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A majorapplication for zener diodes is voltage

regulation in dc power supplies. Zener diode
maintains a nearly constant dc voltage under
the proper operating conditions.
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54.1. Zener Diode

It is areverse-biased heavily-doped silicon (or germanium) P-N junction diode which is oper-
ated in the breakdown region where current islimited by both external resistance and power dissipa-
tion of the diode. Silicon is perferred to Ge because of its higher temperature and current capability.
As seen from Art. 52.3, when a diode breaks down, both Zener and avalanche effects are present
although usually one or the other predominates depending on the value of reversevoltage. At reverse
voltages less than 6 V, Zener effect predominates whereas above 6 V, avalanche effect is predomi-
nant. Strictly speaking, the first one should be called Zener diode and the second one as avalanche
diode but the general practiceisto call both types as Zener diodes.

Zener breakdown occurs due to breaking of covalent bonds by the strong electric field set up in
the depletion region by the reverse voltage. It produces an extremely large number of electrons and
holes which constitute the reverse saturation current (now called Zener current, |,) whose value is
limited only by the external resistance in the circuit. It isindependent of the applied voltage. Ava-
lanche breakdown occurs at higher reverse voltages when thermally-generated el ectrons acquire suf-
ficient energy to produce more carriers by collision.

(8 V/I Characteristic

A typical characteristic is shown by Fig. 54.1 in the Ir
negative quadrant. Theforward characteristicissimply that
of an ordinary forward-biased junction diode. The impor-
tant points on the reverse characteristic are :

V, = Zener breakdown voltage

I = minimum current to sustain
breakdown

| = maximum Zener current
limited by maximum power
dissipation.

Since itsreverse characteristic is not exactly vertical,
the diode possesses some resistance called Zener dynamic impedance*. However, we will neglect it
assuming that the characteristicistruly vertical. In other words, we will assume anideal Zener diode
for which voltage does not change once it goesinto breakdown. It means that V, remains constant
evenwhen |, increases considerably.

The schematic symbol of aZener diode and its equivalent circuit are shownin Fig. 54.2 (a). The
complete equivalent circuit is shown in Fig. 54.2 (b) and the approximate onein Fig. 54.2 (c) where
it lookslike abattery of V, volts.

The schematic symbol of Fig. 54.2 (a) is similar to that of a normal diode except that the line
representing the cathode is bent at both ends. With alittle mental effort, the cathode symbol can be
imagined to look like the letter Z for Zener.

(b) Zener Voltages

Zener diodes are available having Zener voltages of 2.4V to 200 V. Thisvoltage istemperature
dependent. Their power dissipation is given by the product V,I.... maximum ratings vary from 150
mwW to 50 W.

(c) Zener Biasing

For proper working of aZener diode in any circuit, it is essentia that it must

1. bereverse-biased;

2. havevoltage acrossit greater than V ;

Iz

IZ max.

Fig. 54.1

* ltsvalueisgivenby Z =AV /A1, Itisnegiligible as compared to large external resistance connected in

the circuit.
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3. beinacircuit where currentislessthan |, .;

(d) Diode Identification Cathode

Physically, aZener diodelookslike any other diodeand is Q
recognized by its IN number such as IN 750 (10 W power) or
IN 4000 (high power). Fig 54.2(d) shows a picture of a zener Z,
diodewithV,=4.7V. ™ —v,

(e) Uses

Zener diodes find numerous applicationsin transistor cir- v
cuitry. Some of their common uses are: l ’

1. asvoltageregulators; o o

2. asafixed reference voltage in a network for biasing
and comparison purposesand for  calibrating voltmeters; (a) ®) @)

3. aspeak clippersor voltage limiters;

4. for metre protection against damage from accidental W g e
application of excessive voltage; m"“}“\’"“

5. for reshaping awaveform. (d)

Example 54.1. Determine whether theideal Zener diode
of Fig. 54.3is properly biased. Explain why ? Fig. 54.2

Solution. Since positive battery terminal is connected to
its cathode, the diode is reverse-biased.

Since applied voltageislessthan V,, the diode is not properly voltage-biased.

Example 54.2. Find out if the Zener diode of Fig. 54.4 is properly-biased. If so, find diode
current assuming it to be an ideal one.

I

R=>500Q R>500Q
1 = 1y
(WARE
Vz=10V Vz=10V Vz=12V
I, max = 6mA I; max =6mA I; max = 6mA
Fig. 54.3 Fig. 54.4 Fig. 54.5

Solution. Polarity-wise, the diode is properly-biased. Since applied voltage is greater than V,,
the diode is properly voltage-biased.

Drop across R =12-10=2V O 1=2/500=4mA

Sincethiscurrent isless than the maximum diode current, the diode s properly-biased according
to the criterialaid down in Art. 54.1 (c).

Example. 54.3. Determineif the Zener diode of Fig. 54.5 isbiased properly. If so, find |, and the
power dissipated by the diode.

Solution. Since its anode is connected to the negative battery terminal, the Zener diode is
correctly reverse-biased.

Now, Vag

O I

V,=12V. Hence, drop acrossR, =18 -12=6V
6/600=0.01 A =10 mA

I, = 12/1800=6.7x 10° A =6.7mA

I, =1-1,=10-6.7=33mA
Sincel, islessthan I, .. the diode is properly-biased in every respect as per Art 4.1. Power

dissipated = V|, = 12 x 3.3=39.6 mW.
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Example. 54.4. Calculate the value of E in the given circuit of Fig. 54.6. Given E;,= 6 V and
20 V. (Electrical Engg. |1, Indore Univ.)

