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13.1. The P-N Junction

t 1s possible to man ‘ture

Lo ”m“‘:l‘i;l!lntuu 4 single piece of a sem;

(either Ge or Si) one half ; ___ P N
of which is doped by P type |+ —:‘-MN »-;:““_*]
impurity and the other half by T -
Ntype impurity as shown |;1 + - - ]
Fig. 13.1. The plane dividing P ———
the two hul\'cs Qr zones |‘\ i
called a P-N junction. It Fig. 13.1

Ibm.xld be noted that a useful p- N junction cannot be produced
b)'ﬂumnt:\‘(mg P-type material to N-type material by we
#e., because this would give rise o
aystal structure.
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178 m Basic Eleclionics

Duning the formation of a P-N junction, following two [‘I‘L‘ll“lTlcna take P]aCe '
| H c i 3

‘ | the Junction ang :

because it is depleted or devoid of free charge carriers. Its width ig aboy | 1§ Sﬂ‘“al v

U - barrier potential V, is developed llm( leg )

(1f) a junction or barrier potential V is de Whose Valye . M)

(1) a thin depletion layer (or region) is set up on both sides of
i) i

across the junction
0.3 V for Ge and 0.7 V for Si.

When a P-N junction is packed as a semiconductor device, it is called g

13.2. Formation of Depletion Layer

Suppose that a P-N junction has just been formed. At th
and electrons in the N-region. However.,
they form majority carriers)

PN,
Juﬂctmn ;
diqt

at instant,

holes are Still i ¢
there is greater concentration /

of holeg in P~regiqp'nu°" |

n(
A Mobile ;
than in N-region (where l‘hc')‘ p N
form minority carriers). Simi- P N P >
B p . + + o) L. N -
larly, concentration of elec- Pl ™
. - y . Tty | Tl we
trons 1s greater in N-region | e
0 . . = + + }1— T e e
than in P-region (where they ‘"‘T‘
g . . : Diffusio
€XIst as minority carriers), ey’
This difference in concentra-
: - : (a) . (b)
tion establishes a density gra- Fig. 13.2 :
dient across the junction re-

sulting in majority carrier ditfusion. Holes

diffuse from P- to N-region and elect
region and terminate their existe

nce by recombin
This recombination of free and mobile ho
junction called depletion layer. 1t is so-called b
mobile charge carriers though it does contain fj
This production of ions
electrons and holes are themsel

Tons from .  p.
ation as shown in Fig. 13.2 (q). 1

les and electrons produces the n
€cause this region ‘is devoid or
xed or immobile positive and
is due to the fact that the

AITOW Tegion at fhe
depleted of free g
negative ions,
impurity atoms which provide migratory

ves left behind in an ionised state bearing a charge which is opposite |
to that of the departed ’ Depletion layer . 3 i
carrier. For example, e 3
wh::n an elcl:}ftr.on tr'ni- OO0 00 O SISlCIS) ® 0 000
grates across the junction
from N-region io P-re- O 0 0.0 010 R 0050 2% |
gion, it leaves behind an OO0 00 O SASHICIC ®© 0o 0000
atom that is one electron SISl 0000
short of its normal quota. ©CO0O00O0OO0 Ooleod L, ¢ ‘
This atom is now ionised Qs O 0S0L 0D 0000
and has a positive charge. SIGHOIS) e 0000 o
Itis said to be uncovered. OAOROLD O 20 OR®® ARt Hhs
These impurity ions so le—— v,—>] otion love"
produced are fixed in  when an equilibrium condition is reached In a diode mzziplacmss the
their positions in the crys- has wldqned to a point where no more electrons |
tal lattice in the P-and N-  P-N junction. site charges f”::;f ,
regions. Hence, as shown in Fig. 13.2 (b), they form parallel rows or plates of?ppoz;n mobile & ]
each other across the depletion layer. As seen, depletion layer contains no r:eiike an insulat g
carriers but only fixed and immobile jons. Hence, this layer (or region) behave : I 3

; : xplained in
due to the presence of rows of fixed charges, it possesses capacitance as exp

13.3. Junction or Barrier Voltage (Vp T ﬁecchargecamﬂ’
As explained in Art. 13.2, depletion layer of a P-N junction diode ha:
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v fixed TOWS of oppositely-charged ions e RS il frad | —
¥ . > 1S p N

es. Because of this charge separation, an electri )
' o ik e
%+ OO 2

Jentia
¥ + + | O )

the U0 13.3). It is know : SRk
m.f (F1E 13.3). 1L 1S KNOWN as junction or barrier CMOCAEBRERY -
- b= G

