
Chapter 4
PN Junction

unction Structure4.1 ل
The pn junction refers to a piece of semiconductor say p-type. Part of the material is exposed to

n-doping so that the final structure is p-type in one side and n-type on the other. lt is never meant to be
two pieces of materials one n-type and one p-type glued or connected together. The micro scale contact
between the p-region and the n-region is what is called junction. The junction surface is an imaginary
plane, where we can identify the p-region from the n-region. There are two basic structures. One is
called abrupt and the other is graded. ln the abrupt junction the material switches types abruptly at the
junction plane. ln the graded structure the doping changes gradually from one side to the other. ln the
following analysis we will use the abrupt junction model. (Fig. 4.1).

4.2 pn Junction at Themmal Equilibrium
ln the p-region the hole concentration is high while in the n-region the hole concentration is low.

Therefore, hole diffusion takes place from the p-region to the n-region. This diffusion causes acceptor
ions near the junction plane to be uncovered since some holes have been removed to the n-side.
Similarly, some electrons in the n-side diffuse to the p-region leaving behind uncovered donor ions.

This results in the fomation of a dipole layer (called transition region or depletion region). The
width of this layer will not increase indefinitely because an electric field will soon develop within the
depletion region directed from the donor ions to the acceptor ions. This electric field will act to thwart
further diffusion of holes from the p-side to n-side, or electrons from the n-side to the p-side. At themmal
equiibrium we will have a hole diffusion current counteracted by a hole drift current in the opposite
direction. Also, an electron diffusion current is counteracted by an electron drift current. The net hole
current is 2ero and the net electron current is zero. The existence of an internal (built-in) electric field
results in the setup of an internal (built-in) potential difference (barrier potential or contact potential)
4 as given from eqn. (3-18) by

 م
H%P,

 ع٥

P.
(4-1)

Where ,م is the hole concentration in the p-region at themmal equilibrium (equal toN,) and p, is the
P '

hole concentration in the n-region at themmal equilibrium (equal to n,/N,). Thus, eqn. (4-1) becomes

4=٥Y =v,o4 ( وبم"م(v,e٩2 م ء
P. n,

This is the internal built-in voltage which leads to band bending, but it cannot be measured
directly by a voltmeter. Femi level at themal equilibrium E, must be constant since the net current is
zero, whether the device is open circuit (oc) or short circuit (sc). The transition region forms a space
charge region in the bulk around the junction plane. But away from the junction the material is neutral on
both sides, where there is no charge and no net electric field. The band diagram of a pn junction at
themal equilibrium is shown (Fig. 4.2).

We also plot the carrier concentration distribution (Fig. 4.3). The hole concentration in the p­
region is p, =N, throughout the neutral region. lt then drops very rapidly within the depletion region to

A

P=n,/N, at the border of the neutral region of the n-region.
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4.3 The Potential Barrier
We must realize that at themal equilibrium the diffusion curents (and hence the drift currents)

are quite 1arge (Prob. 4.2). This is due to the fact that the concentration gradients are quite high. The
concentration drops fast over a very small width. Also, the electric fkeld is quite large due to the fact that
the potential drops in a very small distance. We can now visualize the flow of to opposing currents.
The fonward curent represents holes diffusing from the p-region to the n-region and electrons from th
n-region tD the p-region. The reverse curent- mainly drift of holes being returned by the intemnal electric
field flows from the n-region to the p-region and electrons from the p-region to the n-region. We note
that the pbtential barrier is like an obstacle in the path of the diffusion process.

Thus, the fonward current represents those carriers with sufficient energy to summount the barrier
which act6 like a hill. The reverse current represents carriers flowing back in the opposite direction, or
carriers falling off the top of the hill. We can use the Maxwellian tail (Fig. 4.4) to explain how carriers
sumount/ the barier, notng that the band diagram is drawn for ekectrons which means that the band
diagram for holes has opposite polarity, i.e., the barrier impedes holes diffusing from p-region to n­
region. At themal equilibrium, both fonward curent l, and reverse current l, are equal and given by

(r  =,اA,=1 /#م,4-3)
wtere 4,is a constant, since only cariers with sufficient energy [\4 can sumount the bamier which

separates E, from E,

4.4 The - ا Characteristics of a pn Diode
We cal the pn junction a diode and is given the symbol shown (Fig. 4.1b). When an extemnal

battery is ،connected to the pn junction sud that te positive side of the battery is connected to the p­
region and the negative side of the battery to the n-region, we call this connection fonward bias. ln this
case, the 'net ekectric feld inside the depketion rgion is decreased and the potential barier height is
reduced ftom to م $-٧,, where V, is the diode voltage. At themal equilibrium there is a balance
between two curents; forward curent and reverse current.

The forward curent is driven by difsion, wereas the reverse curent is basically drif within the
depketion fegion. The forward current as given by eqn. (4-3) must now be epressed as

L,= ٨٥h٩-٧١٤ (44)

ln forward bias we call V=7, (and in the rewerse bias V,). The barier height is now $- ,٧ م i.e., the
diffusion cument (forward curent) increases due to the lowering of the obstacle, namely, the potential
barier (Fi. 4.5). ln other words, the Maxwellian tail now acts to drive in more cariers. However the
reverse curent does not change, since it represents carriers driven back, which are not really affected
by the heiht at the bamier. It is easy to see that sliding down the height does not depend much on how
high the bArier is, hence called saturation current L,. So the reverse curent remains as before

l,=/,=٨,٥ /م٣
Thus, there is a net curent

 =ا4 ء ,ا
-٨ «#ي٧٠٧-٨ ي٣٣

٨ «لاي ٠ي]-١{
 -ه'4-١].٥٣٧٠٨[-

(4-5)

(4-6)

(4-7)
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(b)

depletion region (space charge region)

• ر
Fig. (4.1) Abrupt pn junction
a) structure b) symbol
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Fig. (4.2) Band diagram of a pn junction at thermal equilibrium
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Fig. (4.3) Carier distribution in a pn junction at themmal equilibrium



Maxwellian tailء 

Fig. (4.4) Mamwellian tails for camiers in a pn junction at themmal equilibrium

We may rerite egn. (4-7)
 =,ا١ ء].٠٠-١[(8)

where V, is the temal voltage and is eual to 0.025V at room temperature. Eqn. (4-8) is called the l-٧
characteristic of the pn diode (Fig. 4.6). lt K seen that for forward bias the curent l, increases
exporentiaky with diode voltage drop V, wtereas for reverse bias (the positive side of the battery
conrected to the n- region) the curent Ks basically -1. This means that the l-٧ characteristic is
asymetical. It alkows current to fow in the forward direction, whereas it practically blocks the current
in thwe rewerse diection.

4.5 Load Line
Consider a diode in series with a resistor and an extemal voltage is applied across the

combinaton. We note that the curent in a series circuit must be the same throughout the circuit. To
calculate! this cment analytically we have a problem, since the ١-٧ characteristic is nonlinear. We
cannot sipy appy Oh's law as in a combination of two series resistors. A graphical method has
been deried (Fig. 4.7) to calculate the curent in this case. We kcate on the V axis a point at , ف,ا
wtere Vف in the battery voltage. Then we draw a line (called load line) with a slope -1/R,, wtere R, is
the series resistor. The point of intersection is calked the 9 point (Cukescent point) or biasing point. We
then read l, which flous in both the diode and the resistor. The voltage or the diode V,is also read on
the V axis. This is justifed since

 ,ا=٧+,٧(4.9)
=٧+IR (4-10)

We may use as an approximation a irearized model of the pn diode in wtich w assume the IV
charactertstic a straight:lire wi .a soke.l/ R, where R, is calked the forward resistance and Y, is
called te cutin voltage (Fig. 4.8).:We may defne te incremental conductance , ع

٧":٧&2 ب اه
d

(4-11)
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Fig (4.5) Effect of bias on the band diagram of a pn junction under
a) themal equilibrium b) forward bias c) reverse bias



Fig. (4.6) 1-٧ characteristic of a pn diode

Fig. (4.7) Load line
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Fig. (4.8) Linearized model of a pn diode
a) IV characteristic b) circuit model

From eqn. (4-8) we have
1g, =.  إم ده«"/٥ ذ"

٧
Which approximately given by

&٠ ز= د ، ا
 ن

(4-12)

(4-13)

٧١Hence, r,=-= (4-14)
4.8 ر

where l, is the current at the g point and r is assumed to be constant around that particular g point
by taking

٢=٨, (4-15)
ls taken as the representative fonward resistance of the diode. Of course at reverse bias we find that
r, or R, (reverse resistance) is almost infnity. Thus, the diode presents a small fonward resistance in the
fonwardbias and an infinite reverse (backward) resistance in the reverse bias. Hence, a pn diode may
be regarded as an ideal switch, which is short circuit in te fonward direction and open circuit in the
reverse direction.

