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The First Transistor

Co-inventors of the first transistor
at Bell Laboratories: Dr. William
Shockley (seated); Dr. John
Bardeen (left); Dr. Walter H. Brat-
tain. {Courtesy of ATE&T

Archives.)

Dr. Shockley Bom: London,
England, 1010
PhD Harvard,
1936

Dr. Bardeen Born: Madison,
Wisconsin, 1908
FhD Prnceton,
1936

Dr. Brattain  Born: Amoy, China,
1902
FhD University of
Minnesota, 1928

All shared the Mobel Prize in

1956 for this conmbunon.

3.1 The first transistor. (Courtesy Bell Telephone Laboratonies.)
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Construction

3-Layer Semiconductor S
device RRAGRES
- pnp
2 p- layers and one n-layer or
Vise versa *|V||=‘ +|V|y=‘
pnp or npn types i
Two pn junctions, each of I
them can be either forward or | mmli
reverse biased B
This results in 4 possible S L

modes of operation
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npn transistor modes of
operation

Saturation Mode Forward

Active Mode Forward
(Linear Region)

Cut-off Mode Reverse

Inverse Mode Reverse

Forward

Reverse

Reverse

Forward

Equivalent to short circuit
Ic=lc(sat)
Vce=Vce(sat)=~ 0.2V

Ic proportional to Ib

Vce defined by circuit

Equivalent to open circuit
lc=1b=0
Vce defind by circuit

Rarely used and will not be
discussed in this course
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pnp transistor modes of
operation

Saturation Mode Forward

Active Mode Forward
(Linear Region)

Cut-off Mode Reverse

Inverse Mode Reverse

Forward

Reverse

Reverse

Forward

Equivalent to short circuit
lc=lc(sat)
Vce=Vce(sat)=— 0.2V

Ic proportional to b

Vce defined by circuit

Equivalentto open circuit
lc=Ib=0
Vce defind by circuit

Rarely used and will not be
discussed in this course
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Construction and Symbol

Collector
pnp BJT
P Wide and
‘/ Moderately doped
Buasne Thin and lightly
B o_l n - / doped
‘/ Wide gggel-ciieavily
P
Emitter ‘
HE” C
B
pnp BJT
Symbol
E

ENEE236 /241 Analog Electronics

Collector
“C”
n Wide and
/ Moderately doped
-
B‘%S”e Thin and lightly
G I Y A/ doped
Wide and Heavily
‘/ doped
n
Emitter
“E” C
B
npn BJT
Symbol



 Current Directions

lff

npn pnp
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Transistor Operation In the
Active I\/Iode(pnp CB)

EB is forward biased
CB not hiased

This Is similar to the forward
biased diode

The depletion region is

reduced due to applied bias ; S —
resulting in heavy flow of Vee

majority carriers (+) from p-  Forward Biased EB Junction of a
layer to n-layer pnp transistor
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Transistor Operation

5) Remove EB bias and
apply reverse bias on

CB junction resulting in .
gidening of the ] _;]:;::';
epletion region : T+ zt

6) Recall that the flow of " iepienn
majority carriers Is .y
zero,resulting in T ,
only a minority- Figure 3.4 Reverse bissed junction of 2 pnp
carrier flow
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Tran5|stor Operation

If the two previous sources
were applied with one
junction FB and the other
reverse biased

a large number of majority
carriers will diffuse across
the forward-biased p-n
junction into the n-type
material.

Since the base is very thin
and has a low conductivity,
a very small number of
these carriers will take this
path of high resistance to
the base terminal

The magnitude of the base
current is typically on the
order of microamperes as
compared to milliamperes
for the emitter and collector
currents
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« The larger number of these
majority carriers will diffuse
across the reverse-biased
junction into the p-type s Wi e o2
material connected to the T om P
collector terminal as indicated

in Fig. 3.5. —=4 * je =n-_
« The reason for the relative |

ease with which the majority e
carriers can cross the reverse- |
biased junction is easily
understood if we consider that
for the reverse-biased diode
the injected majority carriers
will appear as minority
carriers in the n-layer.

- In other words, there has been
an injection of minority carriers

Transistor Operation

I.f.- l.

