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The First Transistor

Co-inventors of the first transistor
at Bell Laboratories: Dr. William
Shockley (seated); Dr John
Bardeen ileft); Dr. Walter H. Brat-
tain. {Courtesy of ATE&T
Archives.)
Dr. Shockley Bom: London,
= England, 1910
PhD Harvard,
1936
Dr. Bardeen, Born: Madison,
— Wisconsin, 1908
PhD Princeton,
1936
Dr. Brattain  Born: Amoy, China,
Q02
PhD University of
Minnesota, 1928
All shared the Nobel Prize in
1956 for this contribution.

Figure 3.1 The first transistor. {Courtesy Bell Telephone Laboratories.)
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Bipolar Junction Transistor
(BJT):

BJT:
1.1t’s a semiconductor device that can amplify electrical

—_

signals such as radio or television signals.

2. Its essential ingredient of every electronic
circuits; from the simplest amplifier or oscillator to the
most elaborate digital computer.

3. It’s a three terminal device; ’
Base, Emitter, and Collector.
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There are two type of BJT:
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Construction and Symbol
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Transistor structure:

©
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Transistor biasing:

v'In order to operate properly as an amplifier, it’s necessary to correctly
bias the two pn-junctions with external voltages.

v'Depending upon external bias voltage polarities used; the transistor

v For transistor to be operation
used as an Active — ~ -
device (Amplifier);

the emitter-base I) Saturation Mode Forward  Forward  Equivalentto short circuit

Ic=lc(sat)
junction must be Vce=Vce(sat)=~ 0.2V
forward bias, while the z) Active Mode Forward  Reverse Ic proportional to Ib

(Linear Region) Vce defined by circuit

collector-base junction

must be reverse biased. 4 Cut-off Mode Reverse Reverse Equivalent to open circuit

—_— lc=Ib=0
Vce defind by circuit
\k’) Inverse Mode Reverse Forward Rarely used and will not-be
—_— discussed in this course X
[4 U‘ : -
ot |BC Mod.{ ‘7‘»'Nln} cwet . |
widhes | on [ on e
g"“ M‘A‘ on (] X yw
- Vee - Veelsat)xs:2v
L(“ c;lu(r.pl {wr’“lﬂ
- . Te=o J, Te-o ‘9'\9*;3““{,,\;.-&:1
CIAJ' ""f‘f FF OFF I —lﬁ —‘) —o +V<€ 7 ) an
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J/It le=Rla
O@ OFF A -:_—_-5%__. :vce Ie=K Tg
) w‘lug Vie Te=T;4 1.
sul o *
o WL L Vee 2y
R e e Ve & Ve
¢ Am !
= i . } rf*\" t
- - IE(——- - B ._\*4—
In active region B s SN B

v'The base region is thin and
lightly doped

v'The base-emitter junction is
‘__:_’__—f h_______—-—"'
forward biased, thus the
depletion region at this junction
s reduced.

v'The base-collector junction is reverse

biased, thus the depletion region at this
junction is increased.

v'The forward biased BE-junction causes the electrons in the n-type
emitter to flow base; this constitutes the emitter
current I'g.
v As these electrons flow through the P-type base; thwrld)w
recombine with holes in p-type base.\:;
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Injected into the base from the emitter recombine with holes to
constitute base current Iz and the remaining large number of
electrons cross the base and move through thm
the positive terminal of the external DC source; this constitute
collector current I

v'There is another component for I~ due to the minority.
carrier; LC_BJ’ which will be |gnored

Majorlty
Ts == ED
(5> e ] —Y

v'Since the base region is lightly doped; very few of the electrons

e eEs)
IC = aIE + IC qu‘,s
Mlnorlty
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aIE + ICBO "
LJ

Ig = Ic+ Ig cal

Ic = “(Ic + Ip) + ICBo

pc\__13+ j

Let Beta B =—

Ic= BIp+1I¢cg,

a Ifa=Q£9’
1«

B =

If 0 =0.995

—1_ ., B=99
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In active region:

Ic= BIg+ (B +%o Gunnen i)
Ic = BIB‘l'I;,E{)

Ip = Ic+ 1 .
’ ‘ ’ . w{ I SRR d
Approximate relationships: _w!_$¢ ns ‘

—
Ic = alp [Z0y] \ Mpm\\mvﬁ
Ic= BIp e
Ig ~g+1)1p

L

K
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» https://www.youtube.com/watch?v=7ukDK
VHnac4

ENEE2360 Analog Electronics 14
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Basic BJT Amplifiers Circuits
BJT in Active Mode |/ =/ +/.