E. 4.1
Derive expressions for the electnic field under nonunifom doping for large and small electric field

intensities at themal equilibrium.

Solution
From electromagnetic feld theory (Poisson's equation)

7.=,
٧ =ع. ؟
€
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Where D is displacement vector and gis the charge density
Thus,

٢ (ثا-ج.٨;+٥-٠-٨);(٩-17)
€

For one dimensional geometry and n-type matenial, neglecting the hole density,

(٩1٥)(٨٥-٨٥;w)عه٣ 
dr €

From egn. (34) at themmal equilibrium, J, =0.Thus,

k\A.(±)e(»)+[19-4)( و0 ى)"(ءه٥
dr

We want to distinguish between two cases:
a) N%(r)>>n(r) 0r p(r). This is the case of the depketion (or space charge) region
Thus,

(4-20)(N;(r[إ eه 
 د ت

€dr
0٢

(4-21)

(4-22)

(4-23)

(4-24)

 سيي"ا#-،
Afer welobtain €(r), we may obtain n(r) fo eqn (4-19)

dn(r) .±  ه ،a(p) و ج

m(2) D,
lneegrating en. (4-22)

dح e.'خام' م 
 د د

 ةm)« ة٧
,(x)٧(-Nr) Y(rم, 

 دل در

m٤,) Y
At (the boundary), V(x)=0

n(2) =M(r,مر٠" 
wtich Ks hn agreement with eqn. (3-20)
b) in thk/ case, we assume that urder nonunifom doping the electic feld is small enough that charge
reutralty still holds, so that.

 ه،4٤

d
(4-25)

(4-26)

(4-27)

n(r)=M;(r)
No, the,small electric feekd may be otaiwed fro eqn. (4-19)

 ,رج(1,9 )ج(&
 ]اي٥٠

AM(r) ' ة
(N;(r٧٠ ه

 د

N(r) 4
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Ex. 4.2
Obtain expressions for the current densities in terms of pseudo Fermi levels.

Solutions
Recalling eqns. (3-3), (34) and (3-8), we may write under non equilibrium conditions

٨ "ور=/\"٢(28-4)

(r  ر=م ""ج/"4-29)
where F, and F, are pseudo Femmi levels, i.e., Fermi levels under non equilibrium conditions which are
separate for electrons and holes.
Thus,

4 («ةب+»ي4 تجج )ججه.  ردر د،د
dr drd٢٤T

 د ، بيي أ<

iTl ه  ة

 د د، بجهة(ية )#ه

dr kT dr dr
Thus,

,dE, dR,8عه و, 
 مه-. ةء أتم ل ح ا

From eqn. (3-10), eqn. (4-30) reduces to
,F٣٠, ه ل= ضدا ه

dFم n=٠" ع ل ر

(4-30)

(4-31)

(4-32)

(4-33)

(4-34)

٠٠٠٠ d٢. dF ٠٠At themmal equiibrium, since ==ع0 J, , =,ل0= thus F,=F, and is constant.dr dr »

4.6 The Continuity Equation
Recombination must be included in the diffusion process. Consider a semiconductor specimen

which has a hole current density J,(r). Consider a differential length Ar and a cross sectional area .1.

The current densityJ,(x+d) may be larger or smaller that J,(r), depending on the generation and
recombination of carriers within the differential volume. The net rate of increase in hole concentration

with respect to tin t ج ؟ ٠') ىز the difference between the hole flux per unit volume entering and leaving
٥t

minus the recombination rate.
١ J،(r)

The fux of holes entering the differential volume per unit volume is  لمم
Axاو 

1 J ٢+  dم
The fux of holes leaving the differential volume per unit volume is  ل-'ع"م

drاو 
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The rateof recombination is" ere /"٠(ك ر r is the excess carier (hole or electron) recombination

lifetime. Thus,

(4-35)

(4-36)

(4-37)

(4-38)

,&(Ar+٢,)1J,(r)-Jة ا 
، ،،

a , او4ت ؟
As Ar approaches zer0, eqn. (4-35) reduces to

ap(r,0) p ة5 م1 ,لة6
 د ،ر ،در

a a o و r,
This expression is caled the continuity equabion for holes.
Similary, for electrons

5n n ,لة16
 د،،در

a a وا r,
A minus $ign is taken into cosideration siwce the ekectron is a negative charge.
Notiyg thAt p=p+&p, wtere p, is constant, we have

a آ ء د در ودا ع ب ، ,وقة/,4 ع ,)٨،2 ة5 م٥ و 'a"ة ة"١ء 
ard

(4-39)

(440)

a8د. [,ae, ،a\,36n.8د ع3ب٢ ي و و a r"ة, a"ج ا 
• ٠٠.•٠٠ • dg ٠٠٠٠

nder corditions of regkgbbke ekectric feld, wtwere € and tend to zero, i.e., negiigibke drift cuments
&r

and peh diffusion cuments, we hawe
86g , p م ةة  وة
 د،دج

a 'a' r,
and

(441)

(442)

 م,«6ة ة6«6«
 ، د،د

a "a' r,
ln many prbkems, te steady state distbbutiors of ekectrons and hokes are sought, in wtic case

٥5p « 5ة ،
 د دح ع

& a
Thus, at steady state we replace thwe symbo & by ٥

d'4مه ه 
 د

D,%.  فه4
d٥n nه 4  د دع دج(443)

weo 4,,,, sow» ة مير ي يهمر منسد» ظ n٥ ة 4-6:. e» ماe ن e  »»ع معا»»
kength.

Th physical meaning of the difusion kenwgt can be best understood by considering a situation
were the injection of excess hokes takes place in a semiconductor bar. Recombination takes place
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along the bar and is responsible for continually decreasing p ا from an initial value Ap(0) finally to zero,
where the effect of recombination has completely wiped out the injection effect.
A reasonable solution for eqn. (4-42)

4p() =4p(0)e-"٩'
where bp(o) is the value of Ap(r) at x=0
ln absence of the electric field =0

D """e68 ا-=٥--, ,وام4اث) اواء »من,
d dr , با

D
(4p(»)  م-اوات444)

L,
Thus, the diffusion length L, represents the distance at which the excess hole distribution is reduced to
1/eof its initial value (Fig. 4.9) which is Ap(o) (the diffusion current reduces by the same value).

We should note that in order to keep this steady state distribution stable in the face of
recombination, continued injection must go on. lf injection is ceased, the entire distribution dies off
gradually according to the continuity eqn. (4-40). We can also show that L, is the average distanc a
hole diffuses before recombining.

The probability that a hole injected at x=0 will recombine in a given dr between r and r+dr is
R,, which is the product of two probabilities R R, . Defining R as the probability that a hole inected at
r=0 reaches r without recombination and R as the probability of a hole at r recombining in the
subsequent intenval dr, we have

(4t#) ,4 . ع م.445)

" 40)
ln so doing, we have taken the probability as the ratio between the differential concentration at x and
the initial value at r=0. Similary, R is the ratio of the differential change in Ap to the initial value at the
entrance to the element Ar, which is , ا and from eqn. (443)

d4
x) ع ي.ا(446)  د د م4ب-4(4+

2 4p 4p L,

Thus, R(2)=RR=  -ه3' ة
 جا

The average of a quantity f (r) is given by <f(r)> as
 ي

<f(r)> [x()R()dr
 هه

(447)

(448)

R,(r) is the probability distribution, which is P in this case. Thus,
 ي

<r>=[r،""ة =L, (٩-49)
 ,ا

We should note that the quantity to be averaged here is x. The probability distribution is R.(r) where
<r> is the statistical average of distance a hole travels before recombining which is equal to L, .
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Fig. (4.9) Meaning of the difsion length

K

Ex. 4.3
Calclate the difsion potental for a pn junction in wich N,=10"e٨- and N,=10"e٨-.

