor exceeded when Ve =34.5 V. S0, Vegman =15 Vis
the limiting rating in this case. If the base current is removed causing the transistor to
turn off, Vegimar Will be exceeded because the entire supply voltage, Ve, will be
dropped across the transistor.

Related Exercise The transistor in Figure 4-18 has the following maximum ratings:
Pryenasy = 500 mW, Vegimag = 25 V, and Jegnan = 200 mA. Determine the maximum
value to which Ve can be adjusted without exceeding a rating. Which rating would be

excecded first? |
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Derating PD(I'I'IIX)

Prmasx is usually specified at 25°C. For higher temperatures, Ppmay is less. Data sheeis
often give derating factors for determining Ppmax &l any temperature above 25°C. For
example, 2 derating factor of 2 mW/C® indicates that the maximum power dissipation is
reduced 2 mW for each Centigrade degree increase in temperature,

A certain transistor has a Ppiq of 1 W at 25°C. The derating factor is 5 mW/C®,

EXAMPLE 4-7
What is the Py at 2 temperature of 70°C?
Solution The change (reduction) in Prymax) is
APpmany = (5 mW/C2)(70°C - 25°C) = (S mW/C°)(45 C°) = 225 mW
Therefore, the Ppymax 3t 7T0°C is
1W-225mW=775mW
Related Exercise A transistor has a Pomag = 5 W at 25°C. The derating factor is
10 mW/C®. What is the Ppmax at 70°C? !
Transistor Data Sheet
. A partial data sheet for the 9N3903 and 2N3904 npn transistors is shown in Figure 4-19.
Notice that the maximum collector-emitter voltage (Vego) is 40 V. The “O™ in the sub-
script indicates that the voltage is measured from collector (C) to emitter (E) with the
base open (O). In the text, we use Vegmax for purposes of clarity. Also notice that the
maximum collector current is 200 mA.
The Poc (ke is specified for several values of /c and, as you can see, fire varies
with I as we previously discussed.
The collector-emitter saturation voltage, Vegessy is 0.2 V maximum for Icim =
10 mA and increases with the current.
SECTION 4-3 L. Define Bpc and cipc. What is Aee?
REVIEW 2. If the dc current gain of a transistor is 100, determine Poc and Opc.

3. What two variables are plotted on a collector characteristic curve?

4. What bias conditions must exist for a transistor to operate as an amplifier?
5. Does Ppc increase or decrease with temperature?

6. For a given type of transistor, can Boc be considered to be a constant?
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2N3903
Maximum Ratings 2N3904
Rating Symbol Value Unit
Collector-Eminer voltage _ Veeo Im) Vi
Emitter-Base voluge Veno 6.0 Vo / y 3 Collector
| Collector current — continuous I 200 mA d¢
Total device dissipation @ To=25°C|  Pp 625 W / 2
Derate abeve 25°C 50 mWiC* i base
device dissipati = i i
oy b i 2 | mwice % 1 Eminer
JOP;;:;%‘ ::ge slr;?gie junciion 7). Tqe =550 +150 b ¢ General Purpose
Transistors
Thermal Characteristics
Characieristic Symbol Max Unit NPN Silicon
Thermal resistance, junction 1o case | Rgic 813 oW
Thermal resistance, ]l.mclion to ambient ROIA 200 o

Electrical Characteristics (7, = 25°C unless otherwise noted.)

| Characterisiic [ Symbot | Min | Max | Unit
QFF Cheracterisiics
| Collector-Eminer breakdown voltage Vismczo 40 - Vde
e=1.0mAdc, iy =0)
Collector-Bass breakdowr voliage Visriomo 60 - Ve
o= 10ph de, fe=0)
Eminer-Base breakdown voluge Vier 6.0 - Vde
- = 10 A de, [ = 0) e
Base cuiofl curremt Iy, - 50 na de
(Ve =30V de, Vi =30V dr)
Coliector cutofl current {eex - 30 nA dc
ON Characteristics
DC eurrent gain hee -
Uc=0.1mAde, Veg=1.0V &) 23903 20 -
2N3904 40 -
(o=10mAde V=10V d) 2N3903 35 -
i, - 2N3904 70 -
Uc=10mAde, Vg = 1.0V de) 2N3903 50 150
2N3904 100 300
(le=50mAde, Vg =10V ) 2N3903 30 -
2N3904 &0 -
fo=100mA de, Vg = 1.0V d¢ 2N3903 15 -
(e = ) 2N3904 30 -
Colleclor-Emitter saturation voliage ¥ Ve
(I = 10 mA dc, f; = LOmA dc) R L 02
| (Ic =50 mAdc, /= 5.0 mA dc) - 0.3
Base-Emitier saturation voltage VB0 Ve
([c=10mA de, Iy = 1.0 mA dc) 0.65 0.85
(lc =50 mA dc, /; = 5.0 mA dc) - 0.95