‘o(cminl. 1t stops further flow of carriers across th

ion unless supplicd by energy from an cx\l‘cm':;
room temperature of 300° K., V,, is about 0(3
1.7 V for Si. Its value depends on do ir‘\-v
harge and temperature, il

put onl

B o sid
(wo / b
/ 18 esli shed acros s :
Vg is® stablished across the junction even when
fion 18 not connected to any external sour f
’ ‘ ce o

| |
I |
\Y |
B=03V for Ge |
U o Ge an =07V for Si | i
densitys electronic ¢ || /——T
The processes involved in the formation of a P-N | X
yn are surmmmarized below : e I ! ‘
. . SIRSRNTEL S5 R RSN IR I
1. Holes from the P-side diffuse into the N-side | |
where they combine with free electrons. | ‘ E

B

junctic

2. Free clectrons from the N-side diffuse into the Potential barrier
P-side where they combine with holes 2
: Fig. 13.3

3. The diffusion current (also known as recom-
bination current) decays exponentially both with time and distance from the junction.

4. Due to the departure of free and mobile carriers from both sides of the junction. a depletion

layer (centred around the junction) is formed. This layer contains only immobile or fixed
(also called uncovered) ions.of opposite polarity.

5 These uncovered by fixed ions set up a potential barrier across the junction.

ses the diffusion of free majority charge carriers from one
r* till the process is completely stopped.

doping level. For heavy doping, deplction
harge carrier (either free electron or hole)
on (short lifetime). Opposite 1s

6. This potential difference oppo
side of the junction to the othe

7. The width of depletion layer depends on the
layer is physically thin because a diffusing ¢
has not to travel far across the junction for recombinati

the case if light doping is used.
3.4. Effect of Temperature on Barrier Voltage

on doping density, electronic charge and temperature. For a given
t, thus making Vs dependent on temperature. With increase
s are produccd leading to their increased drift across the
er barrier potential. It is found that both for

Barrier voltage depends
tion, the first two factors are constan

temperature, more minority charge carrier
tion. As a result, equilibrium occurs at slightly low

and Si, V, decreases by about 2 mV/°C.
or AV, = - 0.002.A1
where At = change in temp- in °C.

5. Forward Biased P-N Junction

| ry terminal 18 connected to P-
wn in Fig- 13.4. In that cas
its casy flow of current ac

region of a semiconductor and the negative
e. the junction is said to be biased in

Suppose positive batte
ross the junction. The current flow

lery terminal to the N-region as sho
forward direction because it perm
be explained in the following two ways - o

mally-generated minority charge carriers

barrier aids in the transfer of ther

* Incidentally, this potential
4 n 10 the other.

fram one side of the junctio

Scanned by CamScanner



180 = Basic Electronics

(1) As soon as battery connection 1s made, holes
are repelled by the positive battery terminal and electrons
wre repelled by the negative battery terminal with the result
that both the electrons and the holes are driven rowards
the gmpction where they recombine. This en masse
w¥ethcnt of electrons to the left and that of holes to the
right of the junction constitutes a large current flow
through the semiconductor. Obviously. the crystal offers
‘ow resistance in the forward direction.

Incidentally, it mey be noted that though there is
movement of both electrons and holes inside the crystal,

only free electrons move in the external circuit i.e.. in the battery-c

Holes
""']h
o+ o+
+ + - - =
+ o+

Electrons
I, <—

+
i

(a)

Fig. 13.4

| (if) Another way to explain current flow in the forward direction is to say that due to the
applied external voltage, the barrier potential is reduced which now allow

across the junction [Fig. 13.4 (b)]. Incidentally, it may be noted that forward bias reduces the thick-

ness of the depletion layer as shown in Fig. 13.5.

P@N S R ot

Borom 1on
doesn’t move .