Hence sho how 4, changes with temperature, nting that n,(300"E)=10""e٨' and E,=leY

Solution

We have

Wrere,

26

4=0o25 s لإ",ه ي0.02 c م6
10

=0.025x6x2.3
=0.345V

4(T) T', [ د)reoh در»٠٨ م-,
v- 300 ه0 اي(ئ

(4-50)

(4-51)

and Y is the bandgap ineV

0.025 ءm ب»ء-« يي(ااج+ك-ا«.«»ا: اي T 0.025300300

-0 {جيي،،اي» ،)ج.%.ازي(أ.،» 300300n(300)300
Taking the derivative tem by tem

 ب دح أن ل هل رل م إوة كمه. )ولإ.يء /داي(ل»ه3\.1 ي/,ك"4و

.300 300300 300T300n'(300)300aT
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0025,, MgN 0025 K 0.025,, T
 أة"»] »ة اة ة أقة د دل ،،د، د،3 ،

T,0025000250.345 ا
 ذ]» [ة» )ة د=د،، د، {أ ،

--2٩»o"-2seoe,(٠53)اي )
300

We see from eqn. (4-53) that the rate of variation 4,(T) with T is negative, i.e., 4 decreases as
temperature increases, and near room temperature the rate becomes temperature dependent to lesser
extent. Thus,

4#() 2.4xIo3 v٣K،ا، 

«T
(4-54)

4.7 lnjection and Curent Components in a pn Junction
So far we have considered the current components within the transition region on a

phenomenological basis. The current in a biased pn junction must be continuous. We want now to
analyze the cument components as they exist in the neutral region outside the depletion region. We stil
maintain that the field is zero in the neutral region, but excess holes and electrons are dumped (or
injected) into these regions, by lowering the potential bamier for a fonward biased junction (Fig. 4.10). At
themal equilibrium, the hole densities on both sides of the junction are related by eqn. (4.1)
Reriting eqn. (4-1) under fonward bias,

Pe ._ /٩-.٧٨١#M ي  د(4-55)

Rx.,)
This eauation is based on the assumption that the current under fonward bias is still zero (similar

to themal equilibrium). The verification of this statement comes about from the fact that the variation of
the concentrations of hokes and electrons is very fast in a small distance (width of depletion region).
Thus, the diffsion curents and the drift currents are very large. The net curent which is the difference,
however, is very small. Thus, we may neglect the net current with respect to both components as we did
in the case of themal equilibrium. Hence, we may use the same result as in eqn. (4-1)
Diiding eqn. (4-1) by en. (4-55) we get

P() ,  ، ر د،( /ملي(56-4

P.
Defning A(x, ) as the initial injected excess hole density at x, in the n-region, and noting that

for small fonward voltages (or low-kevel injection), Ap(x,,) << p,,, we find, using egn. (4-56) that,

4(x,,)=P(#)-P.,
 م- "/اى(١)(٩-57)

Simiary,
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./lkء{ا.امه-ا,+امه .م"، /•
، \ا٠١ العا
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 -امد-ا,ءإمه "ء)/.ء

:1,,
،

2,
004,

Under forward bias
At temma equilibrium ---------

Fig. {4.40) Saاتal distributions of ekectrons and holes at themal equilibrium (dotted)
and under forward bias (solid)

(4-59)

(4-60)

wtwere x, represents te beginniYg of te reutral region away fom te junction on te pside, and
2 tee beginning of tEe reutral region away from the junction on the n-side. The injected holes ard the
injected electrons fokow steady state distibutiors given by

4px.)=٠6ى.م٠"/-١ -ير 
4(x)=1,(4/»3اى_١ -ير/"" .

wtkere r, ard x measure fom , ج ard -(r[, respectively
We assume that te neutal regions have infnite corductivity (or very large majonity camier

corcentrations). Curent can fow in this case with a very smal electric feld, that is wty we can regard
tEe reutal regions as feld-fee, ard heence the ohmic voltage drop tEere is zer0.

ln the n-materia! tEe hoe cmrent has two components: diffusion and drift Likewise, in the p
material, the electo crent has t components: diffusion anwd drift (Fig. 4.11). We shall neglect the
drif of the minorities on both sides. Ths, we are left with the hoke difsion curent in the n-side and the
ekecton diffusion curent in the pside. The majonity curent has both drift and diffsion components. We
negkect any recombination or gereraton in the transition region.
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١٠-/١٤٠//(+.٤)

-(.'٤ ا/.

١-(,6٣٠ ء ٢,

Fig. (4.11) Current components in a pn junction under forward bias

Therefore, the hole and electron currents must be constant with distance in the depletion region. Thus,
the electron current I,(r, )at x, is actually I,/-(r,[), which is the electron diffusion current in the p-

side at -/x,[. Similary, , ا],x- ا),1 which is the hole current at - ,[,x ا must be equal to the hole diffusion

curent at x,, which is l,(x,).

Thus, the total current at x, o٢ -[x, or) ا anywhere in the junction) must be the sum of the values of

the minority diffusion currents at the borders of the depletion region. From egn. (4-59) and (4-60)

 م٨٠"dr, ,ا٤. و\-=ر٨ ,م44ج)

_B٨-١١ /٠»-(٥404إو ي,, 
L. ٩٠

AD »a«-جاا-ر.، ي,.ج٧٠٨ ر 
٨. L. "

Similariy,

١ هجقا-ا.-(.«,.٠ ر- •L 'ه
(4-63)

Note that the electron current must be in the same direction as the hole curent, adding to it. Thus,

 .ي,امباك.،• «-او«م.باا امعه
L '٩٠ L ٩٠

 ر-/ر٧ىي(ر­(65)
where L, the reverse (saturation) current is given by

, _/E\ (, م٥,,8 بإ «aeج ر)< 2ر -م 
٩٠'L٩٠Lه 

We should note that to maintain the condition of charge neutrality, the holes injected into the n-region
must be surrounded by electrons of equal distribution.
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Fig. (4.12) Detailed curent conponents in the n-side of a forward biased pn junction

Am(r,)=4(x, ( "-عر٠'/(467
This giwes an electo diffsio curent comporwent

4.e-  eق» إ ى(,٠" ا«ير-
We note thwat the rato of the electon to hole diffsion currents is eual to (-D,/D,)
Ths, twe total electon cuent in tee n-side is

I.(±.)=I-4,(٤)

(٩٥s)ل»إ\_ر_ م "/٠٣ي(-١١ ا٠«ي 
L, "

hT electronه difsio cument is given by egn. (4-68) and the electron drifT curent is given by
l.() ).i-(,x). بد ا= ٤ مد).

 د ، د د ، إ]_.ر_40, م /٠ي /إ],.،.ر2.١, ى٣٠4 /"-ير١.

L .٠ L "٠

٨ D-D o«لأ/ا8_٥ هي,,[ك-,٠٨_٨ الر ت) ,  د د در

L ٩.

Th} sitation is show in Fig. (4.12)
We should note that a few diffsion lengths away from the juncton, near te contacts with the

mel ١l, the current in the n-side is wxolty an electron drift component. Similarty, in thke p-side rear the
ntac, the cument is a hole drift component. Actually, no holes can fow in the wire but electronsأيإجم م 

simply move out from thxe vakence band into the wire and, Hence, holes are said to fo in. More
pretisely, we may say tat vacarcies in the Maxwellian tail of the metal draw valence band electrons
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(4-72)

out of the semiconductor at the contact with the p-side. Then, these electrons are reintroduced back into
the conduction band of the semiconductor at the contact with the n-side from the Mawellian tail of the
metal there.

We should note from the study of the direction of current flow (Fig. 4.13) that electrons at point
(1) fow into the conduction band of the n-side. Near the junction. This electron flow helps neutralize the
hole infiltration and supply the drift electron component, which replenishes electrons lost in the
recombination process. At the junction itself, the remnant electron current becomes itself an infiltration
thrust into the p-side (injection), establishing what amounts to an electron beachhead, which is
beleaguered by hole defences. ln short, we may eliminate for a while the concept of a hole and talk
about an electron flow at point
(1). The recombination process brings this electron down into the valence band, thus, eliminating a free
electron and a free hole, then emitting a photon. The bound electrons can still move toward point (2)
and exit the semiconductor there. Thus, we can still think of the current flow as a perpetual or
continuous electron motion under fonward bias in both the conduction band and the valence band.