FIGURE 4-19
Partial transistor data sheet.
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4-4 = THE TRANSISTOR AS AN AMPLIFIER

Amplification is the process of linearly increasing the amplitude of an electrical signal
and is one of the major properties of a transistor. As you learned, the fransistor exhibits
current gain (called B). When a transistor is biased in the active (or linear) region, as

previously described, the BE junction has a low resistance due te forward bias and the
BC junction has a high resistance due o reverse bias.

After completing this section, you should be able to

B Discuss how a transistor is used as a voltage amplifier
0O Describe amplification
D Develop the ac equivalent circuit for a basic transistor amplifier
O Determine the voltage gain of a basic transistor amplifier

DC and AC Quantities

Before introducing the concept of transistor amplification, the designations that we will
use for the circuit quantities of current, voltage, and resistance must be explained because
amplifier circuits have both dc and ac quantities. '

In this text, italic capital letters are used for both dc and ac currents (/) and volt-
ages (V). This rule applies 1o rms, average, peak, and peak-to-peak ac values. AC cur-
rent and voltage values are always rms unless stated otherwise. Although some texts use
lowercase i and v for ac current and voltage, we reserve the use of lowercase i and v
only for instantancous values, as you leamned in your dofac circuits course. In this text,
the distinction between a dc current or voltage and an ac current or voltage is in the
subscript.

DC quantities always carry an uppercase roman (nonitalic) subscript. For example,
Ig, Ic, and I are the de transistor currents. Vgg, Vg, and Vg are the dc voltages from
one transistor terminal 10 another. Single subscripted voltages such as Vg, Ve, and Vg are
de voltages from the transistor terminals to ground.

AC and 21l time-varying quantities always carry a lowercase italic subscript. For
example, I, I, and [, are the ac transistor currents. Ve, Vep, and V., are the ac voltages
from one transistor terminal 10 another. Single subscripted voltages such as V,, V, and Ve
are ac voltages from the transistor terminals to ground.

The rule is different for internal transistor resistances. As you will see later, transis-
tors have internal ac resistances that are designated by lowercase r* with an appropriate
subscript. For example, the internal ac emitter resistance is desi gnated as re.

Circuit resistances extemnal to the transistor itself use the standard italic capital R
with a subscript that identifies the resistance as dc or ac (when applicable), just as for cur-
rent and voltage. For example Rg is an external dc emitter resistance and R, is an external
ac emitter resistance.

Transistor Amplification

As you have Jearned, a transistor amplifies current because the collector current is equal
to the base current multiplied by the current gain, B. The base current in a ansistor is
very small compared to the collector and emitter currents. Because of this, the collector
current is approximately equal to the emitter current.
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With this in mind, let’s look at the circuit in Figure 4-20(a). An ac voltage, V,, is
superimposed on the dc bias voltage Vgp by connecting them in series with the base resis-
tor, Ry, as shown. The dc bias voliage Vec is connecied 10 the collector through the col-
lector resistor, Re.

Re Re
A ——W—

+ Ry

; Ve — *VV‘“@- \,
Viu ]
il O

BB -i; | -'.—L—

v

(a) Circuit with ac input voltage V;, and dc bias (b) AC equivalent circult
voltage superimposed

FIGURE 4-20
Basic transistor amplifier circuit,

The ac input voltage produces an ac base current. which results in a much larger ac
&oliector current. The ac collector current produces an ac voltage across Re. thus produc-
ing an apparent amplified reproduction of the ac input voltage in the active region of

operation.
The AC Equivalent Circuit The dc bias sources ideally appear 2s shorts to the ac volt-
age. Therefore, the ac equivalent circuit can be represented as shown in Figure 4-20(b)

with Vec and Vg replaced by shorts.
The forward-biased base-emitter junction presents a very low resistance to the ac
signal. This internal ac emitter resistance is designated r/. In Figure 4-20(b), the ac emit-

ter current is
‘ r

>

fr:=

“I.“'o |

The ac collector voltage, V.. equals the ac voltage drop across R¢:
V.=1R¢

Since 1, = I, the ac collector voltage is
V.sl.Re

V, can be considered the transistor ac input voltage where Vj, =V, ~ [,Rg. V. can
be considered the transistor ac output voltage. The ratio of 1710 V, is the ac voltage gain,
A,, of the transistor circuit:
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Substituting I Rc for V. and Jr ¢ for V., we get
Vc _ /] [ =

A‘.'—‘—_=‘-—

b Ir:

The I, terms cancel; therefore,

A,.E'I:—? (4-11)

Equation (4-11) shows that the transistor in Figure 4-20 provides amplification or voli-
age gain dependent on the value of Reandr..