The electric field set up
by the battery points
from left 1o right, and i
not shown

Vi Lowered
(®)

S Ul et (st 0 e

$ more current to flow

ENSIER LS

kel i B

W <W w’

+ 4+ A

*l F No bias
| _ ~ Fig. 135
13.6. Forward V/I Characteristics

A typical V/ characgeristic for a forward-biased P-N junction is shown in Fig. 136 I
that forward current rises exponentially with the applied forward voltage. However, at©
‘emperature, a p.d. of about 0.3 V is required before a reasonable amount of forward ¢
flowing in a germanium junction. This voltage is known as threshold voltage (V) " g -
or knee voltage V,. 1t is practically the same as barrier voltage V. Its value for silicon yond

i

about 0.7 volt. For V <
threshold value, the

Vi current flow is negligible. But as applied voltage mcre&‘:;d
| e forward current increases sharply. If forward voltage is 1
certain safe value, it will produce an extremely large current which may destroy e

Forward bias
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ing. O¢€ devices can stand junction
i cﬂ "

0"""" ature around 100° C whereas Si
t""‘p‘_“n function upto 175°C,
$
it ()hv“)uh’ly. the Jorward-biased
gion has d low resistance. FFor p()illl B in
}“m ’I,‘l 6. the forward resistance for Si is
s 08V Y.
R - = 2
. 20mA
gjmblarly. for point A on the Ge curve
036 V
R = - =18 Q
20 mA

_ In prnclicc, this static forward
- qesistance is not used. Instead, the dynamic
 resistance Of i

~ of the slope of the forward characteristic.

mA
80
_‘u.
o 60 |+
g
° a
5 40
5
20
0

—— Majority
carriers

14 0 AVE

AlpIAV: Al

a
/ ,_,/ /
1 x l._d:__.L__n_
0.2 04 0.6 0.8
Forward voltage

Fig. 13.6

ncremental resistance or ac resistance of the junction s used. It is given by the reciprocal

+ ac

N

E Here, AV, = 019V  and Al;=376mA

: 0.19

3 roe = 2 y =51 p-type n-type

: . 5 x i ]
i — 20 ¥

-E
' When battery connections to the semi-
~ conductor are made as shown in Fig. 13.7 (a),

the junction is said to be reverse-biased. In
 this case, holes are attracted by the negative

battery terminal and electrons by the positive
' terminal so that both holes and electrons move
~away from the junction and away from each
other. Since there is no electron-hole
combination, no current flows and the junction

- offers high resistance.

- BT L

+ + +!y

Holes Electrons
v
o
(a)

13.7. Reverse Biased P-N Junction

+ X
ok gy

There is an apprecia
diode when the diode 5

I R e
s
+ il —
ety
| Conventional _—

current
ble current through the
torward biased

Vv
B
P N
RPN SRR -
= I ; ey F 5
+ + + ' - —
: |
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i '.. .-:. g or
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) : j
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1 Vi
oar WAL A TN B
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(h)

Fig. 13.7
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Electronics
of looking at the above process is that, in this case, the

1§2 = Basic

Applieq

9 . y ! CATMINTE ¢ vf)h

blocking the flow of majority carriers as shown in 1 age i
' Fig. 134,

7(’),' e\\

Another way
al thereby

it may be noted that under reverse bias conditions, width of
jority charge carriers are pulled away from the Junction It

the barner potent!
Incidentally.
increased because ma

1 barrier (Fig. 13.8). ]
pnlum.ﬂ h.uTu_ ‘( E 5 W N W s wW the

>/ N P W
P e | - et
- K”) + + 4 + + Biaan - * b!

No bias

Fig. 13.8

13.8. Reverse Saturation Current (/; or /;)

Although under reverse-bias conditions, there is practically no current dye o m
carriers, yet there is a small amount of current (a few HA only) due to the flow of Mminority :
across the junction. As explained earlier in Art. 12.26, due to thermal energy, there are alwaysz -
some holes in the N-type region and some electrons in the P-type region of the SCmiconductoy 5
shown in Fig. 12.21. The applied voltage acts as a forward bias for these minority Carriers T}:
battery drives these minority carriers across_thg"junction thereby producing a small curen calleg
reverse current or reverse saturation current Iyor I, Since minority carriers are lhcnnally-gw

I, is extremely temperature ({rpendent. For the p-type n-type
same reason, forward current is also temperature ARG ¢ TR
dependent but to a much less degree because , ¥ ) Vi e e ﬁ
minority current forms a very small percentage of H T+ v e ‘
the majority curremt. . [ il oy .. & [rf & o Q{ 18

1, is found to double for every 10°C rise + i i * A &" ‘ 4
for Ge and for every 6°C rise in the case of Si. e G LT 4&?..1514:@
Usually, it is of the order of pA for Ge and nA for
Si.