Although we have assumed the bulk regions to be field-free, yet a drift current exists, since the
conductivity is assumed to be very high (or the majority carrier densities are very high). Therefore, it is
quite legitimate to neglect the minority drift currents. We should note that the net current is constant
throughout the device. Therefore we may calculate it within the transition region (just as good a region
as anywhere else). The net current must be constant throughout the entire structure. lt is our
prerogative to choose the point at which we calculate the current.

One point of clarification is due here. We considered earlier, on a phenomenological basis, that
the current is the difference between the fonard current [ nd "/اج ج the reverse current • What is the
nature of these currents? lf we choose to calculate the current inside the depletion region, then we talk of
two large components of current; one diffusion and the other drift. The difference is the net current, which is
very small compared to either. lt is not easy to calculate the net current this way. We choose to calculate the
net curent at the points r, and .],r ا- There, the hole curent is the diffsion component l,(r,)and the

electron curent is the diffusion component l,,[-[x, ,( ا and the total net current is the sum of these to
 وف ه

components. Since in the depletion region we assume no recombination or generation.

 بد»٥ -)/.-(ا,'4(٢)-»70)

 (،ا٢٠-)١٠ ا-(٤,١/
Similariy,

Thus, neglecting the drift components of the minorities, the total current is given by

I-4(-473)(إ٢/(++) )
We see that this current is given by

٢_/n#1=٢ /مجى_٢+٢
٩ 6 ٥,٥

-(١٠+,٢\,٠٧٨+,-٠)
 /و»ي/= ,ر-

-٨ ء/.٠٨-١)(4-74)
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Fig. (4.13) Directions of current fow in a pn junction under forward bias

The 6orward component T_ epreets "/الى م holes injected ito the n-region, and [ edrons "/لى إ
iected into tepregion. The forward cument sometimes is refered to, as the diffusion cumrent. We find this
temminology both cofrsing and misleading. The fonward curent is not sticty the diffusion cument. Also, the
rewerse components l,anwd lrepesent cusrrent components of camiers skiding down the bamier, i.e., by the
acton of the bamier. This is wty this curent is often times referred to as dri curent. This is also misleading,
sikGe the origin of this curent in the buk is ratwer the diffusion of minority camiers toward the jxction wile it
is dif in nature inside twe depketion regio.

lt is conveniert to say that difusion curent inside the tarsitio region is directed from p to n and the
drif cent inside thwe tansition region is diected from n to p. The net current is the differenwce between the
difsion and drif comporents, just as it is the diference between te fonward and the reverse components.
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Therefore, it is tempting to relate the diffusion current in the transition region to the fonward current
and the drift current in the transition region to the reverse current, for the respective hole and electron
components. This is a false argument. The diffusion and drift components in the transition region are
spatially dependent, while the net current is constant throughout the structure independent of x. Which is
the difference between the diffusion and the drift compnents, which is also equal to the difference between
the fonward and the reverse curents. But the foNward current is not the diffusion current in the transition
region nor is the reverse current the drift current in the transition region.

We should also note that as electrons are ultimately supplied on one side as a drift current in the n­
type region, they exit as holes in the p-type side regardless of the difference in concentrations. This is
because the current must be continuous. ln general, J =٥,£, =G,€,, where G, is the conductivity in the p-

material and G, is the conductivity in the n-material, e, is the small electric field in the neutral region of the p­

material and e, is the small electric field in the neutral region of the n-material. Therefore, the conductivities
G,and ,will be different and €, and €, are adjusted such that the current is constant and small ohmic
voltage drops appear in the neutral (almost field-free) regions.

lt is interesting to note that the pn junction characteristic has been predetermined by the minority
carriers injected into both sides of the junction, not the majority carriers. This is true for all junction
devices, in which an injection mechanism takes place. We call such devices bipolar since both types of
cariers are important, acting as minorities on both sides of the junction.

From the !V characteristic (Fig. 4.6), we note that the current of a fonward biased junction is very
small, until a critical value of voltage is reached at which the current increases dramatically with voltage.
lt is possible to idealize the characteristic (Fig. 4.8). Here, the characteristic is linerazed, such that up to
Y, (called cut in-voltage) the current is practically zero. Then, the current increases linearly at a slope

1/R, where R, is called the forward resistance.
We should note that this V, is very close to 4. The limiting value of the fonward bias in the

contact potential, at wich point the junction is washed out. We should note that 4 as given by eqn.
(4-2) has anupper limit of the bandgap itself (when E, coincides with E, and E, coincides with E,)

which case is called heavily doped pn junction.
One has to distinguish beteen the steady state distributions of excess carriers and the current

flow. ln fact, the currents may be calculated as the rates of supply of charges necessary to keep the
steady state distribution independent of time. One may calculate the current by considering steady state
conditions. To maintain the steady state carrier distributions, the rate of recombination must be exactly
balanced out by the rate of supply. Holes invading the n-side will be annihilated by recombination. To
maintain the beach head without increase or decrease, the rate of injection of holes injected across the
barrier (wich is the depletion region) must be exactly equal to the rate by which the distribution decays
through recombination. From eqns. (4-59) and (4-60)

• L »4r-4٨.8د ، إباء?-,, موز••4 إ، 

 ي.

»n«»-»لماي.ؤ.،{ بربد »,#اا٣ 
 ؟6٠[4,

where T, is the hole recombination lifetime in the n-region and T, is the electron recombination lifetime in
the p-region. Thus, the total hole and electron currents across the channel are given by
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(4-77)

(4-78)

 د ،4 ،،ب٣ ب٠. بي/إ»

 ر_مي.رد
where

 د ، .نجا، ه±٠ أ(4-79)

Using egn. (442) and (443)

wo«.بجماز­ [ج 
,L.8لها '

This method of analysis is called the charge control method. lt is quite instnuctive in calculating the
current in a pn junction, provided recombination or generation is negkected in the depletion region.

(4-81)

4.8 Transition Capacitance
The transition (depketion or space charge) region is a dipoke layer in which positive charge is

accumulated in the fom of positive ions on the n-side nd negative ions on the p-side. Charge carrier
densities may be negkected in companison with te fxed ion concentrations. To analyze for the electric
fiekd distribution inside the depketion region, we need to consider Poisson's equation.

a'٢٧  ،در

eأ 
٠٠٠٠٠٠٠٠٠٠.٠ yWhere g h the charge density and e is the pemittivity. Alternatively, since €=-, we get

dr

(4-82)de G
< دع

r e
The positiyely charged side of the depketion region extends a distance w, into the n-side and w,into the

p-side, wtich comespond to points r, and -[r [, respectively. These points, fom the border lines with

the neutral regions. Wfthin w,, the fxed ion concentration is N, and within w, the fed ion

concentabon is N,. From the consideration of the overall charge neutrality, the total positive charge
must be bAlanced out by the total negative carge. Thus,

(٩٨٨٨w, (4-83=.wم ANاوا 
Thdrefore, we concude that the transition region extends farther into the side of lighter doping. If

the n-side is heaviy doped (N >N,),w, <w, and the space charge is almost entirely in the p-side. By

neglecting charge camier densitkes n and p in the depletion region, with respect to N, orN,, is م
constant ad the intergration of egn. (4-82) iekdsر a linear relation for (r)
Thus, withn w,, we have

 عه ء"إ].</,٢ ه<(٩٥
d € ٣٠

And within w,, we have
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d٨٤N_""٥,٥<x<٤, (4-85)
dr €  'ن

These results are shown (Fig. 4.14). At the proper junction point, the electric field calculations on both
sides must coincide, giing a maximum value for the electric field , ج

N N 4٥o«،د د ، ء/ابا_., ء"ابها. إ 

- € P

Which is in agreement with eqn. (4-83). We should note that the electric field is negative, which means that it
is directed opposite to the positive x direction. Within w,, the feld is zero at -(r,/ and builds up with

. ١٥\N
negative values al a slope of oward) !٨"الا e. At the maximum point, the slope switches positive to

€
Nو\ 

decreases in value from a maximum value of e, toward zero at x,_. Thus, at the border lines٤and[٠""/لأ, 
€ »

of the depletion region on both sides, the electric field must be zero, since these border lines indicate the
beginnings of the neutral feld-free region.