Since Rc is always considerably larger in value than r%, the output voltage is always
greater than the input voltage. Various types of amplifiers are covered in detail in later

chapters.

|
EexAMPLE 48

Determine the voltage gain and the ac output voltage in Figure 4-21 if r;=50 Q.

FIGURE 4-21 Re .. ..
WA
1 k02

Rp
' L @ )",..., Voo =

| +

Therefore, the ac output voltage is
Vou= AV, =(20)(100 mV) =2V rms
Related Exercise 'What value of R in Figure 4-21 will it take to have a voltage gain

of 507 J
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SECTION 44 1. Whatis amplification?
REVIEW 2. How is voltage gain defined?
3. Name two factors that determine the voltage gain of an amplifier.

4. What is the voltage gain of a transistor amplifier that has an output of 5V rms and
an input of 250 mV ms?

5. A transistor connected as in Figure 4-21 has an r{ =20 Q. If Re is 1200 Q, what is
the voltage gain?

4-5 ® THE TRANSISTOR AS A SWITCH

In the previous section, we discussed the transistor as a linear amplifier. The second
major application area is switching applications. When used as an electronic switch, a
transistor is normally operated alternately in cutoff and saturation.

After completing this section, you shoulid be abie 1o

W Discuss how a transistor is used as an electronic switch
O Define cutoff and saturation
O Describe the conditions that produce cutoff
0O Describe the conditions that produce saturation
01 Analyze & transistor switching circuit for cutoff and saturation
D Discuss a basic application of a transistor switching circuit

Figure 4-22 illustrates the basic operation of the transistor zs 2 switching device. In part

(2}, the transistor is in the cutoff region because the base-emitier junction is not forward- . .-

biased. In this condition, there is, ideally, an open between collector and emitter as indi-
cated by the switch equivalent. In part (b), the transistor is in the saturation region

because the base-emitter junction and the base-collector junction are forward-biased and .

the base current is made large enough to cause the collector cument 10 reach its saturation
value. In this condition, there is, ideally, a short between collector and emitter as indi-

+Vee +Vee +Vee +Vee

(2) Cutoff — open switch {b) Saturation — ¢losed switch

FIGURE 4-22
Ideal switching action of a transistor.

_fo3.
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cated by the switch equivalent. Actually, 2 voltage drop of up 10 a few tenths of a vok
normally occurs, which is the saturation voltage, Vegn:

Conditions in Cutoff

As mentioned before, a transistor is in the cutoff region when the base-emitter junction is
not forward-biased. Neglecting leakage current, all of the currents are zero, and Veg is

equal w0 Vcc.
Vo = Vee (4-12)

Conditions in Saturation

As you have leamned, when the base-emitter junction is forward-biased and there is

- enough base current to produce a maximum collector current, the transistor is saturated.

The formula for coliector saturation current is

Ve = Verra
!am)=—°°—Rcm (4-13)

Since Vg is very small compared to Vg, it can usually be neglected.
The minimum value of base current needed to produce saturation is

Ismin) = _'_!g:) {4-14)

I should be significantly greater than I min to keep the transistor well into saturation.

L rEXAMPLE 4-9

(a) For the transistor circuit in Figure 4-23, what is Vg when Vin=0V?2
(b) What minimum value of /p is required to saturate this transistor if Poc is 2007

Neglect Vepisay
(c) Calculate the maximum value of Rp when Vyy=5V.

FIGURE 4-23 Vee
+i0V

Vin

_iol -
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Solution
(a) When Vpy = 0 V, the transistor is in cutoff (acts like an open switch) and Vg =
Va: = 10 V.