Solution. When E;,is 6V, the diode actslike an open circuit. It
IS so because 6 V is not enough to cause Zener break-down which
will take place only when E; | exceeds 10 V. Hence, in this case,

=0.

o When E;, = 20 V, breakdown occurs but voltage across diode
remains constant at 10 V. The balance (20 — 10) = 10 V appears
across 100 Q resistor. Hence, E, = drop acrossR =10 V.

2114  Electrical Technology

54.2. Voltage Regulation

Itisameasure of acircuit'sability to maintain aconstant output
voltage even when either input voltage or load current varies. A Zener diode, when working in the
breakdown region, can serve as a voltage regulator. In Fig. 54.7, V,, is the input dc voltage whose
variationsareto beregulated. The Zener diodeisreverse-connected acrossV;,,. When p.d. acrossthe
diodeisgreater than V, it conducts and drawsrelatively large current through the seriesresistance R.

Theload resistance R, acrosswhich aconstant voltageV
is required, is connected in parallel with the diode. The total
current | passing through R equal sthe sum of diode current and
load currentie. I =1,+1, .

It will be seen that under all conditionsV = V,. Hence, V|
=IR+V ,=IR+V,.

Casel. SupposeR, iskept fixed but supply voltage V,, is
increased dlightly. It will increase|. Thisincreasesin | will be
absorbed by the Zener diode without affecting |, . Theincrease
inV;, will be dropped across R thereby keeping V , constant.
Conversely if supply voltage V;, falls, the diode takesasmaller
current and voltage drop across R is reduced, thus againt keeping V,, constant. Hence, when V|
changes, | and IR drop change in such away asto keep V(= V) constant.

Case2. Inthiscase, V;,isfixed but I, ischanged. When I, increases, diode current |, decreases
thereby keeping | and hence | Rdrop constant. In thisway, V ,, remains unaffected.

Should |, decreasg, |, would increasein order to keep | and hence | Rdrop constant. Again, V
would remain unchanged because

Vg = Vio-IR=V, —(,+I)R

Incidentally, it may be noted that R = (V;,— V) / (1, +1,)

It may also be noted that when diode current reaches its maximum value, |, becomes zero. In
that case

Fig. 54.6

Fig. 54.7

Zmax
InFig. 54.7, only onereference voltage level isavailable. Fig. 54.8 showsthe circuitsfor estab-
lishing two referencelevels. Here, two diodes having different Zener voltages have been connected in
series.
Example 54.5. Calculate the battery current I, I, and |, in the circuit of Fig. 54.9. How will
these values be affected if source voltage increases to 70 VV? Neglect Zener resistance.
(Industrial Electronics, Pune Univ.)

Solution.  When V,, = 40V
Now, Vg = V,=10V
O | = 30/3K=10mA

0 dropacross 3K series (or line) resistoris=40-10=30V
I, = V,/R =V,g/R =102K=5mA

®
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R 3K I
AW e AWAA
IZ
1 — RL
=50V £ 40-70 V z=10\"’§2 -
P.0.5
E _
Fig. 54.8 Fig. 54.9
O I, =1-1,=10-5=5mA
Now, Prax = Valymay OF 0.5=10%1, ...,
or | maxy = 0.5/10=0.05A =50 mA
Obviously, diode current of 5 mA is very much within the current range of the diode.
(b) When, V,, = 70V
Drop across R =70-10=60V 0O 1=60/3K=20mA

I, = 5mA (asbefore); I,=1-1=20-5=15mA
Example 54.6. Using the ideal Zener approximations, find current through the diode of Fig.
54.10 when load resistance R, is (i) 30 K (ii) 5 K (iii) 3 K. (Electronics, Madurai Kamraj Univ. )
Solution. (i) R = 30K

Vg = V,=30V; dropacross R=60-30=30V
0 I = 30/3K=10mA ;I =V,g/R =30/30K=1mA
0 l, =1-1,=10-1=9mA
(i) When R = 5K
| = 10mA —asbefore; |, =30/5K=6mA [,=10-6=4mA
(iif) When R = 3K

10 mA — asbefore; I, =30/3K=10mA |,=1-1 =10-10=0

Inthiscase, itisobviousthat the diodeisjust on the verge of coming out of breakdown region.
If R, isreduced further, the diode will come out of breakdown region and would no longer act as a
voltage regul ator.

R
[ R=3K, I AW
A
=3V L /gRL
V=24V
Prmax = 0.6W
Fig. 54.10 Fig. 54.11

Example54.7. A 24-V, 600-mW Zener diodeisto be used for providing a 24-V stabilized supply
toavariableload (Fig. 54.11). If input voltage is 32 V, calculate the (i) seriesresistance R required

(ii) diode current when R, = 1200 Q. (Applied Electronics, Punjab Univ. 1991)
Solution. (i) V, I (max) = 600mW; I, =600/24 =25 mA
vV, -V -
0 R = in out — 32 2?3 = 3200
Iz(max) 25)(10
(if) When R =1200Q, I =V,/R =24/1200=20mA;|,=25-20=5mA

®
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54.3. Zener Diode as Peak Clipper

Use of Zener diodesin wave-shaping circuitsisillustrated in Fig. 54.12. Thetwo similar diodes
D, and D, have been joined back-to-back across the input sine wave voltage of peak value + 25 V.
Both have V, = 20 V. As seen, the output is a semi-souare wave with a peak value of + 20 V.