<’\_J lc=alg
|c/’\'/lcﬂi3

ar --common-emitter current gain
B

BJT DC Analysis o
* Make sure the BJT current equations
and region of operation match

Vee > 0, 1/ %/\/?’
Vac < 0, Ve< W <We A

« Utilize the relationships (6 and a) = e
between collector, base, and emitter .=/l -
currents to solve for all currents l. =al; ¥ o
<L £ Jo [
(Mgl
“-)19 U‘f} R r
,n - —_—
—"}>"“ cff-a&dz'o'd?b "_ii-;-.a Vee
T vp — ! \\ -
Th= v
) Tg= f(Vee) fe = \
_8E
— Veg= o “' ) T nvr
e e =T (€7 1)

Vo ‘e Vee, J Vge
'lVf
Las €

N Lo+
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Basic BJT Amplifiers Circuits

C-E Circuits I-V Characteristics

Base-emitter Characteristic(Input characteristic)

= f(vge) |VCE . - L
<

VEI=0.3?

[ g~

0,

(2

1 8mA -

iC(t) = (eV;{LVg”t))

1) ‘JW"T’J’ (Co ”e¢40<) ¢ Lwad—w:&-hé

te =f (Vee) )

Lg= st
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Basic BJT Amplifiers Circuits

C-E Circuits I-V Characteristics L'E__.WJAA'
Collector characteristic (output characteristic) 2 b /L'Zp]
IC - f(VCE) ig=C
L
QB =40uA |

b, Bmi -

B -+ T T
au 8.5u 1. 80 VCE
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Basic BJT Amplifiers Circuits

C-E Circuits I-V Characteristics

Collector characteristic (output characteristic)

1C imay

IC - f(VCE) ig=C

1B=100pA
S0uA
60uA
40uA
20uA
OuA

Vee v
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Basic BJT Amplifiers Circuits

C-E Circuits I-V Characteristics

Collector characteristic

_ MCimay

Saturation

e |

iB=100pA

B0pA .

Saturation occurs when
57 60 A

the supply voltage, V¢,
‘ 40pA is across the total
] 20pA resistance of the
2 OuA collector circuit, A.
! \/;ntlz -Ii ; Iac Lln Ve vy /C(sat) = |/CC/RC

Once the base current is high enough to produce saturation, further
increases in base current have no effect on the collector current and the
relationship /- = pf is no longer valid. When V; reaches its saturation
value, Vcgsar, the base-collector junction becomes forward-biased.
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Basic BJT Amplifiers Circuits

C-E Circuits I-V Characteristics

Collector characteristic

4 chve
( [ n 7&{)

iB=100pA

1Cima)

When = 0, the transistor is
S0uA in cutoff and there is
essentially no collector
current except for a very tiny
40pA amount of collector leakage
current, /go, Which can

601A

20pA
5 . usually be neglected. /.= 0.
! - : f $© 0 Veew In cutoff both the base-emitter
\\@ A and the base-collector

s Cutoff junctions are reverse-biased.
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Basic BJT Amplifiers Circuits

C-E Circuits I-V Characteristics

Collector characteristic

— H"-\. Vg

f - b
{\ I_z'_l | . A
\ . linearity )
. ~ . P __,-/I-

/1 1B=100puA

o | 80pA|e—
ic=Paie }H_ alp = 60N |
[ 4ﬂ}lﬁ "%
+ 201A
’ OpA

LTI 2 LT L L L

il
T 4 f 8 I
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1. In the cutoff region : 3. In the saturation region :
Ip=1Ic=1g=0_ Vee = Vcgsat
2. In the active region : —
IC = aIE "
IC= BIB v
Ie = @+oyis— ,&
‘a
Vg =0.7v . Si, npn Vg0 -1
Vegg=—-0.7v , Si , pnp
NS Vg =) = e
. -0} =Vpe
VCE > VCE,sat =0.2v , Si , Npn *
VCE < VCE,sat =—02v , Si , PNp
T b,
VE(( {n.‘f) 0.2
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¢ 5-—1:6‘3‘-’°"—V86='°
19 Vge = 0.2 e— actie
-\V\ g = 5_,0.5)____2,.(/4”
Lvia 200K

ID’I(. EC-_'VCE':‘D V (5““‘)? IC = I3 j—& :/Dl)xa"gﬂﬁ
Veg = 10- (248 mpx3L) = 3-55%& - 2‘,54"”'4/

-1 (» ) -
Example %Ja;‘ss",«IA 0§’Wu‘|"lv\5 ?D\u‘
3r_R¢
Vee

Find mode of operation and the Q point Vcgg , I¢
1oV

+

200K

B =100

|+

il l

Since the base emitter junction is
forward bias; the transistor could .
be either in the dctive or the ‘@
mregion
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In General

1)In the active region:

2 ) In the saturation region:

T

Vee = Vegsar =02 v, Si

_ _ Vee — VCE,sat
IC— IC,sat— R

|

Rg

min

npn

min
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F

» Assume that the transistor in the active region:
\\]// KVL 5 = 200k IB + VBE
’\N\, =
— 07 00215ma ARA, uJ L+
57200k VW 1 o
1o = Blz =100%0.0215 = 2.15mA 5_': 1 ‘W
KVL 10 = R(:Ic + VCE _T]BB V?;.E >b _
o Vep =10 — R,I, e
Ve =10 — 3k x 2.15mA = 3.55 Volt
Since
Vce > Vegsae =2 The transistor is in the active region
»Ico=2.15mA yd
1 -pL, e ¢
€ L =p e
}J ¢

