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For simplicity, we assume that there are only holes in the p-side and electrons
in the n-side. Because of the density gradient across the junction, electrons will
initially diffuse through the junction to the left, and holes to the right. In the pro-
cess, the electrons and the holes combing with each other. As aresult, the acceptor
‘ lons near the junction in the p-side and the donor ions near the junction in the
3 n-side are leftunneutralized. The unneutralized ions in the vicinity of the junction
_ are termed uncovered charges. The positive and the negative uncovered charges
] generate an electric field across the junction directed from the n-side to the p-side.
The direction of this field, called the barrier field, is shown by the arrowheads in
Fig. 5.2(a). The barrier field opposes the diffusion of electrons and holes through

3 the junction. Equilibrium is established when the barrier field is just sufficient to
prevent further diffusion of electrons and holes. At this situation, there is no
4 movement of charge carriers across the junction. Since the neighbourhood of the

Junction is depleted of mobile charges, it is referred to as the depletion region, the
] space-charge region, or the transition region. The thickness of the depletion re-
gion is about 0.5 pm.

The variation of the concentrations of donors and acceptors in the system is
shown in Fig. 5.2(b). The mobile charge concentration is zero in the depletion re-
gion, as shown in Fig. 5.2(c). To the left of this region, the hole concentration
equals the acceptor concentration, and to its right the electron concentration

- equals the donor concentration. The uncovered charge density p is zero at e

. junction, positive to its right and negative to its left in the depletion region [see

g Fig. 5.2(d)].

: The barrier field F can be found from the Poisson equation (in SI units)

E 9

' : ol 5.1)
dx’ €

where V is the electrostatic potential at a distance x from a suitably chosen origin,
and € is the permittivity of the semiconductor. Integrating Eq. (5.1) yields

B ———j pdx (5.2)

where the field F is zero at x = xy. The variation of the barrier field across the junc-
tion is shown in Fig. 5.2(e).
The electrostatic potential at a point is glven by

V) = —j’ F dx (5.3)

The varlanon of V (x) in the depletion region is depicted in Fig. 5.2(f). It rises
potential barrier Vg which prevents further diffusion of car-

tron from the n-side to the p-side of the junction. Eg
\n equal amount of energy is to be spent to transfer
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Energy-Band Diagram

For an n-type semiconductor, the Fermi level Ej lies near the conduction band
edge E while for a p-type semiconductor it lies near the valence band edge E,.
When a p-n junction is produced, under equilibrium condition, the Fermi energy
Epattains a constant value throughout the system, as shown in Fig. 5.3. In this sit-

* uation, the conduction band edge E,, of the p-side will be at a higher level than the
conduction band edge E,, of the n-side. Similarly, the valence band edge E,, of
the p-side will lie higher than the valence band edge E,,, of the n-side. The barrier

energy is »
EB G E,;,, " Em % EVI’ = Evn ¥ (54)
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ment of the thermal equilibrium. Therefore the current in the circuit must be zero.
This can be accounted for, if the net driving voltage is zero, i.e. if the barrier volt-
age across the p-n junction is balanced by the contact potentials at the metal-semi-
conductor contacts at the ends of the diode. The current being zero, the connecting
wire can be cut and the voltage across the cut would be zero. Therefore, a voltme-
ter connected across the terminals of a p-n junction gives a zero voltage reading; it
does not record the barrier voltage V.

5.4 THE BIASED p-n JUNCTION

A p-n junction is said to be forward-biased when the positive pole of a battery is
connected to the p-side and the negative pole to the n-side of the junction. In this
situation, the barrier energy is reduced, allowing a large current to flow across the
Jjunction. On the other hand, if the positive pole of a battery is connected to the
n-side and the negative pole to the p-side of a p-n junction, the junction is said to
be reverse-biased. Now the barrier energy is enhanced and a small current flows
across the junction. Thus, a p-n junction is not a bilateral device and it can be used
as a rectifier (see Chapter 6).