R R

O ANV O O AW O
Vi

i D) Vo DYV, =10V 'O
» v,=20v 20 30

0 z= 0 0 19
—25 D, 20 i -50 D, VZ=10V710 t

O

N-Type P-Type ©
Fig. 54.12 Fig. 54.13

It is well-known that a Zener diode acts like a ‘short’ (or very low resistance) in the forward
directionand an‘open’ inthereversedirectiontill it goesinto breakdown at V. During positiveinput
half-cycle, D, isshorted (being forward-biased) but D, actslike an open upto 20 V. Thereafter, it goes
into breakdown and holds the output voltage constant till input voltage falls below 20 V in the later
part of the half-cycle. At that point, D, comes out of the breakdown and again actslike an open across
which the entire input voltage is dropped.

During the negativeinput half-cycle, rolesof D, and D, arereversed. Asaresult, the output wave
is clipped on both peaks as shown in Fig. 54.12.

If weincrease the peak value of theinput signal voltage and use Zener diodes of lesser V, value,
we can get an almost square output voltage wave from asinusoidal input wave asshownin Fig. 54.13.

54.4. Meter Protection

+ -
Zener diodes are frequently used in 9]
volt-ohm-millianmeters (VOM) for protect- Meter Meter
ing meter movement against burn-out from
accidental overloads. If VOM is set to its
2.5V range and the test leads are acciden-
tally connected to a25 V circuit, an unpro-

tected meter will be burned out or at least Ze‘(“;r Diode Zener Diode
get severely damaged. g

Thishazard can be avoided by connect-
ing a Zener diode in parallel with the meter as shown in Fig. 54.14 (a). In the event of an accidental
overload, most of the current will pass through the diode. Two Zener diodes connected as shown in
Fig. 54.14 (b) can provide overload protection regardless of the applied polarity.

Fig. 54.14

54.5. Zener Diode as a Reference Element

In many electronic circuits, it isdesirable to maintain a constant voltage between two points and
useit asareference voltage for comparing other voltages against it. The difference between the two
voltagesisamplified and then used for performing some control function. Thistype of arrangement is
used for power supply voltage regulator circuits, measurement circuits and servomechanism circuits.
The constant-voltage characteristic in its breakdown region makes a Zener diode desirable for this
application. Fig. 54.15 shows a circuit in which Zener  diode is used as a reference element. The
reference voltage equals the Zener breakdown voltage. The value of R is so chosen that the diode
operates well within its breakdown region. The difference (E;,, — E,) givesthe control output.

®



54.6. Tunneling Effect

Inanormally-doped P-N junction, the depletion
layer isrelatively wide and a potential barrier exists
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Control Output

acrossthejunction. Thechargecarriersoneither side Comparator &
of thejunction cannot cross over unlessthey possess Amplifier Circuit
sufficient energy to overcome this barrier (0.3 V for Ein
Geand 0.7V for Si). Asiswell-known, width of the ﬁ
depletion region dependsdirectly onthedopingden- =
sity of the semiconductor. If aP-N junction is doped
very heavily (1000 times or more)*, itsdepletion layer Fig. 54.15
Depleti i N
fgyeeion N-Type P-Type
o0 00 B
o000
| cB | | C.B. (j) No Tunneling Eg
@ Q I (if) No Forward Bias
83 ! ! O O O [e)
vB. | | ‘B
o Fig. 54.16
| /s o o becomes extremely thin (about 0.00001 mm). It is
. N /i . . found that under such conditions, many carriers can
SRR (i) Full Tunneling “punch through’ the junction with the speed of light
o o000 /'6000 oc IF dBi
® 5 oy (if) Small Forward Bias - even when they do not possess enough energy to over-
£ S come the potential barrier. Consequently, large for-
! ward current is produced even when the applied bias
I ismuch lessthan 0.3 V.
T This conduction mechanism in which charge
| —FP carriers(possessing very littleenergy) borethrough a
| /fe e e barrier directly instead of climbing over it is called
iy /) Tunneli ;
N i — @ Sl tunneling.
en N // /loooo U E | ti
b ; (if) Bias Further xplanation
©s {1 Increased Energy band diagrams (EBD) of N-type and P-
/ | type semiconductor materials can be used to explain
T thistunneling phenomenon. Fig. 54.16 showsthe en-
o ergy band diagram of the two types of silicon sepa-

Fig. 54.17

rately. Asexplained earlier (Art. 51.21), inthe N-type
semiconductor, there is increased concentration of

electronsin the conduction band. It would befurther increased under heavy doping. Similarly, inaP-
type material, there isincreased concentration of holesin the valence band for similar reasons.

(@) No Forward Bias

When the N-type and P-type materials are joined, the EBD under no-bias conditiion becomes as
shown in Fig. 54.17 (&). The junction barrier produces only arough alignment of the two materials
and their respective valence and conduction bands. As seen, the depl etion region between thetwo is
extremely narrow due to very heavy doping on both sides of the junction. The potential hill is aso

increased as shown.