The potential profile Y(r)=-[(x)dr, and therefore the total potential difference ( for a pn junction

at equilibrium is given by the area under the €(r) curve. Due to the linear dependence of the electric field,
the area underneath is triangular and is given by

٥n-٩).[eا}=/وا 
2 5

where W is the width of the depletion region, given by:
W =w,+ ٣ م

From en (4-83) we have
M,

 إر لإ=
٥ "

Substituting egn. (4-89) intoeqn. (4-88)
N N٣ =w.+%٨٠٨٨. ا%+ا-.«ع

Thus,
W»و« =ر •  د
٨,

and
٣N, W
٨٨.,٨ و م لي د،ر د ، ،

8٨ ج
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Fig. (4.14) Space charge density, electric feld and voltage profiles in the transition region

(4-93)

(4-94)

Frdm eqns. (487) (4-86) and (4-91) we may obtain an expression for W in tems of  م

°llN, M!و, 
 د،د

2 ء م,ر
٨,

١ [ M ٠ د، ر

2 eN,+M;
y2

٦or [لا،:ي:

So far we have considered.the width of the depletion region at themal equilibrium, and we have
seen from eqn. (4-94) that it is proportional to the square root of the contact potential. We want to
consider next the situation wten a rewerse vottage V, is applied across the pn junction. ln this case, the
width of the depketion region increases, sinwce more uncompensated fed ions must be uncovered on bolh
sides of the junction. This is needed to account for an increased barier 4+/%,( instead of 4,, and hence,
the triangke representing € must be enlarged by the same proportion to account for an increased area.
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Thus,

٩ي+.٢ .=ا%-ا٣ (4-95)

where , ع is the maximum electric field at the junction point proper under reverse bias ,, ا and is given by

 ،د ء٨«افا-ر.م]١«
٤ .م,
M٨

 د، او]١ رم،
e 1  ا٦ أ< ،د،1

From eqn. (4-88) under the condition of reverse bias, we have

• لموا#/""٦ و
We may now look into the total positive charge g", and the total negative charge g- in the

transition region. From eqns. (4-83), (4-91) and (4-92)

#٣el-/e/-la،,أ, «
W

Substituting ا eqn. (4-94) into eqn. (4-95)

2٣١١٠ € -+٠١/Aد ، ا،لزبث"ا، /وا ، 

 =ا٩ ا
 إيي,.4 ن٣ إ+»

M٨٨,
We see here that as [,[ increases, more space charge is built up in the transition region, this is a

capacitive effect. The transition capacitance C, appears under ac conditions' for a small signal,
supenimposed on an applied dc reverse bias Y,, and is given , using eqn (4-99)

By ac, w do not necessari mean siيoidهl wariations, but any dyamic vaniations from the dc (biasing or qukescent conditions) regardkess of the tie
wيawefom of the signal.
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c,

a)

٢٠١

c,

• ح•
(b)

R,

(c)

Fig. (4.15) Varactor
a) characteristic b) symbo c) equvakent circuit

 ، د او.بو-ء3 ج٧ »'إ٠-٠٣

٠٠١' ٥٧ 2 ١
M٠ 8,

lt Is interesting to rewite eqn. (4-100)
eدد}٨ 

 ا٢ أ:لي٧٤٠٠٣
From egn. (4-97)

(4-100)

(4-101)

c-٤ (4-10)
W٢

T٦٤s is the well know fmmاa fr twe capacitance of a paralkel plate capacitor of an area ٨4 and
separatio W.

TTe woltage deperderwce of twe tansition capacitance has given rise to a device called varactor
(vaniable reactance), wtich is a capacitor wtose capacitance can te changed by changing a reverse
bias appkied toit This dewice is ued in resoant circuits (tank circuits) in radio and TV receivers, where
tNning is achieved by ueingg a ptentioeter to change the value of te capacitance (E. 4.5). This is
caked ekectronic ting and is far supenior to mechanical metods used in the past to change the
common area of parakel plate capacitors. ln gerEeral,
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C, is proportonal to },[", },/>٩, (4-103)

were n=l/2 for an aprupt junction and 1/3 for a graded junction. The voltage dependence of (', is
shown in Fig. (4.15). Also shown is an equivalent circuit of the varactor, where R, is very high
resistance, representing the reverse bias portion of the lV characteristc.

Ex. 4.4
a) Obtain expressions for the camier distribution, potential profle and current components in the

depletion region of a pn junction at themmal equilibrium. Hence, show that the total current must be
zer0.

b) Sho what happens when a fonward bias is applied. Take N,=10"cn, N10=م "cn-, ٨=0.lcn,
D,=13m '/s and D, =34m /s, n, =10"cm, e,=12,Y0.3وو= .

Solution:
a) From eqns. (3-3) and (34) we neglect the net current in comparison with the diffsion and drift

components (an assertion to be tested shortly). Thus, we obtain the following expressions for carrier
distibutions in the transition region in hammony with eqns. (3-19) and (3-20):

p(r)=p,e ""٠
m(2)=n,e )ء(لذ- "

where ٢ is the distance measured fom -[r,] into the positive r direction (Fig. 4.16) the value p, and

n, are those at ],x ا- or x=0. Note that bY(x)is the potential measured from zero at x=0.
Fro egn. (4-84), Fig. (4-14) and Fig. (4-16)

 -رو، ,و"ا
€

٥Y(»= [ew
 به

10n-٩)0[,اإ. ، >#إ>إMء, 
2 e '٥٠

F٥ W >r>/r,[, we hawe fom Fig. (4.16)

(10e)-ردء ء"اقا )ء-م 
€

lntegrated the area under e(), w get

L.] «1oo<٤<wعالإ-.م-«٣-٠'٠) rه 
Substittng egns. (4-107) and (4-109) into eqns. (4-108) and (4-105), we get

 أوتهن
 ,م=)«(e" ا>ا,ئ]1>0(٩-110)

Hهي«و(-»'
 "ء,م=)«(م٠ ؟ةهw>/A,7 ا,ا>(٩-11١)
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Similary,
 أمرا#

n(2)=n,112-4)٤ >ا>ا,].٥)

 ":##.إ،,,-«ه. ا.ج>اواد»»113
We see te p(r) anwd m(r) fall off very sharpy with r, which is in agreement with the notion that the
carge in txe depketio region is basicaly fed ions.
THe four comporents of curent inside thxe depletion region may be expressed, using eqns. (4-110)
thwpgh (4-113) as

Similary,

 طd ا-=.,ا4,٨٥

 يجها،.• اجا) .ا،
6٧٣٥€8١ »عباااء»,إ,,شها.،). د٣.مة٩ ل.اد {،م"٣ر

)»(A,Ap»ks=ي,,ا \ا 
١H٨٨م

+·٠٨٣":١ ا
!Hإإلe(-رر N,

./w>WA>/s، مءا,-«و"ا(."ء.م,«ا--ر,.ا" 

(4-114)

(4-115)

(4-116)

(4-117)

d.­٨2اوا-=ل،ا dr
١#اومأ

e٧٥ ا-١ %م.• اد"ا[٠ ا٠-/١٩٠٥
!Heوب٢١- ' k.] «11١>٥<w، ٠" ا اد٨ %ا.• "".أ)«-«("ه/ا%،.ا€Y, "

)»(Am2)eون .ا او]= ,ر 

 مد--.• ك"افا/ دادااث.اH 0«أفو
 «--،•• .""مثث).-ءعإا/.ر٣«١٩-٠.»ua .بعجا#!٠٣

Usirg egn (312), aw comwpari7 egn.(4-114) with eqn. (4-116) and eqn.(4-109) wit egn. (4117), we
note tat at +ي4 يم=1,0 tweal eglbrium for all values of r. Similary, we can show that

.wales of at الح1 twemmal equilibrium for0=+1 ,إ  'مهلا ميه

9١

(4-118)

(4-120)



b) when an external battery is connected in fonward bias such that Y, is applied on the pn junction, the
triangle of the electric field distribution shrinks in size (Fig. 4.16), such that the new area underneath is
given by

4-,٧ 'ءإ=,٣'
2

(4-122)

where €', and W' are the new values of the maximum electric field and width of the depletion region under
forward bias V,, given from eqns. (4-97), (4-96) and (4-86)

·4 أاج{أ;»٠-.١,٣ ما» M,٩ا٨
•٠٠٣٠ /ء [د د د د، يراء"اقا.ج ,ءلاإقاي] ,إا_ ا ا٣,(129  ب ،ب

٨٠ M
Where x' and are ا,r ا the new values of r,and[x, under ا fonward bias (Fig. 4.16) and are given for
eqns. (4-91) and (4-92) by

W'2}= • م«(4-125)  ب
٨,

[y,/-" (٩-1a5
,٨ و

٨,
Under these conditions, we may rewrite eqns. (4-96) and (4-97) for [r', r'>0as< ا

 ٨"او#ء ,ير,ر >و>٥(127
€ ٠ A٠

 ىv ء"%لإء >ر>او].تى(0-(2٥)
2 e ٢

and we may rewrite eqns. (4-108) and (4-109) for W>r'>/r'[as

 ءBثإ"e .)ء-.«،(4[./>-(129)
€8 ه

(13o-4),4<(١ ,)ر-٤,(-٥"هاإ v-)ن,- e)٣٠ ه٧e2ه 
We then proceed to calculate the various components of current (Prob. 4.2).