A. Forward-biased p-n Junction

Figures 5.4(a) and (b) show a forward-biased p-n junction and its circuit represen-
tation, respectively. The diode is represented in Fig. 5.4(b) by an arrowhead
pointing to the direction of the current flow in the forward bias state. The forward
biasing voltage V supplied by the battery B exerts a force on the holes of the p-side
and on the electrons of the n-side of the junction, driving them towards the junc-
tion. As a result, the width of the depletion layer and the barrier energy are dimin-
ished. The reduction in the barrier energy is eV, where e is the electronic charge
and V is the battery voltage. The decrease in the barrier height increases the cur-
rent flow due to the majority carriers. That is, the flow of holes from the p-side to
the n-side and that of the electrons from the n-side to the p-side increase. Since
electrons and holes are oppositely charged, both these flows cause a current from
the p-side to the n-side across the junction. The forward bias, however, does not
affect the minority carrier current that flows in the direction opposite to the direc-
tion of the majority carrier current. This is due to the fact that the minority carrier

current is determined by the temperature only.
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Fig 5.4 (a) A forward-biased p-n junction
(n) Its circuit representation
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as a hole current and leaves the n-region as an electron current of the same magni-
tude. Note that the p-n diode is a bipolar device since the current is carried by both
holes and electrons.

Junction Capacitance

The space-charge region around a p-n junction consists of immobile positively
charged donor ions in the n-side and immobiie negatively charged acceptor ions in
the p-side of the junction. Also, the application of a reverse bias to a p-n junction
increases the width of the space charge region. This voltage-dependent positive
and negative charges, spatially separated from each other, endows the p-n junction
with a capacitance, t(-‘:Elgiﬁt_l_rgﬁ_slli_(zn‘..S.pace-char e, or depletion-region ca-
We shown that the junction capacitance decreases as the reverse
voltage increases. This feature of the junction capacitance is utilized in varactor
diodes (see Sec. 5.6).

ithout
Es wbuhas

“with forward o with
s bias Elj_ reverse bias

e T

without bias (b)

i@ i oo : g

Fig 5.6 Potential energy diagrams for a (a) forward-biased and
(b) reverse-biased p-n junction

A forward-biased p-n junction has a more important source of capacitance.
Under such a bias, holes are injected into the n-side where they become minority
carries, and electrons are injected into the p-side where they become the minority
~carriers. The injected minority carrier concentration decreases as we move away

~ from the junction. T}Wﬂmﬂdﬂmmﬂﬂm&ﬁse toa
capacitance, termed the diffusion or storage capacitance.

RENT-VOLTAGE CHARACTERISTIC OF A p-n JUNCTION

V is applied across a p-h junction, the total current / flowing
be shown to be given by :

cut rent, e is the electronic charge, kg is the
olute temperature of the junction, and 7 is a
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dimensionless number depending on the semiconductor. For germanium, 1 is
; s i s iy 2.
ity while for silicon, 1 18 approximate 3 3 _
um;};:;tiltuting o= 1.6% 1077 C, kg=138%10 23 j/K, and T'= 300 K (room tem

perature), we have from Eq. (5.5)

1=1v[exp(§2—‘i)-1jl e
' n

If Vis positive, the p-n junction is forward biased, and if V is negative, the junc-
tion is reverse biased. Neglecting the voltage drops in the bulk p-type .and ”‘[}’F"e
regions, the voltage V is approximately the voltage applied across the diode termi-
nals. '

Figure 5.7 gives the plot of the current /
versus the voltage V, as described by Eq.
(5.6). This plot is termed the current-volt- I
age characteristic or the volt-ampere char- T
acteristic of the p-n junction diode. When +
the forward bias V is less than a value V.,
the current is very small. As V exceeds V,, = b = _""
the current increases very sharply. The - Y
voltage V, is known as the break-point, off-
set, threshold or cutin voltage of the diode.
V,= 0.2 V for Ge diodes and V, = 0.6 V for

W' - /_\/ *Fig. 5.7 Volt-ampere characteristic

en V is positive and sufficiently high, of a p-n diode.

the term unity in the parentheses of Eq.

(5.6) can be neglected, so that the current / increases exponentially with the volt-
age V. If the diode is reverse-biased and | V | is a few times 1/39, we have /" — ] .
Thus, the reverse current is independent of the applied bias and equals the reverse
saturation current. For Ge diodes, /; is a few microamgere and for Si diodes, I is
a few na om temperature. Ordinarily, the range of forward current
for the diode operation is many orders of magnitude greater than the reverse satu-
ration current. Typically, the forward current is in the range of milliampere while

the reverse current is in the range of microampere or less.