*  Much more than even for a Zener diode.
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(b) Small Forward Bias

When a very small forward voltage ((00.1 V) is applied, the EBDs become as shown in Fig.
54.17 (b). Due to the downward movement of the N-region, the P-region valence band becomes
exactly aligned with the N-region conduction band. At this stage, electrons tunnel through the thin
depletion layer with the velocity of light thereby giving rise to alarge current called peak current I .

(c) Large Forward Bias

When the forward biasisincreased further, the two bands get out of alignment as shown in Fig.
54.17 (c). Hence, tunneling of el ectrons stopsthereby decreasing the current. Since current decreases
withincreasein applied voltage (i.e. dV/dl isnegative), thejunction is said to possess negativeresis-
tance at this stage. Thisresistance increases throughout the negative region.

However, it is found that when applied forward voltage is
increased till further, the current startsincreasing once again as
in anormal junction diode.

54.7. Tunnel Diode

Thisdiode wasfirst introduced by Dr. Leo Easki in 1958.
(a) Construction
It is a high-conductivity two-terminal P-N junction diode
having doping density about 1000 times higher as compared to
an ordinary junction diode. This heavy doping producesfollow-
ing three unusual effects: s
1. Firstly, it reducesthe width of the depletion layer toan |
extremely small value (about 0.00001 mm). 5
2. Secondly, it reducesthereverse breakdown voltageto a
very small value (approaching zero) with the result that the diode appearsto be broken down
for any reverse voltage.

3. Thirdly, it produces a negative resistance section on the

T -7 =7 VI characteristic of the diode.
It is called a tunne diode because due to its extremely thin
it depletion layer, electrons are able to tunnd through the potential
N T barrier at relatively low forward biasvoltage (lessthan 0.05 V). Such
Vr 'ZT M Giodes ae usualy fabricated from germanium, gallium-arsenide
v (GaAs) and gallium antimonide (GaSh).
The commonly-used schematic symbolsfor the diode are shown
l in Fig. 54.18. It should be handled with caution because being a
+ o) +¢6  low-power device, it can be easily damaged by heat and static elec-
Fig. 54.18 tricity. ezt
o iTA Resistance
(b) V/I Characteristic
ItisshowninFig. 54.19. As seen, forward bias produces
immediate conduction i.e. as soon as forward bias is applied, Il —— A
significant current is produced. The current quickly risesto
its peak value I, when the applied forward voltage reaches a
value V,, (point A). When forward voltage is increased fur-
ther, diode current starts decreasing till it achievesits mini- Iy [ _ _ =7~ B
mum value called valley current |, corresponding to valley
voltageV,, (point B). For voltages greater than V|, current starts 0 Vo Vy f,T
increasing again asin any ordinary junction diode. Fig. 54.19



O,

Special Diodes 2119

As seen from Fig. 54.19, between the peak point A and valley point B, current decreases with
increasein the applied voltage. In other words, tunnel diode possesses negative resistance (— R,)) in
thisregion. Infact, this constitutes the most useful property of the diode. Instead of absorbing power,
anegative resistance produces power. By offsetting lossesin L and C components of atank circuit,
such anegative resistance permitsoscillations. Hence, atunnel diodeisused asavery high frequency
oscillator.

Another point worth noting isthat thisresistanceincreases aswe go from point A to B because as
voltage is increased, current keeps decreasing which means that diode negative resistance keeps
increasing.

(c) Tunnéing Theory

At zero forward bias, the energy levels of conduction electronsin N-region of the junction are
dlightly out of alignment with the energy levels of holes in the P-region. As the forward voltage is
dlightly increased, electron levels start getting aligned with the hole levels on the other side of junc-
tion thus permitting some electrons to cross over. Thiskind of junction crossing is called tunneling.

Asvoltageisincreased to peak voltage (V ), all conduction band electrons in the N-region are
able to cross over to the valence band in the P-region because the two bands are exactly aligned.
Hence, maximum current (called peak current 1) flows in the circuit.

After V,, asthe applied voltageisincreased, current starts decreasing because the two bands start
gradually getting out of alignment. It reaches minimum value (called valley current) whenthetwo are
totally out of alignment at aforward bias of V,, (valley voltage).

For voltages greater than V,, current starts increasing again exactly asit doesin the case of an
ordinary P-N junction diode.

Tunneling is much faster than normal crossing which enables atunnel diode to switch ON and
OFF much faster than an ordinary diode. That is why atunnel diode is extensively used in specia
applications requiring very fast switching speeds like high-speed computer memories and high fre-
quency oscillators etc.

(d) Diode Parameters

(i) Negative Resistance (— R)). It is the resistance offered by the diode within the negative-
resistance section of its characteristic (shown shaded in Fig. 54.19). It equals the reciprocal of the
slope of the characteristic in thisregion.

It may also be found from the following relation Ry, = — dV/dl.

Its value depends on the semiconductor material used (varying from — 10 Q to — 200 Q).

(ii) 1/ 1, Ratio

It is almost as important a factor (particularly for computer applications) as the negative
resistance of the diode.

Silicon diodes have alow I /1, ratio of 3 : 1 and their negative resistance can be approximated
from R = — 200/l,. Such diodes are used mainly for switches operating in high ambient tempera-
tures.

Germanium diodes have an | /1, ratio of 6 : 1 and negative resistance formulaR = — 120/l ..
GaAs diodes (used exclusively in oscillators) have an 1/, ratio of about 10 : 1 and a negative
resistance nearly equal to that of silicon diodes.