Fignre 3.5 Majonty and minority

carrier flow of a prip transiston

- Combining this with the fact that
all the minority carriers in the
depletion region will cross the

into the n-type base region
material.

reverse-biased junction of a diode
accounts for the flow indicated

ENEE236 Analog Electronics
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Basic Current Equation

* Applying KCL to the transistor as if it were
a single node, we obtain

3 L I i
- | = — fy : Ie
1P e P Ie =1+ 15 ‘T“"|""f:—
*ﬂ E
- " —3
LK T
I
el il
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Common Base Configuration

The common-base terminology is derived from the fact that

the base is common to both the input and output sides of the
configuration

In addition, the base is usually the terminal closest to , or at,
ground potential) through the device

Throughout this course all == b

current directions will refer = | E < S
to conventional (hole) flow ; 5
Iy
rather than electron flow f it
: : T || IE—pE
The arrow in the graphic Ve W Vi Vo W Vg

symbol defines the

direction of emitter £ °C Eo e
current(conventional flow) Al »

through the device
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Common-Base Amplifier

Input Characteristics

Ig (mA)

_ Veg=20V
This curve shows the = .
relationship between - )

. Veg=1

of input current (Ig) to
iInput voltage (Vgg) for
three output voltage
(Vcp) levels.

_— N W e W N 0

o e P ] | I .
0.2 04 06 08 1.0 Vge (V)

=}




Common-Base Amplifier

Output Characteristics

This graph
demonstrates the Activergion nshaded )7/
output current (I¢) T a4
to an output voltage R
(Vcg) for various B //
levels of input 3 ma /j
current (Ig). .18 J/
. ’ Cutofioregion * B"a{ .




Operating Regions

Active
Operating range of the
amplifier.

Cutoff

The amplifier is basically off.
There Is voltage, but little
current.

Saturation
The amplifier is fully on. There
IS current, but little voltage.

Saturation region

20
Cutoff region




Operation Modes

» Cutoff region: defined as that region where
collector current is OA

* In this region both junctions are reverse
biased

« Saturation region is defined as the region
where both junctions are forward biased

ENEE236 Analog Electronics 18



Operation Modes of BJT

« The saturation region is defined as that region of the
characteristics to the left of Ves= 0 V.

« The horizontal scale in this region was expanded to
clearly show the dramatic change in characteristics in

this region.

Note the exponential Active region (arshadsd area)
Increase in collector | [ m:
current as the 1
voltage Ves increases - -% Lt
toward 0 V. “ ‘E =

Cutaff region




Operation Modes of BJT

« Once a transistor is in the “on” state, the base-to-emitter
voltage will be assumed to be the following:

Ve =0TV

‘!ll + .II|| | | T
B A I B

— T — —

Ay Vi ‘f

il [ i

: | i r :
it ||| i ‘]| i
21— JI 2 ||' 2
L/ T T -

L L1 . I I N = B . I I I
] nzZ o4 06 08 1 Yar (W] 0 0.2 0.4 06 08 | kar (V) ol 02 04 06 08 1 Fmw
3] ik
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Ch.3 Summary

Approximations

Emitter and collector currents:

Base-emitter voltage:

Vge =0.7 V (for Silicon)



Alpha (o)

Alpha (a) istheratioof |- to I::

|deally: a=1

Inreality: a falls somewhere between
0.9 and 0.998

Alpha (@) in the AC mode:

Jac =



Transistor Amplifier

pnp T
I T I e—

-
B
Vi=200 mV (f\; e R kO
R 100 kQ
Vi  200mV
I =l =—L= ~10mA
R 200
Currents and R Voltage Gain:
Voltages: =1 —10mA
L~ 0 Vi 50V i
V. =1 R=(10mA)5kQ) =50V A"_\/. - 200mV

L L i



Common-Emitter I

Configuration :

. b2
The emitter is common to I \1
both input (base-emitter) V’”’_T o][F

and output (collector-
emitter) circuits.

The input is applied to the
base and the output is
taken from the collector.




Common Emitter Configuration

Input characteristics : Input
current (Ie) versus the
input voltage (Vee) fora -
range of values of output =
voltage (Vce).