Since n = 2 for Si diodes and n = 1 for Ge diodes, for a given forward
bias (Targer than V,) the current for a Si diode is less than that for a Ge diode.
er, Si diodes can be used over a larger range of temperatures than Ge di-

Ig

Reverse Forward
bias<—| "~ ~ bias

voltagg eorrespondmg to the pomt Pin Fxg 5.7, the reverse current
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2 Resistance

The ratio between the voltage V across the junction and the current / flowing
through the junction is called the static Wcﬁ the diode. That
is,
1% o
IR 15
1

As Ohm’s law is not valid for the p-n junction, r, is not a constant but varies
with the applied voltage.

The inverse of the slope of the volt-ampere characteristic of the p-n diode de-
fines the dynamic or the ac resistance (r,,) of the diode. Thus,

g (5.8) -
dl
/
From Eq. (5.6), we obtain for the dynamic resistance at room temperature

gl a0 [
e T

Clearly, ry is not a constant and is determined by the operating voltage. Fora
reverse bias such that | 39 V/m | > > 1, the dynamic resistance is extremely large.
For a forward bias (greater than V.), [ > > I and r,. =M/(39 I). For a Ge diode
(m = 1) at room temperature, the forward ac resistance is r,. = 26/I, where [ is in
mA and r,, is in ohm. Thus, for a forward current of 26 mA, the dynamic resis-
tance of a Ge diode is 1 ohm.

The nonohmic behaviour of a junction diode ,___{>‘,__1
gives a variable resistance that is exploited in a de- |
vice, called varistor (variable resistor). To achieve
the forwa¥d I-V characteristic in either direction, a L’Q“_“ ’
varistor is obtained by connecting two identical di- Thet e
odes in parallel, oppositely poled (Fig. 5.8). pf{e e mpg;’:;“eely

=

F ~ Observation
B (1) The temperature dependance of the volt-ampere characteristic of a p-n junction
given By Eq. (5.5) is contained in the terms /; and eV/(n kpT). The reverse satura-
tion current /, nearly doubles for every 10°C increase in temperature. If [, = [ at
- T'=T,. then /, at another temperature is obtained from I(T) = Iy x 2" =" for
; GgorSa With increasing temperature, the decrease of the term eV/(n kgT)
the current /, but for ordinary voltages the rise in /; preduminates,
creases at a fixed voltage as the temperature is raised. The

: k to its initial value by reducing the voltage.

e conducts when the applied forward voltage V exceeds
d characteristic of the diode can be roughly ap-
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proximated by a straight line (Fig. 5.8A)t o;' i T
slope 1/r for V >V, where 7 (a.lso den(:J (:1 ;

v by Ry) is the diode forwarq resnstat?ce. e
der this condition, the equivalent circult 0
the diode consists of a battery of voltage Vy T
in series with a resistance r (Fig. 5.8?). The '
diode current is i=(V =V, )/ . Typically, r Fig. 5.8A Piecewi.se linear approxima-

gl Yo b <t and also for are- ., of the p-n diode characteristic,

verse bias below breakdown, the diode acts

as an open circuit. The characteristic is thus Vy e
piecewise linear. %

' +e——\ —>—
s i I Fig. 5.8B Equivalent circuit of a con-
(a) Breakdown Diode ducting junction diode.

Breakdown diodes are p-n junction diodes operated in the breakdown region of
the reverse-voltage characteristic (Fig. 5.7). These diodes are designed with suffi- 7
cient power-dissipation capacities to work in the breakdown region. The follow-
ing two mechanisms can cause breakdown in a junction diode:

(i) Avalanche Breakdown: With increasing reverse-bias voltage, the electric
field across the junction of a p-n diode increases. At a certain reverse bias, the
electric field imparts a sufficiently high energy to a thermally generated carrier
crossing the junction. This carrier, on colliding with a crystal ion on its way, dis-
rupts a covalent bond and produces a new electron-hole pair. These carriers can
also gain sufficient energy from the applied field and collide with other crystal
ions to generate further electron-hole pairs. The process is cumulative and pro-
duces an avalanche of carriers in a very short time. This mechanism, known as av-
alanche multiplication, causes a large reverse current, as shown by the dashed part
of the characteristic of Fig. 5.7. The diode is said to work in the region of ava-
lanche breakdown. :