| | /e
13.9. Reverse V/I Characteristic it
*~ - It may be noted that reverse saturati Under a reverse bias condiion, ihefé
! ation

current is also referred to as leakage current of Is almost no current through the diode. ]
i rertaps . J g LAY 2 : 2 4 ;howsV 8
: everse voltage Wi wlias the P-N junction. Fig. 13.9 N

characteristics of a reverse-bi
juniction. It is seen that as reverst
voltage is increased from zero,
reverse current quickly rises 0!
maximum or saturation value.
temperature constant, 5 .lhc |
voltage is increased, /o 1* f it
increase only slightly. Th'* ’ 1
increase is due to the impunite® iy
surface of the semiconduc!®" :W
behaves as a resistor and W‘ ol
~ Ohm’s law. This gives N% “; |
- small current called surface ™

25V 20 |
By i iei0iag 10 20V
|
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Chapter : 13 : The P-N Junction w 183

e main Jeakage (or saturation) current, this surface leakage current is independent

ke Lul dcpcnds on the magnitude of the reverse voltage.

i ium'linn can be represented by

¥ - a reverse voltage of at = 4 :
1 of 81, for a reve ge of about 15 V, I, = 10 pA. Hence reverse resistance is

f.
rfalurc i a8e(
P rcvcfsc-hnas
o
g e
4 BV L1SM

Re™ 10 pA
Combined Forward and Reverse V/I Characteristics

|3.|0-  ed forward and re- . 5 |
Cumhl ent characterns- ok 4
1 Vo p Ge and Si are shown
s 10° llO It is seen that leak- |
o Fig: ‘[ of Ge junction is much T
g cll 3 f Si juncli(m. It 1s .

{ % than that O * :
ke note of the

gor® = ma
ile to
wonhw'.‘n scale of 1, and reverse

hang® !
g qol[ﬂgc ;- | | e ] | . {

13”__mncﬂorl Break- 20 -10 0 0.5 10V

a very large resistance. As seen from Fig.

.
<
S,
-

L, 75

Reverse voltage 25F

e e opiiedil o £ 2
If the reverse bias applicd | /
{ paP-N junction is incrgascq, a § s L 50 ,i,‘.,
point 1S reached when the junction
& preaksdown and reverse current
ises sharply to a value limited only
by the external resistance con-
nected in series with the junction :
(Fig 13.10). This critical value of b o e __ Fig. 13.10 o SRR e M
the voltage is known as breakdown voltage (V). It is found that once breakdown has occurred,
very little further increase in voltage is required to increase the current to relatively high values. The
jnction itself offers almost zero resistance at this point.

The breakdown voltage depends on the width of the depletion region which, in turn, depends'
on the doping level.

1’ 3 The following two mechanisms are responsible for breakdown under increasing reverse
| 'oltage

L. Zener Breakdown

This form of breakdown occurs in junctions which, being heavily doped, h:we narrow deple':-
layers. The breakdown voltage sets up a very strong electric field (about 10° V/m) across qlls
v layer. This field is strong enough to break or rupture the covalent bonds thereby generating

hole pairs. Even a small further increase in reverse voltage is capable of producing large
ce in the breakdown region.
2,

Of current carriers. That is why the junction has very low resistan
Avalanche Breakdo
. This f, A i e : :no lightly-doped, have wide depletion
_ %M“m of breakdown occurs in junctions which, being g rc);kdown. el ey, i

1 M(" l electric field is not strong enough to produce Zener b
With y

: : i sion. Upon
@ 8 o ted . F : . tor atoms in the depletion region. LUpo
They h‘t by this field) collide with the scnug:):ﬁ: m:d e ron-hole. pairs are generaicd.

ted by the electric field resulting in more

(5

LmouA

P e TR B S

electrons, covalent bonds are
“"8enerated charge carriers are also accelera

-.ﬂpm-r.n'
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m Basic Electronics

':(',Hi“m”s and hence further production of charge carriers. This leads ¢
charge ""”""""‘ull”d’;“1'“ a nUYIRE B0 low reverse resistance, The two ;valanche (or
are shown 11 Fig. 13.11. reﬂkd()wnp ﬂ%)
Ul
" 1
{mf/\ (lp
lnA)
- Reverse
bias ,
V
v Ver______ ¥ 4
‘——,‘m‘—’_—___jf(__'_//: +V
Breakdown Iy sy
(LA)
;'-*——P
Avalanche
1 breakdown
* Fig. 13.11
13.12. Junction Capaciiance s
edby P-Nj unctions when they are either forward-biased o