Iy (pA) T =1V
100 - | Ve =10V
L I 1'5:-5 = :U 1'
S0 — ﬂ
L I
&l — “."I
i /r
A0 —
20—
10
I | . |
o 02 04 06 08 10w
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CE output Characteristic (npn)

Active Region: —
+ s that portion of the upper-right : |
uadrant that has the greatest . 0
linearity, that is, that region in i —
which the curves for /e are nearly g SRV
straight and equally spaced. Stsorenson | P
+ This region exists to the right of ™ msil IRSSS AR T
the vertical dashed line at VcEsat ‘M— SN
F EESSREREssEa
and above the curve for [z equal s T T
to zero. | e W
- BE forward & BC is reverse 0t
+ Note |z is small compared to lc. ’[ ,
EIE << IC} fg =0paA
: - aff, L 20 Iy ()
- Transistor amplifies current e o g (G
IE - ﬂ IB CED LCES
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CE output Characteristic (npn)

Cutoff Region:

« This region exists
above the curve for /s
equal to zero.

« BEreverse & BC is
reverse

» Note Is =0 while Ic is
only the reverse
leakage current
compared

« Transistor acts as an
open switch

Saturation Region:BE & BC

both forward and Is

increase ENEE236 Analog Electronics

B

&

(Sataration L't_g",.m:l_\xﬁ -""'J-ﬁ-f b= S0 pA

o (mA)

9 A
TN

I3 A

Iy =0pA

5 m]

3
S 13
oy

~ ) (Cugodt rERLom]
Tceo™ A iceo

20 T (V)

25



Saturation Mode for CE Configuration

BE forward & BC become
forward

As |g Increase and lc increase

Since Vee= Vee-IcRe Ve
becomes smaller since IcRc
increase

Vee reaches its saturation
value Veeean =02V

Now BC become forward and
|IC cannot increase any more
even with increase ob |IE and
the relationship between
them lc = p Ie is not valid
anymore

Transistor acts as a closed
switch

& = |B(min) = |B(min) = |c(sat) [ [B
VCE=VCE(sat)
|C=lcisat) =[VCC-VeE(sat)] | RC

1Cisay

/ﬂt e

Satratiom

ENEE236 Analog Electronics
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Common-Emitter Characteristics

Ic (mA)

7 90 pA | |
o -0 pA ]| ! !
70 uA , _
8 ‘ T 60pA | !
(Saturation region)_ 5 / 50 A
40 pA
N .
! /// j

30 pA

(Active region) |

.20 pA

! 10 pA
— T e
0 5 10 15 20 Veg (V)
vCEsal

Icgo= Blepo

(Cutoff region)

Collector Characteristics

Ip (WA) Vee=1V

]00 VCE= 10V

90
80
70
60
50
40
30
20
10

Vep =20V

1T 17T T T 17T 1T T T

Jle== s imi] [ T
0 02 04 06 08 10 Vee (V)

Base Characteristics



Common-Emitter Amplifier Currents

Ideal Currents le=lc+ g lc=ale

Actual Currents lec=alg +lcgo  where Icgo = minority
collector current

lcgo IS Usually so small that it can be ignored, except in high
power transistors and in high temperature environments.

When Iz = 0 yA the transistoris in |
cutoff, but there is some minority leeo = fio -
current flowing called l-¢o. -d



Beta (B)

prepresents the amplification factor of atransistor.

|
In DC mode: Bae ==
B
Alc
In AC mOde Bac = E Ve =constant

B, 1S sometimes referred to as h;,, a term used in transistor
modeling calculations



Beta (B)

Determining g from a Graph

_(32mA-22mA)
(30 LA — 20 pA)
_1mA
=100
=100

Bac

Veg=75V

2.7/ mA
25 1A
=108

Boc

VCE:7'5V

Ic (mA)




Beta (B)

Relationship between amplification factors fand «:

Relationship Between Currents:

o = Bl e =(B+1)l,



Common Collector Configuration

* The third and final transistor configuration
Is the common-collector configuration,

* The common-collector configuration is
used primarily for impedance-matching
purposes since it has a high input
Impedance and low output impedance,
opposite to that of the common-base and
common-emitter configurations.
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Common-Collector Configuration

The input is on the
base and the

output is on the o) Al
emltter. Iy p‘ 4 i n‘
-~ —f n = Vg T# N — Vi
Vﬁg_: . i VB:: .
T T T
14 l"TO




From a design viewpoint, there is no need for a set of
common collector characteristics to choose the

parameters of the circuit.