(ii) Zener Breakdown: Zener breakdown occurs when the reverse bias volt-
age across a p-n junction is sufficiently high, so that the resulting electric field at
the junction exerts a large force on a bound electron to tear it out of its covalent

, bqnd. Thus, a direct rupture of the covalent bonds produces a large number of
electron-hole pairs, thereby increasing the reverse current. This process is re-
ferred to as Zener. breakdown. Unlike avalanche breakdown, Zener breakdown
S not originate from the coll'ision of carriers with the crystal ions.
y do ped diodes, Zener breakdown occurs at voltages below 6 V. For
reakdown voltage is greater, and avalanche multiplica-
te the two different mechanisms, breakdown diodes are
de.

having a narrow depletion region. w;a‘(
: in reases so that a lower

e S
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applied voltage can pull these electrons out of their covalent bonds. So, the Zener
breakdown voltage (which is less than 6 V) decreases with increasing tempera-
ture. That is, the temperature coefficient of the Zener breakdown voltage is nega-
tive. On the other hand, avalanche breakdown takes place in a junction having a
wide depletion layer. With a rise of temperature, the crystal ions vibrate with a
greater amplitude, incredsing the possibility of collisions of the carriers and the
crystal ions. The carriers thus have less opportunity to pick up enough energy be-
tween collisions to trigger the avalanche process. Consequently, the avalanche
breakdown voltage (which is higher than 6 V) increases with a rise of temperature,
Thus the temperature coefficient of the avalanche breakdown voltage is positive.
The change of the breakdown voltage is about + 0.1 percent per centigrade degree
change of the diode temperature.

The volt-ampere characteristic of a
1 Zener diode showing the breakdown I
£ region is given in Fig. 5.9. In such di- Vz t
i odes, the doping is controlled and the T = =1 1 —>V
surface imperfections are avoided, so o
that the breakdown voltage issharpand | « = = = Iz
distinct. The minimum diode current
for the Zener diode to fire is I just be-
low the knee of the characteristic Pk
curve. If Vs is the operating voltage of Fig. 5.9 Cunent-voltage characteristic

: ; of a Zener diode.

a Zener diode and /7 is the correspond-
ing Zener current, the dc resistance of the diode is V//I;. The dynamic resistance
rz of the Zener diode is given by rz = AV,/Al,, where a change Al in the operating
current produces a change AV of the operating Zener voltage Thus, rz is the re-
ciprocal of the slope of the volt-ampere characteristic. In the ideal situation, r; =
0, where the Zener characteristic is parallel to the current axis. In practice, r; var-
ies from a few ohm to about a few hundred ohm. Both the dc and the dynamic re-
sistance of a Zener diode vary with the operating point.

The circuit symbol for a Zener diode is shown in
Fig. 5.10, Since rzis small, the voltage across the
Zener diode changes vary little for a large change
in the Zener current. Hence the voltage across a
diode can serve as a reference and the diode Fig. 5.10 Circuit symbol

hes said to work as a reference diode. Fig. 5.11 8
: ok Bl e s o fader- of a Zener diode.

The supply voltage V and the series resistance R are so chosen that the
ithin the specified range and the diode operates in the break-

Vz across the load resistance R; remains fairly constant
adme load current /; can vary. The upper limit of
the power dissipation rating of the diode. If W is the
imum allowable diode current is I, = W/V,. 1If

e Ly

|
|
|
F
|
|
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Fig. 5.11 Application of a Zener diode as a reference diode.
g. 5.11 is I, we have from

the current supplied by the voltage source in Fi
Kirchhoff’s current and voltage laws

l=15L+l, A (5.10)
and V, = V-IR, (5.11)
Also, Y.z R, 5.12)

In the ideal case, V, remains constant. Let the supply voltage V !)e kept con-
stant and the load current be changed by varying the load resistance R, Since

AVz=0and AV =0, Eq. (5.11) yields Al = 0. Hence Eq. (5.10) gives
Al = AlL+Al,=0
or, Al, = - Al

So, when the load resistance is decreased but the supply voltage remains con-
stant, the load current /; increases and the Zener current I, decreases equal/ly such
that the supply current / remains fixed.