Ex. 4.5
Propose circuits using varactors in

a) electronic tuning
b) generation of FM signals
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Fig. (4.16) Electiic field distribution
a) under thwemal equilibrium
b) under forward bias
c) under reverse bias

(4-131)

Solution
a) The circuit show (Fig. 4.17a) is a tunabke resonator used as an electronic tuning system. The

capacitor C, is called blocking capacitor. lt is open circuited at dc (blocking dc) and is short circuited for
high frequency input voktages or currents. From the signal point of view, the circuit reduces to a parallel
resonant (tank) circuit (Fgg. 4.17b). TTe walue of the capacitance is C,and the resonant frequency f,

 بعم,ة.ا
TTe wale of C, and hence f, may be varied by te potentiometer. The voltage applied to txe varactor
waries in the ratio R,/R. The value of R,is usually >R,. Thus, as the voltage is varied across the
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varactor, the resistance of the tank circuit is constant. The equivalent circuit is shown (Fig. 4.17b) with
R= R,.An FM modulator is shown (Fig. 4.17c).
b) From eqn. (4-101), we see that

C,=K٧-0 (4-132)

Where K is a constant and 1>n>0. ln the case of an abrupt junction., n=1/2. We assume that C, isa
short circuit at high frequencies.
From eqns. (4-131) and (4-122), with V,=ا,/+v,, where V,is a dc reverse voltage and u is a small ac
signal, we get

, ي،يو.٣;
•IK/»2 د د 2rIE (4-133)

We want f, to vary linearty with v,. We assume , ا<<1] and using Taylor's series, we get,
 ، ه::#± ا.

٧Fo , <<تم١ weget
Y,

 نة-اiع ا#ة" و±د،ل.
For v, ,ina,t ى{= then f; becomes an instantaneous frequency f, , given by

'R[/• )به،±ي،اب-م '2 م2

(4-134)

(4-135)

(4-136)

Thus, the tank circuit has become one of a time varying resonant frequency. Such a tank circuit
may be used to generate a sinusoidal signal whose fequency is itself a sinusoidal function of time
controlled by an input signal v,.This scheme is called frequency modulation (FM). The control signal is
called the modulating signal and the circuit is called an FM modulator.

Ex. 4.6
Sketch the pseudo Femi kevels of a forward biased pn junction, and hence obtain an expression for

the product np.

Solution
we rewrite eqns. (4-28)and (4-29)

n =n,لا6""ع 
٤ -F ١٤٤p =n,٥""6·"لاء /

(4-137)

(4-138)

From eqns. (4-33) and (4-34)
4٠3٠ له ل= تا ,Rه

 4و

(4-139)



٧ ا-)(.
(a)

،

R,L

(c)(b)

Fig. (4.17) Varactor circuits
a) eectronwic tning crcuit b) eguivalent tank crcuit c) FM modulator
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Flg. (4.18} Spatal deperdence of the pseudo Femmi kevels
of a frward biased pn junction
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dF=٨ بر ل}}< (4-140)٠ " d
We define

(141-4) ا-=,٩\٧,

R,=-\(142-4) ا٧٠

where ad, ب w, indicate the potential corresponding to the pseudo Fermi levels in the p and n regions,

respectiwely. The product nP is enby\ أ9
np =n'e"٠-'»/ (4-143)

٣٠/«٦,-hr-م? 

For a fonward bias junction y,-٧,>0 and np >n} . We may rewrite eqns. (4-139) and (4-140) as

(Prob. 4.10)
dyd

J, " -=-م,براوا٥-= ddم٣ 
dd " و"مراوا-=,لا_ و٣" dd٠

(4-144)

(4-145)

This fomalism bears a resemblance to the ohmic relation
d٧ (4-146)٥=-Gل=٤ 
d

Thus plays ب the same role as V, but takes into account the diffusion effect. At themmal
equilibrium y,=,=constant and

J,  =,لا0=
lnside the depletion region both and م n vary by many orders of magnitude. Since , ل and , ل must

dF dy aF d
stay at very low values, the only way to guarantee this is by keeping (or) and (oم )

d dr dr dr
close to zero. This is equivalent to saying F, (orw,) are nearly constant neglecting generation and
recombination in the depletion region. Outside the depletion region, F,(or y,) and F,(or ,) exhibit a

spatial dependence, such that J, and J, are kept at small values. Fig. (4.18) shows this dependence. lf

(4-147)

the voltage on the pn junction is Y,, then

٧-,٧=,٧,
From egns. (4-143) and (4-148) we get

mp = /o ى?ر

96

(4-148)

(4-149)



4.9 Breakdown and Zener Diode
From the lV characteristic of a pn junction, we have seen that under a reverse voltage, a reverse

current l, flows. Since this curent is very small, it is usually assumed that the pn junction is practically
an open circuit (very large resistance). When the reverse voltage is sufficiently increased, a point is
reached at which breakdown takes place. There are two mechanisms for breakdown. The first is called
Zener breakdown. ln this mechanism, the maximum electric field (as given by eqn. (4-86)) reaches the
point of the dielectric strength of the material. Covalent bonds, at the weakest point in the transition
region (where the electric field is maximum) are torn asunder. Electrons and holes are violently
generated by the action of the electric feld. Once breakdown occurs, it propagates in the depletion
region. The depletion region all of a sudden becomes a source of electron-hole pairs generated within.
Therefore, L, increases dramatically almost without any further increase in extemal voltage. As a result,
the current increases without limit at a constant value of voltage, called Zener voltage Y,. Unless an
extemnallimiting (series) resistance is used, the diode burns out.

The second mechanism for breakdown (called avalanche breakdown) entails a chain reaction of
electrons liberated in breakdown, causing a secondary emission of electrons and holes from other
bonds by imparting a large kinetic energy to electrons and holes bound in the bonds of atoms in the
transition region. This action is multiplicative, since the librated carriers cause further breakdown.

The to mechanisms are usually concurrent and Zener voltage is indicative of both mechanisms.
Such a breakdown dces not cause pemanent damage in the pn junction, unless the limiting resistor is
left out. At breakdown, the intemal resistance of the diode (called Zener resistance R, is very small). We
cannot consider the diode under breakdown conditions as a short circuit, though, because of the
presence of a constant dc voltage V,.ln fact, a reasonable equivalent circuit for a diode under
breakdown conditions must include an intemal voltage source Y, and an interal Zener resistance
R, which may often times be considered zero. Fig. (4.19) shows an eguivalent circuit together wit the
١V characteristic under breakdown.

A diode which is operative specifkcally under breakdown conditions is called Zener diode. Before
breakdown is reached, a Zener diode is just a reverse biased pn junction. At breakdown, a Zener diode
behaves practicly as a constant voltage source. Curent increases indefinitely and the voltage cannot
be appreciaby increased above V,. The Zener diode has ratings, which specify the maximum allowable
power dissipation. One of the important applications of Zener diodes is the diode voltage regulator. ln
the circuit show (FWg. 4.20), a Zener diode is used to regulate the voltage across a load resistor R,.A
series resistor R, is used to limit the curent in the circuit at breakdow.

lt is important to kook into the transfer function of the circuit. The transfer function is a relation
between the output voltage Vand the input votage V,. For a small positive input voltage, the Zener
diode is considered an open circuit and the curent flows in R, and R, in series (Fig. 4.20).
Thus,

v,6ء٧ V,<٧
٨+  Rي

For large positive values ofy,

V,٧, for ٧2٧,

(4-150)

(4-151)
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From eqns. (4-150) and (4-151), we see that a critical value of the input voltage Y_ exists, at which
breakdown occurs, given by

١a«.-/٢ %ايم+ا R
We see that the transfer characteristic must be linear for V,<ا,, as given by eqn. (4-150) and then
saturates atY, forV,2Y Fig. (4.21)

For negative values of V,, in excess of the cut-in voltage V, the Zener diode is fonward biased.
We can use this transfer characteristic to obtain the output voltage as a function of time if the

input voltage is sinusoidal. We may draw the input voltage versus time, with the time axis along the
negative Ydirection. The output voltage is obtained point for point for two cases: Y,<Vand V,>V.
ln this model, we have neglected V, (Fig. 4.22). ln the case when V,<V, we have only positive half

cycles. For V,>V,, those half cycles are clipped. We now analyze the current in this circuit.