Theminimum /1, ratio for GaSb diodeisabout 12 : 1 and hasthe lowest resistance of all given
by Ry, = - 60/l .. Hence, such diodes have the lowest noise.

(e) Equivalent Circuit

Theequivalent circuit of atunnel diodeisshownin Fig. 54.20. The capacitance Cisthejunction
diffusion capacitance (1to 10 pF) and (- R, ) isthe negative resistance. Theinductor L isduemainly
to theterminal leads (0.1 to 4 nH). The resistance Rq is dueto the leads, ohmic contact and semicon-
ductor materials (1 — 5 Q). These factors limit the frequency at which the diode may be used. They
are also important in determining the switching-speed limit.
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(f) Biasing the Diode
Thetunnel diode hasto be biased from some dc sourcefor fixing its Q-point onits characteristic
when used as an amplifier or as anoscillator and modulator.

1T iT
Valley Q
\
Q |
\ \
\ \
| > L >
0 Bias vy 0l Bias Vi
\
(@ )
Fig. 54.20 Fig. 54.21

The diode is usualy biased in the negative region [Fig. 54.21 (a)]. In mixer and relaxation
oscillator applications, it is biased in the positive-resistance region nearest zero [Fig. 54.21 (b)].

(g) Applications

Tunnel diode is commonly used for the following purposes :

1. asan ultrahigh-speed switch-due to tunneling mechanism which essentially takes place at
the speed of light. It has a switching time of the order of nanoseconds or even picoseconds;

2. aslogic memory storage device — due to triple-valued feature of its curve for current.

3. asmicrowave oscillator at afrequency of about 10 GHz - duetoitsextremely small capaci-
tance and inductance and negative resistance.

4. in relaxation oscillator circuits — due to its negative resistance. In this respect, it is very
similar to the unijunction transistor.

(h) Advantages and Disadvantages

The advantages of atunnel diode are :

1. low noise, 2. ease of operation, 3. high speed,
4. low power, 5. Insensitivity to nuclear radiations
The disadvantages are :

1. thevoltage range over which it can be operated properly is1V or less;
2. being atwo-terminal device, it provides no isolation between the input and output circuits.

54.8. Tunnel Diode Oscillator

Thebasic job of an oscillator isto convert
dc power into ac power. Ordinarily, we do not
expect an ac signal from acircuit which hasno
input ac source. But the circuit shown in Fig.
54.22 does exactly that as explained below.

Thevalueof Risso selected asto biasthe
diode D in the negative-resistance region Bias
A -B. The working or quiescent point Q is @ ® Voltage
almost at the centre of thecurve A —B. When S
is closed, the current immediately rises to a
value determined by R and the diode resistance which are in series. The applied voltage V divides
across D and R according to the ratio of their resistances.

However, as V; exceeds V,, diode is driven into the negative area and its resistance starts to
increase (Art 4.7). Hence, V- increasesfurther till it becomes equal to valley voltage V|, (point B). At
this point, further increase in V. drives the diode into the positive- resistance region BC [Fig. 54.22

®

It A C

Fig. 54.22
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(b)]. The resulting increase in current now increases V but correspondingly decreases V , thereby
bringing the diode back into the negative-resistance region. Thisdecreasein V; increases the circuit
current till point A isreached whenV equalsVo..

It describes one cycle of operation. In this way, the circuit will continue to oscillate back and
forth through the negative-resistance region i.e. between points A and B on its characteristic. Its

output across R is like a
p R, D

. R
sinewave. v {>:| 1
Fig. 54.23 shows a J
c L

ractical circuit drawn in
P =v rs o ¢

v

=V
two dightly different ways. I D
Here, R, sets the proper S S I SIS
bias level for the diode [ % | i
whereasR, (inparald with - - -7
the LC tank circuit) sets
proper current level for it. The capacitor C is the coupling capacitor. As the switch Sis closed, the
diodeis set into oscillations whose frequency equals the resonant frequency of the tank.

54.9. Varactor Diode

Thevaractor diodeisasemiconductor, voltage-dependent variable capacitor alternatively known
asvaricap or voltacap or voltage-variable capacitor (VVC) diode. Basically, itisjust areverse-biased
junction diode whose mode of operation depends on its transition capacitance (C;). As explained
earlier in Art. 52.4, reverse-biased junctions behave like capacitors whose capacitance is [ 1/VRn
where n varies from 1/3 to 1/2. As reverse voltage V is increased, depletion layer widens thereby
decreasing the junction capacitance. Hence, we can change diode capacitance by simply changing
V. Silicon diodes which are optimised for this variable capacitance effect are called varactors.

The picture, schematic symbol and a simple equivalent circuit for a varactor are shown in Fig.
54.24,

Varactorsmay be of two typesasshowninFig. 54.25. The .
doping profile of the abrupt-junction diode is shown in Fig.
54.25 (a) and that of the hyperabrupt-junction diode in Fig.
54.25 (b). The abrupt-junction diode has uniform doping and a
capacitivetuning ratio (TR) of 4: 1. For example, if its maxi-
mum transition capacitanceis 100 pF and minimum 25 pF, then
itsTRis4: 1 whichisnot enough to tune abroadcast receiver
over its entire frequency range of 550 to 1050 kHz. Varactor diode

The hyperabrupt-junction diode has highest impurity concentration near thejunction. It resultsin
narrower depletion layer and larger capacitance. Also, changes in V, produce larger capacitance
changes. Such a diode has atuning range of 10 : 1 enough to tune a broadcast receiver through its
frequency range of nearly 3: 1.