If, on the other hand, the load resistance R, is kept constant and the supply volt-
age V is changed, we find from Eq. (5.11)

\

AV = R Al

since AV, = 0. Equation (5.12) gives Al, =0, and Eq. (5.10) finally yields A7 = Al,
Thus, when the supply voltage is changed and the load resistance is kept constant,
the supply current / and the Zener cuefent Iz change equally to maintain the load
current /; at a constant value, ; '

* Observation

wo identical Zener diodes can be arranged in parallel by connecting their p-sides
and the n-sides together. The breakdown voltage of the equivalent Zener
he same, but its dynamic resistance becomes half that of each di-
The current carried by the equivalent Zener diode is two
' 2h each diode. The current-handling capacity and
eas such parallel connection. However, since it
connections are rarely used.

V, are connected in se-

e
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namic reSl.smnce is the sum of the dynamic resistances of the individual diodes.
Such a series connection can be used in situations where more than one reference
voltage, e.g. V (or V3) and V| + V,, is required.

(b) Varactor Diode

q:;i name ‘varactor’ originates from the terms variable reactor. It is a device, the
tance of which can be changed in a controlled manner by a bias voltage. Since
a p-n junttion diode has a voltage-dependent depletion-region capacitance, it finds
application as a varactor diode, also called a varicap.

The depletion-region capacitance C of an abrupt p<n junction varies inversely
as the square root of the reverse voltage. For a linearly graded junction, C varies
inversely as the one-third of the reverse voltage. Therefore, the voltage sensitivity
of the junction capacitance is higher for an abrupt junction than for a linearly
graded junction/“Special growth techniques can cause the junction capacitance to
vary inversely as the square of the reverse voltage. If this junction capacitance C
VST .1 &
is used with an inductance L in W the resonant frequency 1/LC
WI;Ew;_grly with the apphed reverse voltage. Such varactors are employed

in Trequency modulation circuits.

CErar—ac?)rfdiodes can be used if the tuning stage of a radio receiverorin a TV

tuner in place of bulky variable capacitors. The circuit thereby becomes compact

and its performance is improved. Varactors also find applications-t-harmonic

generators, microwave frequency multipliers, self-balancing bridge circuits, ac-

tive filters, and parametric amplmers./
e

(c) Light Emitting Diode (LED)

When a p-n diode is forward biased, the carriers injected across the junction en-
hance the carrier concentrations above the thermal equilibrium values. These ex-
cess carriers recombine and emit electromagnetic energy corresponding to the
band gap. For GaAs, the electromagnetic energy is released as infrared radiation.
For the alloy semiconductor GaAs_, P,, the energy appears as visible light. The
p-n junction diode formed from such semiconductors is termed the light- emitting

_diode (abbreviated LEBY- The biasing electrical energy applied to the diode is re-

sponsible for the emitted optical energy. The electronsnjected to the p-side of the
junction drops down from the conduction band to the valence band to recombine

with the holes there, The process releases photons with energy 71 v = E,, where E,
is the band gap, & is Planck’s constant, and v is the frequency of the emitted radia-
tion. Similarly, the holes injected in the n-side of the junction recombine with the
electroris to emit photons. The electron-hole recombination and the resulting
‘emission of light in a p-n diode are schematically depicted in Fig. 5.12.
The wavelength of the emitted radiation is given by
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Fig. 5.12 Electron-hole recombination and consequent emission of light
in a p-n diode.

o -34 -
where c is the velocity of light in free space. Substituting /1= 6.62x107")s,c=3

x 10* m/s, and expressing E, in eV, we obtain from the above expression

1240
nm

A=

The light is concentrated in the vicinity of the junction because most of the car-
riers are concentrated there. The efficiency of light generation increases with the
injected current and with a drop of temperature.

GaAs,_, P, diodes have lower cost and are easily fabricated. Hence they are
most commercially available. The brightness of the radiation from such diodes is
a maximum when x = 0.4. Then E, = 1.9 ¢V and A = 650 nm. The emitted radia-
tion is thus red. With x=0.65, 0.85 and 1, respectively, orange, yellow, and green
radiations can be generated but with less brightness and efficiency. LEDs using
GaAs,_, P, find applications in signal lamps and displays. The infrared LED can
serve as a source for optical communication systems. The first LED was fabri-
cated in the late 1960s. :