٧ "[ ن=y لإ R,+R,''
For V,>Y, V,=٢,, and hence

y
I,= for V,2Y,

R
and

 ب ر٢-2,

R٨ s
 =,ا44

 ددد بأ؟+

٨٨
1١,٧

for أةةة أ=+ ٧,27,

(4-153)

(4-154)

(4-155)

(4-156)

for V,7,

We conclude that the Zener diode will take up the difference between l, and 1,and thus, the
Zener diode diverts the excess current. As such, this scheme is considered as a protective circuit, while
R represents a sensitive device such as an ammeter coil or a transducer.
We may conclude by considering the factors which determine the values of Y,،.
We should note from eqns. (4-90) and (4-97), that

yEyf+44[.او3أ(" 
 م د

m '2e ١١١
a/ د ،.  إ

or

(4-157)
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(a) (b)

٧,

Iلمed 
Zener
diode

Fig. (4.19) Zener diode
a) ١ characteristic b) sybol anwd euivalent circuit

٧,

1  ر و#

,
Fig. (4.20) Zener diode voltage regulator

٧,

Fig. (4.21) Transfer characteristic for Zener diode voltage regulator
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(a)

(b)

٧.

"٠
:٠.

Fig. (4.22) Using the transfer characteristic to obtain
the clipped output voltage as a function of time

a)٧<Y. b)V>7.

At breakdown, Y,is V,and e, is the dielectric strength , رج€ which is a constant of the material. Thus,

e I 1 ٩ا2l م,أاج" #اي:ا»١٥,>٨ N, M
Hence, the actual value of V, can be determined by controlling the doping concentrations of both

sides of the junction. This explains why there are s0 many different values of V, for Si diodes, which all
have the same breakdown feld or dielectric strength.

4.10 Diode Circuits
One of the basic applications of pn diodes is rectification. Fig. (4.23) shows a half wave rectifier

(HWR), a full wave rectifier (FWR) and a bridge rectifier (BR). Such circuits may be used in ac
measuring instnuments. The ms value is to be measured. Therefore, we use a FWR to rectify the ac
signal. We measure the average current and obtain the rms by conversion (Prob. 4.15).

Another important circuit, called the rectifier capacitor input filter, is shown (Fig. 4.24). This is
used to obtain a dc voltage from the rectified output waveform. The diodes D,andD, conduct
alternately. As the input voltage increases toward the peak of the sine wave, a point is reached at which
D, conducts while D, is still off. The capacitor is charged to the peak input voltage. As the input voltage
decreases, the capacitor voltage cannot follow fast variations of the input. Thus, the anode voltage is
higher than the cathode voltage, and D, becomes reverse biased (D, is off with D, still off). Now, the
capacitor discharges into R rather slowly. In the negative half cycle, the input voltage increases in the
negative direction, but the rectified output increases in the positive direction. A point is reached when
diode D, conducts and the capacitor recharges.
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(a)

١

(b)

 ا

(c)

Fig. (4.23) Simple rectifier diode circuits
a) HR b) FWR c) BR

The output wavefomm appears as an approximate sawtooth. The fuctuation around the mean
woltage Y, ls calked the rppke voltage Yي . A rppke factor y, is defined as .Y/ ربه،! The ms of the
rippke voltage is given by (Prob. 4.13)

٥٧،  سبب وآو
Where AYي is the full ripple swing.

(4-160)
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We may now consider the dynamics of the charging and discharging of the capacitor. The charge
gained by the capacitor within T, is CbYي . The charge lost by the capacitor within T; is IT, . Where I,
is the dc current due to the discharge in the load resistor and is the rate of the charge leakage from the
capacitor into the load resistor.

For the wavefom, to maintain a steady state, a balance must be maintained beteen the charge
gained and the charge lost. Thus,

CAY, =l1 (4-161)

٨٧ ;ثي! ٥<
C٣

(4-162)

. T ١ .Since T, >T, we may assume T=-=. The factor 2 comes about due to the fact that to rectified
2 2٢

half cycles exist per period. We get

(Y,=± 2r ه4-163)
The average dc voltage Yم is given in temms of the maximum input voltage Y, by

Ay,
٧٤=٧-v, (4-164)

2 4rC
This equation may be represented by a dc Thevenin's eguivalent circuit (Fig. 4.24e)

· ٠٠٠ • ]The output resistance of the capacitor input fllter is. Thus,
4C

and

0٢

V.ل ج 
 عه1

R, +
4fCا 

٧=4٤٣
R,

«1 أ ش
R +' 4C

r. ,4CR،{ إرك

(4-165)

(4-166)

(4-167)

(4-168)

We define the voltage regulation YR as

w-'169-ء-و(٩ )
٧ ء

_AY/2 ،± ا

4fCV٧٤ ء

 'ي٧١00%(170-4)
4CR,

Thus, the regulation, which measures the drop in the output voltage s current is drawn, is deceased by
increasing the time constant CR, . We calculate now the ripple factor y,
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R,

٩

'(a)

t٧ لا م (b) ا١ ،'
• و ,• ,• y ٥ ا٣١٥' ,

t2٧٤٧ ا م(c)
، ,f ، ,

١٦٠٢  إ'و2 م
 د لا ا٠١ ، و

١ م 2 ١
 ا٢

٠١ ,y1
(d) a

٨ ٨ ارم ف]

٧ ء
١
4

٧.
(e)

Fig. (4.24) Capacitor input flter
a) basic circuit b) output wavefom
c) lineanized output vohtage d) square of the voltage
e) equivakent output circuit
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1 ٥Y  ءا
" دد ، 7 4rcv

x]00%=1 ه
43cR

(4-171)

(4-172)

As C is increased, y, is reduced, and we get a smoother dc voltage. The relation between the ripple
factor and voltage regulation is given by

WR= ,y 5لا (4-173)
To smooth out the ripple, we may put an LC filter, called L section (or smoothing LC filter)

(Fig. 4-25a). The output voltage between points a and a' is a approximately as given before. This
voltage is now applied on the LC,section. The ripple is now reduced by a factor of 1/4"LC,for
2aL>1/2aG, and 1/2aG, <R, noting that we are working with tice the frequency for a full wave
rectifier. The new nipple factor becomes (Prob. 4.13).

1
= أ&]7

٩»٩ ,]r6 [aicأ" لة 

More than one section may be used to obtain an even smoother output. Another method for
smoothing employs a Zener diode (Fig. 4.23b).
We must note that V, in this case must be lower than Yى 

7 =ه٧-.٥٧
• /أب ء/ 2fج ء} 

- 2CR,
lt can be shown (Prob. 4.13) that the following condition must apply

,4fCR ااء,
Another application for pn diodes is clipping circuits (Fig. 4.26a). From the transfer characteristic, we

note that when the anode voltage exceeds the cathode voltage the diode is ON, othenwise it is OFF.
The output voltage V=5٧ for as long as V,<5٧ othenwise V, follows V,٠ For the input voltage shown

(Fig. 4.26b) we get a clipped output waveform. There are different clipping circuits for different output
wavefomms. This is an important application called wave shaping, i.e., changing the shape of an input
waveform to obtain tailored wavefomms from a sinusoidal source.