- - = /' : Ou' Il .
s | ’ T achve
o - I(lsn.‘\') regron
\lcg > . — _
s ‘ l e = Lc(safl-) Z
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IC,sat

Let define: Ig(min) =

Ic

IC,sat

Ig(min) =

4 If Iz > Iz(min) the transistor is in the Saturation region.
+If Iz < Ig(min) the transistor is in the Active region.

’Fln;ﬂ M’)LI( @
o E xaryle 200L ‘,/,,(,_.7’7&»- f'
‘F—' & Ic)\fcé?
107y
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) Satwadron

£
Assume achue meddc
? 0-F ? o= 5-07
5 = 3:{Tg)+ \pz’?;—f 2e(1g) 3%+ 2K(BH)
Le=Tct+Tp = BIg+Tp= 2+1)lg Lg =109 mA

Determine Mode of Operation
Solution 1: Of B\]T?

1) Since BE junction is forward biased ==> Q1 can be either in
Active (Linear) or Saturation mode

Assume it is in Active Mode

5=200kQ.1, +V, . +2kQ.1. -
But, . =1+ P)l,
5-V,.

Solvefor |, =
200kQ + (1+ B).2 k2

5v
5-0.7
I pr—
® 7 200KkQ + (1+100). 2 kQ v

4.3V
_10.7 pA
S

k\/ Te =R Ig =tooX (07 =/.07mA

LIe — (2 00 YT 10 X1p D paz ) |
=TT =t
_'{:\L'.‘___l——— (0= Le-3etVece ¥+ Le 2k 103
6§37
Veg = (0= 07 mAX3Kk — 1583 mA X21c ro8d
achive = 7463 > Veetyt) ;é
N
V,
Vee s,  Bedo Vgc.? _?Vgc Vg Vee 7
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lc =BI;

= (100).(10.7 pA)

=1.07 mA

le =(B+1)Ig

=1.0807 mA

Now we find Ve from output circuit

10-1_.3kQ-1_.2kQ =V,
=V, =463V>V

CE(sat)

. Q1lis in active mode and the assumption is true
we can also verify that the BC junction is reverse
biassed which is required so that the BJT operates
In active mode
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10-1..3kQ-1;.2kQ =V,

= Vee = Vs - Vs

= Vg = Vg — Ve =4.63-0.7=3.93V
2 Vge ==V =-3.33V

BC junction is reverse biased

5V
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OR Second method: Assume Saturation

* 1) Since BE junction is forward biased ==> Q1 can be either in
Active (Linear) or Saturation mode

« Assume itis in saturation mode:

10— 1y 3KQ — I, - 2kQ = V.

E(sat) CE(Sat)

E(sat) = C(sat)

Sl = % =1.96 mA

I sal IC —
B(min) — % =19.6 pA

assume |

I sat) 1~~~ "~ 77
Now we find the actual value of IB e

I B(actual) — 107 MA (|t was found pI’E‘VIOUS|y) k—Active Mode—>———Saturation Mode————>

since |

o otan < loeay = lomny = the assumption |i(min) ls
made earlier that BJT in saturation mode

Is wrong , and actually it is in active mode -
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BJT as switch:
12 v
Example: g
2K
Find V, (¢) for the input given }\5/1\(/\,

B=30 vy, p
below: j_

- v 1Zv
E Vi) Squre Wave
g —
412 A
—— = Time '
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Solution:
SsLetV:(t) = +12 volt Ren
i(6) AMA
Calculate V;;, &R, Vin| +
|
15K _ _100k*15k
A Ry, = 15k // 100k ST 13k
. § - Vin = 8.9 volt  propfi
e — 100K
1'211
. Since the base emitter
= ! junction is forward bias; the
transistor could be either in
the active or the saturation
region
STURENTS H B o Uploaded By: anonymoug,
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» Assume that the transistor in the saturation region

Vee = Ve,sar _ 12— 0.2

IC IC,sat RC 22k 5 36m
I (min) = ’C'E“t = 2272 = 0.18m4
Vi, — Vg 89 —0.8
[p=-1"BE = 0.62 mA

Rry 13k

+ Since Iz > Iz(min) the transistor is in the saturation region.

vV, = Vegsar = 0.2 volt

Vi, =536mA
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eLetV;(t) = Ovolt

+12 v
2K
15K T
AAAY .1? =30
L Rth=13k
o ) AWV
—1zv —— V,,=1.56

Since V;, = —1.56 volt

Base emitter junction is revers biased the transistor in cutoff region
vV, =V =12 volt

Vi =0mA
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The circuit acts as inverter or not gate

v )
v(t) Squre Wave j 1 —

NOT gate truth table

HAmplitude
(] ’
-

input

‘t
% Time | | |

} : } } Input bo Output
| | | |
Voo \ | \ \

lnput Outpat
0 |
output

| 0
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