(b) Since Vegpa, is neglected (0 V),

Vee 10V

Towan Re =TI =10mA
IClnl) 10 mA
h=———=— =5
*” Boc 200 OuA

This is the value of I necessary to drive the transistor to the point of saturation.
Any further increase in fp will drive the transistor deeper into saturation but will
not increase /.
(¢} When the transistor is on, Vag = 0.7 V. The voltage across R is
Vig=Vin=Vpe=5V-07V=43V

Calculate the maximum valve of Ry needed to allow a minimum /g of 50 pA by
Ohm's law as follows:

Related Exercise Determine the minimum value of [y required to saturate the tran- |
sistor in Figure 4-23 if Ppc is 125 and Vigeay is 0.2 V. 5

A Simpie Application of a Transistor Switch

The transistor in Figure 4-24 is used as a switch to tum the LED on and off. For exam-
ple, a square wave input voltage with a period of 2 s is applied to the input as indicated.
When the square wave is at 0 V, the transistor is in cutoff and, since there is no coliec-
tor current, the LED does not emit light. When the square wave goes to its high level,
the transistor saturates. This forward-biases the LED, and the resulting coliector current
through the LED causes it to emit light So, we have a blinking LED that isonforls

and off for 1 s.

FIGURE 4-24 Ve
A transistor used to switch an LED on and off.
Rc é

@"
ON  ON *
v, Rg
ST
OFF

_lob-
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the collector current should be approximately 30 mA. For the following circuit values,
determine the amplitude of the square wave input voltage necessary 10 malke sure that
the transistor saturates. Use double the minimum value of base current as a safety rmar-
gin to ensure saturation. Vee =9 Vi Vg = 03 V, Re =270 Q, Rg = 3.3 kQ, and

BDC = 50.
Solution Vee—Vegwn 9V —03V
0= = =322
legan Re 0 Q 2.2 mA
B Tatmimy = = =
Bimin) BDC 50 644 I‘IA

| H |
EXAMPLE 4-10 The LED in Figure 4-24 requires 30 mA to emit a sufficient level of light. Therefore, \

|

|

|

E

'.

o ensure saturation, use twice the value of Iimiay, which gives 1.29 mA. Then
_ Vap Vie— VBE _ V,-07V
Rs Re  33KQ |

Ip

Solve for the voltage amplitude of the square wave input Vi

. "’;,, =07 V= ﬂB{m’m}R BE (1 .29 ITI.A)(3.3 kQ) _ \
V., =(1.29 mA)3.3 kQ) + 0.7V=49%YV .
|

Related Exercise 1f you change the LED in Figure 4-24 to one that requires SO mA !
for 2 specified light emission and you can’t increase the input amplitude above 5V or =
Ve above 9 V, how would you modify the circuit? Specify the component(s) Lo be |
changed and the value(s).

SECTION 4-5 1. When a transistor is used as 2 switch, in what two staies is it operated?

'r."s':.
| Wi REVIEW 2. When is the collector current maximum?
3. When is the collector current approximately zero?
L? ' 4. Under what condition is Vg = Vee?

5, When is Vg minimum?

&
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SUMMARY OF BIPOLAR JUNCTION TRANSISTORS

SYMBOLS
Collector Coliector
Base -@ Base @
Emitter Emitter
ap e

CURRENTS AND VOLTAGES

{5

’ES rc'l'"_

AMPLIFICATION

l fe DU cunem gain T AC vohage gain

{
c=Bocle 7 A= _:!=£?
“ b e

Cusolt BE jonction fors snd-biased AC equivalent circuil

DO cireuil
RO junction reverse-biased

107 -
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SUMMARY OF BIPOLAR JUNCTION TRANSISTORS, continued

CUTOFF AND SATURATION

Cutedt: BE junction reverse-hiased Jlewd switch Sawration: BE junction Torward-hinsed  Ideal suitch
BC junction revense-higsed eypuiv alem BC junction forward-binsed  equivalent

16 m TRANSISTOR PACKAGES AND TERMINAL IDENTIFICATION

Transistors are available in a wide range of package types for various applications.
Those with mounting studs or heat sinks are usually power transistors. Low and
medium power transistors are usually found in smaller metal or plastic cases. Still
another package classification is for high-frequency devices. You should be familiar
with common transistor packages and be able to identify the emitter, base, and collector
terminals. This section is about transistor packages and terminal identification.

After completing this section, you should be able to

m Identify various types of transistor package configurations
D List three broad categories of transistors
O Recognize various types of cases and identify the pin confi gurations

Transistor Categories

Manufacturers generally classify their bipolar junction transistors into three broad cate-
gories: general-purpose/small-signal devices, power devices, and RF (radio frequency/
microwave) devices. Although each of these categories, to a large degree, has its own
unique package types, you will find certain types of packages used in more than one
device category. While keeping in mind there is some overlap, we will look at transistor
packages for each of the three categories, so that you will be able to recognize a transistor
when you see one on a circuit board and have a good idea of what general category it

is in.