It can be designed using the common-emitter
characteristics.

For all practical purposes, the output characteristics of
the common-collector configuration are the same as for
the common-emitter configuration.

For the common-collector configuration the output
characteristics are a plot of IE versus VEC for a range of

values of IB.

The input current, therefore, is the same for both the
common-emitter and common collector

characteristics

ENEE236 Analog Electronics

37



Common-Collector Configuration

The characteristics
are similar to those
of the common-
emitter amplifier,
except the vertical
axis is Ig.

6

(Saturation region) 5 |—¥

pA T T T

(o
/

/60]JA

=50 pA
| l

5 40 pA |

4 I
L ———30uA
3 ' :
(Active region) :701.1A
10 pA

1 HF—

off 5 10 15 20 .. (V)

VC[:'S ( CE

(Cutoff region)

Iceo= Blcgo




Operating Limits

Vg IS maximum and I is
minimum in the cutoff
region,

IC(max) — ICEO
lc IS maximum and Vg IS

minimum In the saturation
region.

VCE(max) :VCE(sat) :VCEO

I-(mA)
[Cma\
\- 2
Saturation __‘__—‘____»—-— . o lsgnion
region N /Cm”: CElc™)- m/
. \}_*@_"ﬁ-/ I
"] [ §
- !
~ 20pA
20 = e
E——
S~o
*r-
10 pA
10
| 1 Ig=0pA —
o]l 5 10 1 15 20
— 03V
r_ Cutoff Icko BVcgo
"L'E\m region

The transistor operates in the active region between saturation and cutoff.




Power Dissipation

Common-base:
F)

Cmax

:VCBIC

Common-emitter:

P

Cmax

:VCEIC

Common-collector:

P

Cmax

:VCEIE



Transistor Specification Sheet

ELECTRICAL CHARACTERISTICS (Tx = 25°C unless otherwise noted)
Characteristic | Symbol | Min | Max | Unit

OFF CHARACTERISTICS

Collector-Base Breakdown Voltage VBricso 40 Vdc
(Ic =10 pAdc, I =0)
Emitter-Base Breakdown Voltage V(BR)EBO 5.0 - Vde

(I = 10 pAdc, Ic = 0)

Emitter Cutoff Current Iggo - 50 nAdc
(Ve =3.0Vde, Ic=0)

ON CHARACTERISTICS

Base-Emitter Saturation Voltage(1) VBE(sa)) - 0.95 Vdce
(Ic = 50 mAdc, Ig = 5.0 mAdc)




Transistor Specification Sheet

SMALL-SIGNAL CHARACTERISTICS

Current-Gain — Bandwidth Product fr 250 MHz
(Ice = 10 mAdc., Veg =20 Vde, = 100 MHz)

Output Capacitance Csks - 4.0 pF
(Veg=5.0Vdc, Ig =0, f =100 MHz)

Input Capacitance Cibo = 8.0 pF
(Ve =0.5Vdc, Ic =0, f =100 kHz)

Collector-Base Capacitance Ceb - 4.0 pF
(Ig=0, Vcg = 5.0V, f = 100 kHz)

Small-Signal Current Gain hge 50 200 -

(Ic = 2.0 mAdc, Veg = 10 Vdc, f = 1.0 kHz)

Current Gain — High Frequency

(Ic = 10 mAdc, Veg =20 Vdc, f = 100 MHz) hye 2.5 - -
(Ic =2.0 mAdc, Ve = 10V, £ = 1.0 kHz) 50 200
Noise Figure NF -~ 6.0 dB

(Ic = 100 pAdc, Veg = 5.0 Vde, Rg= 1.0 k ohm, f = 1.0 kHz)

(1) Pulse Test: Pulse Width = 300 pis. Duty Cycle = 2.0%




Transistor Testing

Curve Tracer Provides a graph of the characteristic curves.

DMM Some DMMs measure Bpc or hee.
Ohmmeter: Low R High R
77 Open ]
.5 O ———
+ - x& E 3 l/ C
K—» E L

B




Transistor Terminal Identification