Fig. 54.23

o ¢ o
P > N
o
P Cr N
Fig. 54.24 Fig. 54.25
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Applications
Since the junction capacitance of a varactor is in the pF range, it is suitable for use in high-
frequency circuits. Its main applications are as

1
3.

automatic frequency control device, 2. FM modulator,
adjustable band-passfilter, 4. Parametric amplifier.

54.10. PIN Diode

(a

Construction

It is composed of three sections. These are the usual P and N-regions but sandwiched between

themisanintrinsiclayer or I-layer of puresilicon (Fig. 54.26). Being intrin-

o—1 P

1|l N | sic(or undoped) layer, it offers relatively high resistance. This high-resis-

tance region gives it two advantages
Fig. 54.26 as compared to an ordinary P-N
diode. The advantages are :

1. decreasein capacitance C,,, because capacitanceisin-
versely proportional to the seperation of P-and N-re-
gions. It allowsthediode afaster responsetime. Hence,
PIN diodes are used at high frequencies (more than -
3OOMHZ), -']'f’i"f"|"|'1"l'\'1l1”"'l
2. possibility of greater electric field betweenthe P-and [ S | pA
N-junctions. It enhances the electron-hole pair gen- | :
eration thereby enabling PIN diode to process even Pin diode
very weak input signals.
(b) Diode Resistance o5
1. When forward-bi- 25V +25V
ased, it offers a vari-
able resitance r . [0 C#OO o IKH fli0o 1K C|2_OVO
50/I wherel isthedc G, Vo
current in mA (Art. v, Vin
52.2). For large dc VYV V'V Open [/ V'V
currents, it would | 500 MHz 1 L 500 MHz L 500 MHz
look like a short. @ ®
2. Whenreverse-biased, .
. . Fig. 54.27
itlookslikean‘ open’
i.e. it offersinfinite resistance in the reverse direction.
(c) Operation
(i) High Frequency Switching. Itsusein electronic high frequency switching isillustrated in
Fig. 54.27.
When the diode is reverse-biased, it looks like an ‘open’ as
2 shown in Fig. 54.27 (b). The 500-MHz input signal voltage
C 1K3 ¢ divides across the series-connected 100 Q resistance and the
| 1000 |2—o y, diode in proportion to their resistances. Since the diode has
No infinite resistance (being open), the entire input signal appears
Vin o0z Signal acrossit. Hence, thewholeinput signal passes out via coupling
capacitor C, without any attenuation (or loss). When the diode
500 MHz isforward-biased by the+ 25V dc source, | =25/1 K =25mA.

- Hence, diode resistance r,, = 50/25 = 2 Q as shown by its
equivalent circuitin Fig. 54.28. Now, almost al theinput signal
voltage drops across 100 Q resistance and practically none

®

Fig. 54.28
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across the 2 Q resistance. Hence, there
ishardly any signal output.

In practice instead of mechanically > o @g PNP
Ry

+V

switching the diode-biasing supply from 1 kHz
-25V to+ 25V, atransistor is used to
do this switching operation. In thisway, £Ry
we can turn avery high frequency signal HHHH—’ —]—w———
(MHz range) OFF and ON with the speed Rs Pin
of atransistor switching circuit. S e i

(if) Use as AM Modulator. The
way in which the 500-MHz signal is
modulated at 1 kHz rateisillustrated in Fig. 54.29.

A 1kHz signal isfed into a PNP transistor where it variesits dc output current at the same rate.
Thisvarying dc current isapplied as biasing current to the PIN diode as shownin Fig. 54.29. It varies
the diode ac resi stance as seen by the 500 MHz signal. Hence, the signal ismodulated at 1 kHz rate as
shown.

(d) Applications

(i) asaswitching diode for signal frequencies upto GHz range;

(if) asan AM modulator of very high frequency signals.

54.11. Schottky Diode

It is also called Schottky barrier diode
or hot-carrier diode. It is mainly used as a
rectifier at signal frequenciesexceeding 300
MHz. It has more uniform junction region '
andismorerugged than PIN diode—itsmain
rival.

(a) Construction

It isametal-semiconductor junction di-
ode with no depletion layer. It uses a metal
(likegold, silver, platinum, tungsten etc.) on
the side of the junction and usually an N-
type doped silicon semiconductor on the
other side. Thediodeand its schematic sym-
bol are shown in Fig. 54.30.

(b) Operation

When the diode is unbiased, electrons on the N-side have lower energy levelsthan electronsin
the metal. Hence, they cannot surmount the junction barrier (called Schottky barrier) for going over
to the metal.

When the diode is forward-biased, conduction electrons on N-side gain enough energy to cross
the junction and enter the metal. Since these electrons plunge into the metal with very large energy,
they are commonly called ‘hot-carriers. That is why this diode is often referred to as hot-carrier
diode.

(c) Applications

This diode possesses two unique features as compared to an ordinary P-N junction diode :

1. itisaunipolar device because it has electrons as majority carriers on both sides of the
junction. An ordianry P-N junction diode is a bipolar device because it has both electrons
and holes as mgjority carriers,

2. sinceno holes are availablein metal, thereis no depletion layer or stored charges to worry
about. Hence, Schottky diode can switch OFF faster than a bipolar diode.