Finally, a clamping circuit (Fig. 4.24c) may be included in this overview of diode applications. This
circuit uses a capacitor and a diode. The capacitor charges to the peak of the input voltage. Thus, a dc
voltage is produced on the capacitor, which serves as a level shifter. Thus, the output voltage is the
same as the input voltage, shifted by the amount of the dc voltage developed on the capacitor. The dc
shifting of the input wavefomm is useful in certain applications, such as oscilloscopes.
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(a)

R,

(b)

R,

Fig. (4.25) Capacitor input flter, using
a) a smooting fiter
b) a Zerer diode wotage regulator

4.11 Diode Ratings
The maphnun poer rati7g Of a diode has a special signifcance. We mst ensure that the diode dces

nt get too hot, i.e., tee poer disipation mst be kss than the maximu rating. Giwen thwe poer rating of
the diode, can we obtain tke maximum current? We draw the hypertoka representing tee maxhumm ratng.
We draw a tarwgert fom tE pit Yف to tE hyerboa. The shaded area (Fjg. 4.27) represents tke working

area ar twe tarent represents te highest skpe of te koad line or mihum R,. lf we decease R, any

frtEer, tEe kad line wil cross te maximu ratg hyperbola at tw points, wtic mens tat i wl
erwcuter regirs of dissipation hiter tan te aked rating of te devkc.

Thus, te power rating is an imwportant parameer that has to be specifked for a dide, arvd must not be
exceeded. Al pararreters that affect te perfommarce of a device are collected in a data sheet produced by
the manufacturer. Typically, suc pararreeters fr a pn dide are:
kمي : Peak rewerse vottage (or peak ierse woltage). This is the absolute peak of te voltage that may be

appked in rewerse bias accss tke diode.
kفي : Rewerse breakdown voltage. This is te minhum reverse votage at which the device may

breakdow.
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1(o٢ l,): Steady state fonward current. This is the maximum curent that may be passed continuously

through the diode. lt is usually specifed for 25%C and must be derated for higher temperatures.
Peak surge current. This current may be passed for the time period specified through a diode:/رم 

operating below a specified temperature. The surge current is much higher than the maximum fonard
current and may fiow briefly upon tumn on.
l): Static reverse current (also called leakage current). lt is the reverse saturation current for aorم](٢ 

specified reverse bias and maximum device temperature.
V,(or :( Vم Static fonward voltage drop. lt is the maximum fonward voltage drop for a given fonward curent

and device temperatures
R, : Continuous power dissipation at 25%C. It is the maximum power that the device can safely dissipate

on a continuous basis in free air. This rating must be downgraded at higher temperatures and may
be upgraded when the device is mounted on a heat sink.

G,: Total capacitance. lt is the maximum capacitance for a fonward biased diode at a specified fonward

curent.
Reverse recovery time. It is the maximum time for the dewice to switch from ON to OFF. Sinceا,: 

charges are stored and can be depleted by diffusion, this recovering time puts a limitation in the
switching speed of all devices based on charge transport and diffusion such as pn dicde and BJT
transistors.

lt is very important that these ratngs not be exceeded, othenwise failre takes place. For reliability, the
absolute maximum ratings should not even be approached. Also, the maximum ratings must be downgraded
for operations at higher temperatures. A factor of safety from the upper ratings is usually employed.

4.12 Metal Semiconductor Contact
When a metal semiconductor contact is made, to types of situations arise, namely, rectifying (non

ohmic) and ohmic contacts, depending on a number of considerations. Diodes based on metal
semniconductor contacts are called Schottky diodes. They are known to have shorter switching times, since
the minority carnier diffusion is not a major factor in the injection mechanism hence the charge storage
delay is eliminated. Here, the curent is basicaly detemmined by themionic emisision of electrons from the
abundant metal reservoir into the semiconductor. Themionic emission accounts for release of electrons
from a metal depending on temperature. ln this case the Maxiwellian tail dumps electrons directly into the
semiconductor (Prob. 4.18). This feature makes these diodes appropriate for high speed switching. A
detailed analysis of Schottky bamiers is left out and will not be attempted here.
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V, ٧٠«)

٧.

(a) (b)

t

(c) (d)

Fig. (4.26) Diodo wave shaping circuits
a) cippiRg circuit b) clipped wavefom
c) campinRg crcuit d) clamped wavefom

Okc contacs can be errsured in siصtirs wtEere the semicorvductor is heavity doped in the contact
region. 0ree iportant cEideration has t be remembered, hoewer, namey tat at te metal
semwiordductr jurcion, Femi kevel must be akreed at equilibriu. This brings about kocal band terding
anwd sets in itemal buit-in feelds and ptetl distbutions. But tee battery woltage remeais eual to te
#ererwce betwee Femi keeks diided by tEe eecoic charge.
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locus of power dissipation
IV= Const
/

1

٧

characteristic load line
slope=-1/R,

(a)
,V/ وه

1

exponential
characteristic

IV =constant

•(b)
y

K«و ,

y

IV= Constant1

region of dissipation
higher than theكز ومت»،ءتتم ر 

 أ٩ ا٥-٤

load line of
maximum
allowed slope

load line

K،و 
Fig. (4.27) Biasing and power rating of a pn diode and the concepts of

load line, @-point and power rating for
a) load line for exponential characteristic
b) load line for linearized characteristic
c) load line for maximum permissible power dissipation

(c)
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Problems

1- a) Shw that the contact potential in a pn junction is intimately related to the bandgap.
b) The resistivities of the two sides of an abrupt Si diode are 242cm (p-side) and IScm (n-side).

Calculate the height of the potential barier. Take [, =1300 cm'/Vs and p,=500 cm'TVs.

2- a) 0btin approximate expressions for the hoke and electron distributions inside the depletion region
under fonward bias.

b) Obtain approximate expressions for diffusion and drift current components inside the depletion
region under forward bias. Sketch the distributions of the curent components.

c) What is the net curent in this case?

3- a) Prowe tat te rato of hoe to ekecton a rensس eossinو a pn jction B 9ien b {%{= . "مم

Hence, show wtat happens in a p'n junction
b? 1 1B) Shw tat I,=A,  ا,جلخ ج-ه,ا+'ج

(١+٥)' L,,٥. L٥, A,
4- a) Obtain expressions for the curent components in a pnjunction and sketch the results.

b) Sketch the steady state canier distibutions and the curent components under reverse bias for
both pn and pnjunctions

· ٠٠٠٠٠٠٠٠٠ dl5- a) Consider a diode biased in the forward direction. Find
 Tه

b) Cakculale the factor by which the curent wl be multiplied when the temperature is increased by
1%C and also by increasing temperature fro 25"C to 50%C.

· ٠٠٠. 2ey6- a) Proe that for a pn unction ز wit 8, <N,, w wieh عاو(٨""[ side does the depletion
٥,

region extend more?

. ٨١
b) Sho tat under suo conditios, 6,=2.9xI0"\ F امم م

v,

7-a) Propose a measurement procedure for hoke lifetime, and electron lifetime.

b) Assuming that te injected concentatio varies with an angular frequency .(٤)t)=P, ه2(٢

Write the continuity equation in tis case.
c) Show that the ac solution can be obtained by replacing Lby L,(1+jar,)

8- a) lf N,=10" cm" , and n, =1.5x10"", ckculate the potential bamier at room temperature

١09



b) Calculate the width of the depletion region, then calculate the diffusion currents and the drift
currents at themal equilibrium. Estimate the electric field in the depletion region at thermal
equilibrium. Take D,=34cm'/s, D,=13 cm'/s, 4,=1300 cm' /Vs and W,=500 cm' /Ys.

9- a) Show how the contact potential, bandgap and cut in voltage are related
b) Obtain an expression for C,and e,, for a p'njunction

10- ٧erify eqn. (4-144).

11- Verify eqn. (4-158).

12- Verify en. (4-160).

13- Design a dc power supply using a capacitor input filter for an output voltage of 5V.
a) using an LC smoothing flter
b) using a Zener diode The input is 220 V, 50Hz. The ripple factor is 1%.

14- a) The fomm factor is the ratio of ms to the average value of the wavefomm. Calculate the form factor
for a FWR output due to a sine wave input.

b) Design a circuit of an ac voltmeter, which actually measures the average value and reads out the
mms.

15- a) Design a clipping circuit, which converts a sine wave to a near square wave.
b) Design a clamping circuit, which shifts an ac voltage into all positive values.

16- Analyze the circuits of Fig. (4.17).

17- Show how recovery time limits the speed of switching in a pn diode or a BTT.

18- Using a simple model based on Maxiwellian tail discuss the operation and l-\ characteristic of a
Shottky diode.

19- Design a circuit that converts a sine wave into a square wave.

20- Propose an experimental method to measure the intemnal contact potential of a pn junction.
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