_1o8_



211 = TRANSISTOR PACKAGES AND TERMINAL IDENTIFICATION

General-Purpose/Small-Signal Transistors General-purpose/small-signal transistors
are generally used for low or medium power amplifiers or switching circuits. The pack-
ages are either plastic or metal cases. Certain types of packages contain multiple transis-
rors. Figure 4-25 illustrates common plastic cases, Figure 4-26 shows packages called
metal cans, and Figure 4-27 shows multiple-transistor packages. Some of the multiple-
transistor packages such as the dual-in-line (DIP) and the small-outline (SO) are the same
as those used for many integrated circuits. Typical pin connections are shown so you can

identify the emitter, base. and collector.

3 Collector

AN
N 4
Base i
| // 1 Emitter
=3

[ )

3 Collecior

2 O

2 Emitter

(2) TO-92 or TO-226AA {b) TO-92 or TO-226AE (c) SOT-23 or TO-236AB

FIGUEE 4-25
Plasticrcases for general-purpose/small-signal transistors. Both old and new JEDEC TO

rumbers are given. Pin configurations may vary. Always check the data sheet. (Copyright of
Motoreta, Inc. Used by permission.)

3 Collecior ! 3 Collecior 1 Collector i
' /
2 7 %f'/ 2 2
/ Base 31, Base Base
=1
K t Emitier 1 Eminter

. 3

32 1 2!

1 Emitter
(a) TO-18 or TO-206AA (b) TO-39 or TO-205AD {c) TO-46 or TO-206AB
3 Coliecior % 3 Coliecior 7 Base
2 % 2 4 Case 1 Emitter 3 Collector r
" W L
Base éz’:!':{/ Base =
29 1 Emitier 3 241 1 Emitter
[
{d) TO-52 or TO-206AC (&) TO-72 or TO-206AF (f) Pin configuration (bottom view). . 2
Emitter is closest to tab.
FIGURE 4-26

Metal eases for general-purpose/small-signal transistors (copyright of Motorola, Inc. Used by
permission).

_t09-
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(2) Dual metal can

.

(¢} Quad small outline (SO) package for

212 = BIPOLAR JUNCTION TRANSISTORS

14
| . &'
14 %’
1
14131211109 8
Fen DO e T e B o B0 B e O
| ==y e G = |
1 234567
(b) Quad dual in-line (DIF} and quad
fiat-pack. Dol indicates pin 1.
1 16
2 15
k| 14
- 13
5 12
6O 11 Collecror 9 7 Collector
1
&

10 iT
P g %1
9 Buse 1l . L .5Base

Emiticr 2 4 Emitier

surface-mount technology {d) Dual ceramic Qat-pack

ESGURE 4-27

Typical multiple-transistor packages (copyright of Motorala, Inc. Used by permission).

SECTION 4-6
REVIEW

Power Transistors Power transistors are used to handie large currents (typically more
than 1 A) and/or large voltages. For example, the final audio stage in a stereo system uses
a power transistor amplifier 1o drive the speakers. Figure 4-28 shows some common
package configurations. In most applications, the metal tab or the metal case is common
to the collector and is thermally connected to 2 heat sink for heat dissipation. Notice in
part (g) how the small transistor chip is mounted inside the much larger package.

RF Transistors RF transistors are designed to operate al extremely high frequencies and
are commonly used for various purposes in communications systems and other high-
frequency applications. Their unusual shapes and lead configurations are designed to
optimize certain high-frequency parameters. Figure 4-29 shows some examples.

1. List the three broad categories of bipolar junction transistors.

2. In a single-transistor metal case, how do you identify the leads?

3, In power transistors, the metal mounting tab or case is connected to which transis-
tor region?

oo



(2} TO-3 or TO-204AE {b) TO-218 (c) TO-218AC

(N Surface-mount technology |

(d) TO-220AB

{g) Cutaway view of tiny transistor chip mounted in the encapsulated package

FIGURE 4-28
Typical power transistors (copyright of Motorola, Inc. Used by permission).

FIGURE 4-29 c E < E
Examples of RF transistors (copyright of Motorola, Inc. v
Used by permission). P ‘i:
E B E B
(2) (b)
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