Capacitive effects are exhibit
acitance (C,) or Space-charge Capacitance

n is reverse-biased, the depletion region acts like an insulator or a
ng a capacitor. The P- and N-type regions on either side have oy
therefore, have all the components necessary for making a pardl.
called transition or space charge capacitance (C,,Of

— g A/d. Its typical value is 40 pF. Since thickness of
capacitance C; can be con-

hiased.
(@) Transition Cap
When a P-N junctio
dielectric material essential for maki

resistance and act as the plates. We,.
or. This junction capacitance is

lculated by the usual formula C
ds on the amount of reverse bias,

This property of variable capacitance possessed by a reverse
a device known as varicap or varactor (Art. 158)

lel-plate capacit

(). [t may be ca
depletion (or transition) layer depen

trolled with the help of applied bias.
biased P-N junction is used in the construction of
This capacitance is voltage-dependent as given by the relation -

o el bt

Vg + V)"

knee voltage (Art. 13.6)

= applied reverse voltage

constant depending on semiconductor material.

l

Cr
where Vr
Ve
K

— for alloy junction

1
n ==
2
1
3 __ for diffused junction
®) Di
ms]::af;::::eor: iorage Capacitance (C,) |
. e i '
Capacitance to account for?f:r!c I[si ot whc" the junction is fonvard-biased. It is Ca”‘,’d dg::
me delay in moving charges across the junction by diffusiof s
Jates- It A

Due 10 this f,
! '8 1act, this capacit,
directly with he mag,,,-,fj;';‘;"f;‘:annm be identified in terms of a dielectric 204 P
ard current as explained below in more details
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ward-biased v, it /e

de a f()r. f rwajd r rac
1" g carrying @ 19 “**“'“*MN\,‘,,, Ry

hich 's¢thc applied volt- P s 1 T —
iy nly reversed. ther I’{ i = ,

Jde put leaves lot of ! N

suddcnclzm-iers in the deple- it\ - e ik
g char® ese charge carriers i P c,

‘o of the region whichto % Fig. 13.12 (b)

( omes wider under the reverse bias, chc;”' s . S

| ,ecd .. capacitance assumes great significance in the g ratio - . ;
midlypffom forward to reverse bias. If.C, is larg peration of devices which are required to

; e, this switchover canno i i
g . t be rapid. It will
. switch-on and the switch-off. This effec = e P
i wyb"‘h lhgcc tect of Cy, is variously known as recovery time or
B 3 tom . ™ \ )

813, Equivalent Circuit of a P-N Junction

We have seen from above that a forward
jon capacitance Co (which comes into the
1y high). Hence, it can be represented by
satery has been connected in series with r_

o, " !

-biased juncti 3!
J on offers ac resistance r,. and possesses

pictur_c only when frequency of the applied voltage is
the equivalent circuit of Fig. 13.12 (a). An opposing

. 1o account for the junction barrier potential (Art. 13.3).
As seen from Fig. 13.12 (b), a reverse-biased junction can simply represented by a reverse
wistance R, connected in parallel with a capacitance C, or Con

Example 13.1. Calculate the barrier potential for Si junction at (a) 100°C and (b) 0°C if its
value at 25°C is 0.7 V.

Solution. As seen from Art. 13.4,

AV = —0.002.A1=-0002(t,-t) -
(a) At = (100 -25)=75°C

X AV = -0002x75=-0.15V

Vg at 100°C = 0.7 + (- 0.15) = 0.55V

(b) At = (0-25)=-25°C

: AV = —0.002 x (- 25)=0.05

o Vpat0°C = 0.7+005=075V.

o n the blanks with most appropriate 4. The width of the depletion Jayer in an unbiased

or numerical value (s). P-N junction depends on lcvclin s
region exists on sides of a - 8§, Barrier potentxa] ............ with increase in junc
"'N N 7 CXISIS ON ....cccovennes S & . ) | ty
. ial is developed across a 6. When a junction is forward—!:nsedror majory ‘
- eraeans M.] 18 _ P SO b‘.sed
SN "" iNction whose value for silicon is Cc:mn::: it is |
b & ;:;;-;:0::" i f " 7. The fa'ward-biuedb}:‘NM bas A L
b 3 i‘ ............. fa’ﬂﬂd .I‘Iﬂce i ssasapn e reverse
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