Modulated
ignal

Fig. 54.29

Schottky barrier diode family expands to meet needs of
power related application

®
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Because of these qualities, Schottky diode can easily rectify signals of frequencies exceeding
300 MHz. Asshownin Fig. 54.31, it can produce an almost perfect half-wave rectified output.

The present maximum current rating of thedeviceisabout 100 A. Itiscommonly used in switch-
ing power suppliesthat operate at frequencies of 20 GHz. Another big advantage of thisdiodeisits
low noise figure which is extremely important in communication receivers and radar units etc.

Itisalso usedin clipping and clamping circuits, computer gating, mixing and detecting networks
used is communication systems.

~ —
“1
500 MHz T
R

i L nnan

Fig. 54.30 Fig. 54.31
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54.12. Step Recovery Diode

It isanother type of VVC diode having agraded doping profile where doping density decreases
near the junction as shown in Fig. 54.32. This results in the production of strong electric fields on
both sides of the junction.

(&) Theory

At low frequencies, an ordinary diode acts as arectifier. It conductsin the forward direction but
notinthereversedirectioni.e. it recoversimmediately from ON stateto the OFF state. However, itis
found that when driven forward-to-reverse by a high-frequency signal (above afew MHz), thediode
does not recover immediately. Even during the negative half-cycle of theinput signal when the diode
isreverse-biased, it keeps conducting for awhile after which the reverse current ceases abruptly in
one step. Thisreverse conduction is due to the fact that charges stored in the depletion layer during
the period of forward bias take time to drain away from the junction.

A
Doping Sr Diode Vo
77 Density H
/P 20 MHz T
485 R
/ Vin Vo
7 >t
\! Vg
" One |
. | Cycle
@ ©®
Fig. 54.32 Fig. 54.33

Fig. 54.33 (&) shows a step-recovery diode being driven by a 20-MHz signal source. As seen
from Fig. 54.33 (b), it conductsin the forward direction like any diode. During thereverse half-cycle,
we get reverse current due to the draining of the stored charge after which current suddenly dropsto
zero. It looks as though diode has suddenly snapped open during the early part of the reverse cycle.
That iswhy it is sometimes called a snap diode.

The step or sudden recovery from reverse current ON to reverse current OFF givesthe diodeits

name.
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(b) Applications
Its main use is in high-frequency harmonic generator circuits as a frequency multiplier as ex-
plained below.

Itisfound that whenever awave- Sr Diode Vo
form has sudden step or transition, it 20 MHz T 100 Mz
containsall the harmonicsof the in- .
put signal (i.e. multiplesof itsfunda- ‘QU*V“‘ L C R V% t
mental frequency). For example, the I L
output waveform of Fig. 54.33 (b) ik A4

contains waves of frequencies 40 ) ®
MHz, 60 MHz, 80 MHz and so on. @
Fig. 54.34 shows how the out- Fig. 54.34
put of a step recovery diode can be
used to drive atuning circuit which can be made to tune out all harmonics except onei.e. fifthin this
case (100 MHz). With an input signal of 20 MHz, the step recovery diode generates harmonics of
different multiple frequencies listed above. However, the resonant L-C circuit is tuned to 5th har-
monic of f = 100 MHz. Hence, all except this harmonic are filtered out of the circuit. The signal
appearing across R isalmost apure sinewave with f = 100 MHz as shown separately in Fig. 54.34 (b).
Step-recovery diodes are also used in pulse and digital circuits for generating very fast pulses
with rise time of less than 1 nanosecond.

54.13. Gunn Diode

It is a negative-resistance microwave device for oscillator

applications.
Asshownin Fig. 54.35, it consists of athin slice of N-type gal-
lium arsenide sandwiched between two

N+ N N++ metal conductors. The central section is
|| active || N-galiumarsenidewhereasthetwo outer
REGION sectionsare epitaxially grown from GaAs Gunn diode
with increased doping and higher conduc-
Fig. 54.35(a) tivity. As an oscillator, its frequencies Fig. 54.35(b)

range from 5 GHz and 100 mW output upto 35 GHz and 1 mW output.
Efficienciesof 3to 5 per cent are possible at present. Fig. 54.35(b) showsthe picture of aGunn diode.

54.14. IMPATT Diode

IMPATT stands for impact avalanche and trandit time diode. As the name indicates, it is a
microwavediodethat utilizesthe delay timerequired for attaining an avalanche condition plustransit
time to produce a negative-resistance characteristic. It is used as a microwave oscillator within a
frequency range of 10-100 GHz.

Tutorial Problems 54.1
1. Istheidea Zener diode shown in Fig. 54.36 properly biased ? If not, explain why ? [No]
2. Check upif the diodein Fig. 54.37 is biased properly for normal operation. What isthe current taken
by the diode ? [Yes: 4 mA]
3. Check upif Zener diode of Fig. 54.38 isreverse-biased aswell as properly voltage-biased. Calculate
diode current and power dissipation. [6 mA, 96 mW]
4. Usingideal Zener diode approximations, find the minimum and maximum currents through the diode
in Fig. 54.39. [4mA, 8 mA]

®
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12V— 12V — =30V
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RS1K R31K

V=16V V28V K V=16V
[z max=10 mA I, max=5 mA

I, max=10 mA

Fig. 54.36 Fig. 54.37 Fig. 54.38

A 9V stabilized voltage supply isrequired to run acar stereo system from car’'s 12 V battery. A Zener
diodewithV,=9V and P, = 0.25W is used as avoltage regulator as shown in Fig. 54.40.