Note that though silicon is used in many semiconductor devices, it is not an

LED material. Silicon being an indirect-gap semiconductor, the recombining elec-
trons and holes have different momenta, and so quanta of lattice-vibratiens—or
P@t pafticipate in the electron-hole recombination to-censerve momen-
tum. The emitted radiation would be infrared. The probability for such phonon-as-

sistéd recombination is much smaller than that for recombination in direct-gap
semiconductor like GaAs. The recombining electrons and holes in direct-gap
semiconductors have equal momentum, and so momentum is conserved without
&Mpwon of phonons. The recombination process in direct-gap semicon-
is thus very efficient.

in circumstances, the emitted light can be coherent. The diode then
jection junction laser, which is discussed below.
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no external stimulation by photons. However, if photons of frequency v, where
hv = E,, are present, they can stimulate emission analogous to the forced oscilla-
tion of a classical oscillator. This phenomenon is known as stimulated emission.
The important characteristic of stimulated emission is that, as the process is
started, it is synchronized with the stimulating radiation. The emitted radiation is
thus coherent.

A p-n junction laser has two parallel polished planes perpendicular to the junc-
tion plane (Fig. 5.13). These polished planes reflect most of the incident light.
The reflected light serves as the stimulator. A small fraction of the light comes out
from one end. The other surfaces of the diode are roughened to prevent stimulat-
ing radiation from other directions.

1
Ro
' v ugsrfoco
+ q
= == Y L
Polished output
surface n ™~ polished
surface
Rough surface

Fig. 5.13 p-n junction laser

Lasers are used as coherent light sources in research work, medical appliances,

industry, and optical communication.
For a fuller discussion on lasers, refer to Chapter 22.

i
»

(e) Photo Diode

i

E

- When a reverse-based p-n junction diode is illuminated with light, extra elec-
; -hole pairs are generated in p-and n-regions. As a result, the minority carrier
céhneentration changes significantly but the majority carrier concentration does not
change much. The generated minority carriers increase the reverse current. The di-
ode current is found to vary almost linearly with the light flux. The diodes so oper-
ated are referred to as photo diodes. These diodes are used in fast reading of tapes
and film sound tracks, light-operated switches, and light-detection systems.

- M Solar Cell
The solar cell is a p-n junction diode that transforms sunlight to electricity with a
ge conversion efficiency. Figure 5.14 (a) shows SChematically a p-n junction
with a load resistance R;. When light is allowed to fall on the diode, pho-
and electron-hole pairs are produced in p- and n- regions. The
0 es that are generated over a short distance from the junction
of width W by diffusion [Fig. 5.14 (b)].
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i s in the n-side can
down the barrier potential to reach the n-side whereas the holes
Si i 14 (c)].

move towards the p-side [Fig. 5. : B

When the diode is open-circuited, the collection of electrons lz:md 151 S
two sides of the junction produces an open-circutt vo{tage V,.,r [ .|tg[.Fi. =i
the presence of a load resistance K, a current 1 ﬂov\(s in the circul . g.Sh.On_Cir_
The maximum current flows when the diode terminals are externally ,

‘ i i i he short-circuit current Ig.. The cur-
cuited. This maximum current is known as the sho ;

2 . e diode is
rent varies as the intensity of sunlight and continues to flow as long as th

exposed to sunlight. ; , il The
Solar cells are made of silicon, cadmium sulphide, ga,l_hu_r&_,dfse.mde etc. y

e e . 10 T
serve as long-duration power supplies in satellites and space vehicles
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light —~1

|
'8 » Rt
8 n

b
+_+_+_+_+_+

|

gy A
a s e
= T R

(c)

Fig. 5.14 (a) p-n junction solar cell having a load resistance RL
(b) Electron and hole diffusion (c) Energy band diagram for (b), and

(d) Creation of the open-circuit voltage V.
\)g}/f{nnel Diode

When the concentration of the impurity atoms is very high (about 10** or 102 m™)
in both p- and n- regions and the Junction is abrupt, the depletion layer width of a
p-n junction diode becomes very small (=10 nm). The typical cufrcnt-voltage
characteristic [Fig. 5.15(a)] reveals a region of negative slope when the diode is
forward biased. The occurrence of this negative slope is explained by quantum
mechanical tunneling. Hence the diode is termed the tunnel diode.

The mechanism of the tunnel diode is discussed below. Since the doping is
high, the Fermi levels lie within the bands of the semiconductor at absolute zero of
temperature. In the absence of any bias voltage, the Fermi level (Ej) is constant

r
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across the junction at thermal equilibrium [(Fig. 5.15(b)]. Since E is the highest
occupied energy level, no current can flow through the junction'.