I 5K Iy I R IL
— P M\ ' 2 ——— AW »

Iz Iz

= 6080V I5KE = 12v ;43

V=30V Vz=9V
Pax=0.25 W

o o
o o
< )l | <4

Fig. 54.39 Fig. 54.40
Find the value of the seriesresistor R. [120 Q]

A load of 1kW isconnected acrossa 10 V Zener regula- 500 O
tor as shown in Fig. 54. 41. The zener current can vary T W

Y

between 5mA to 55mA while maintaining the voltage
constant. Find the minimum and maximum voltage level
at input.
(Electronic Devices and Circuits, Nagpur Univ.
Summer, 2004)
A 24V, 600 mW zener diodeisused for providing a 24V
stabilized supply to avariable load. If the input voltage .
is 32V, cdculate Figod.91

(i) thevalue of series resistance required.
(i) diode current when the load is 1200 Q

=

. 10V E1K

(Electronics Engg., Bangalore Univ. 2003)

1. Sil

diodes because it C)

€Y
(b)
©

(d)

2. Whenusedinacircuit, aZener diodeisaways )

€Y
(b)

OBJECTIVETESTS - 54

icon is preferred for manufaCtUring Zener (C) troubled by Overheating

reverse-biased.

isrelatively cheap 3. The main reason why electrons can tunnel
needs lower doping level through a P-N junction is that

has higher temperature and current (a) they have high energy

capacity (b) barrier potential isvery low

has lower break-down voltage. (c) depletion layer isextremely thin

_ impurity level islow.

forward-biased 4. ThelJl, ratio of atunnel diode is of primary

connected in series importancein



(@) determining tunneling speed of
electrons

(b) the design of an oscillator
(c) amplifier designing
(d) computer applications.

5. Mark the INCORRECT statement. A varactor
diode

10.

(a) hasvariable capacitance

(b) utilizes transition capacitance of a
junction

(¢) hasawaysauniform doping profile

(d) isoftenused asan automatic frequency
control device.

The microwave device used as an oscillator
within the frequency range 10-1000 GHz is
............................. diode.

(a) Schottky

(b) IMPATT

(c) Gunn

(d) Step Recovery.

A PIN diode s frequently used asa
(a) peak clipper

(b) voltage regulator

(¢) harmonic generator

(d) switching diode for frequencies upto
GHz range.

Mark the WRONG statement. A Schottky
diode

(@) hasno depletion layer

(b) has metal-semiconductor junction

(c) hasfast recovery time

(d) isabipolar device

(e) isaso caled hot-carrier diode

(f) can easily rectify high-frequency
signals.

A specia purpose diode which uses metals

like gold, silver or platinum on one side of

thejunction, n-type doped silicon on another

sideand hasalmost no charge storagein the

junction, isa

(a) Schotty diode

(b) tunnel diode

(c) varactor diode

(d) zener diode

A step-recovery diode

(@) hasan extremely short recovery time

(b) conducts equally well in both direc-
tions

1.

12.

13.

14.

15.

16.

17.
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(c) ismainly used a harmonic generator

(d) isanideal rectifier of high-frequency
signals.

A semiconductor device that resembles a

voltage variable capacitor is called diode.

(@) tunnel

(b) PIN

(c) Schottky

(d) varactor

A diode that has no depletion layers and
operateswith hot carriersiscalled ...... diode.

(a) Schottky

(b) Gunn

(c) steprecovery

(d) PIN

In switching devices, gold doping is used to
(@) improve bonding

(b) reduce storage time

(c) increase the mobility of the carrier

(d) protect theterminalsagainst corrosion

When the reverse bias voltage of avaractor
diode increases, its

(a) capacitance decreases

(b) lealkage current decreases

(c) negativeresistance increases

(d) depletion zone decreases.

Which of the following are negative-
resistance microwave diodes oscillator
applications ?

(@) Gunn

(b) IMPATT

(c) steprecovery

(d) both (a) and (b)

(e) both (b) and (c).

A negative-resistance microwave diode hav-
ing athin dlice of asemiconductor material
sandwiched between two metal conductors
iscaled ............... diode.

(a) Schottky

(b) PIN

(¢) Gunn

(d) varactor.

Zener diodes are used primarily as
(a) rectifiers

(b) voltageregulators

(c) oscillators

(d) amplifiers.

®
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18.

19.

20.

=

@

Electrical Technology

The diode which is often used for voltage (@ 33mA

regulationin electronic circuitsiscalled...... (b) 33mA

diode (C) 2mA

(a) zener (b) varactor (d OmA

(c) silicon (d) germanium. (GATE ; 2004)
Avaanche photodiodes are preferred over

PIN diodes in optical communication sys- 2.2kQ

tems because of 4

(@) speed of operation ¢ Rz =0.1k

(b) higher sensitivity 10V N Ry 2 335V
(©) larger bandwidth T o1 y,=3s5v

(d) larger power handling capacity

The current through the Zener diodein Fig. i
54. 42. Fig. 54.42
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