When the junction is reverse biased, the Fermi level in the p-side goes up rela-
tive to that in the n-side [Fig. 5.15(c)]. The electrons in the valence band of the
p_side (shown by a tiny circle) are separated by a thin barrier represented by.the
depletion region from the available states in the conduction band .of the n-side.
Hence the electrons can tunnel from the valence band of the p-side to the con-
duction band of the n-side.” The greater the reverse bias, the larger the n}meer of
electrons that find available unoccupied states at the energy on the other side of the
thin barrier. Consequently, the tunnel current increases with the reverse bias. The
portion OA of the characteristic of Fig. 5.15(a) is thus explained.

When the junction is forward biased, the Fermi level in the n-side mf)ves up rel-
ative to that in the p-side [Fig. 5.15(d)]. The electrons in the conductlf)n band' of
the n-side now find empty allowed energy states in the valence band of the p-s.lde
L across the barrier. The electrons can thus tunnel from the n-side to thf: p-s'lde-
; This tunnel current is much greater than the normal current across the junction.
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tunnel diode characteristic; (b - €) Energy-band diagram of the
b) zero bias, (c) reverse-bias, (d) and (e) forward bias

ling, refer to the book ‘Quantum Mechanics,
€ Physics — An Introduction’ by D. Chattopadhyay
New Delhi). '



5.7 SOLVED PROBLEMS

1. The reverse saturation current at 300 K of a p-n junction Ge diode is 5 HA. Find
the voltage to be applied across the junction to obtain a forward current of 50 mA.

Ans. The current / for an applied voltage V is given for a Ge p-n diode by

I =1,] exp 4 -1
o

Here /=50mA=50x 107 A, /= 5pA =5x 10" A, and T=300K. So,

=3
exv(ev)=;’-+l=M+1=1o‘.

&

5%107°

Mine o bl 1.38 x 107 x 300
jl ’V .= .‘e ln 104 {3 1.6 x 10-19 X 2.303 x 4

4&?@;&: volt .

ra forward bias of 0.06 V to the current for
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verse saturation current at the ab
e, and kp is Boltzmann’s constant,
e for the current

solute temperature 7, ¢ is the
For a forward bias v = 0,06

Lo=nT e x0.06 .
: 2 eXp[ o e l (i)
For a reverse bias of V'= - 0.06 volt, the current is
‘.‘:? ' : 1, =1,] exp ~EXN06Y I s
‘.jx . .» 2 A ( k" T (")
i ,
~ From (i) and (ii), we get
(0.06e
. exp 5.1
I kp &
=, (iii)
k 1 -0.06¢
exp -1
' k, T
-19
006e  0.06x1.6x10 ot

Now,

LT 138102 %@+ 273
l e2.3|9 - 1

= o = 1016
T 1l

it = Hence

he current flowing through a p-n junction Si diode is 60 mA for a forward bias
oltat 300 K. Determine the static and dynamic resistance of the diode.

The current through the silicon diode is /= 60 mA = 60 x 10~ A. The for-
bias is V = 0.9 volt. So, the static resistance is

ntof 2 mA. Calculate the series re-



03 A=30mA. Ifthe

‘maximum value of /=
e Ve Vym 15~ 1223
10" A, we have

Iﬂ@ Q and R,_ = | kﬂ Determine the limits between
f &m vary without loss of regulation in the circuit.
(cf. C.U. 2001)

1@0 = |.4 volt. Thus the minimum value of V is
Woa =V, + Ve =12 414 = 134 volt,

lue V,,, of V, the Zener current becomes a maximum. i.c.
=42 mA and Vy =42 x 10 X 100=4.2 volt. Therefore,
Vm =42 + 12 = 16.2 volt .

'm}‘- vﬁry'blm@ 13.4 volt and 16.2 volt
MWW @Uﬂﬂ@m

I Whatis ap-n junction diode? How does a barrier field appear across a p-n
junction?

2. Foranunbiased p-n junction, sketch the variation of the space charge, elec-

tric field, electrostatic potential, and electron energy as a function of dis-
tance across the junction,

3. What is an abrupt and a linearly graded p-n junction?

R Ao
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