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+3-1 & ZENER DIODES
A major application for zener diodes is voltage regulation in dc power supplies. In this

section, you will see how the zener maintains a rearly constant dc voltage under the
proper operating conditions. You will learn the conditions and limitations for properly

using the zener diode and the factors that affect its performance.
After completing this section, you should be able to
® Describe the characteristics of a zener diode and analyze its operation

i1 O Identify a zener diode by its symbol

- O Discuss avalanche and zener breakdown

. O Analyze the characteristic (/-V) curve of a zener
] O Discuss the zener equivalent circuit

O Define temperature coefficient and apply it to zener analysis
O Discuss power dissipation in a zener and apply derating
O Inferpret a zener data sheet

L K The symbol for a zener diode is shown in Figure 3-1. The zener diode is a silicon pn
junction device that differs from rectifier diodes because it is designed for operation in

i 5{’ the reverse breakdown region. The breakdown voltage of a zener diode is set by carefully
o controlling the doping level during manufacture. Recall, from the discussion of the diode

characteristic curve in Chapter 1, that when 2 diode reaches reverse breakdown, its volt-

r‘ A _ age remains almost constant even though the current changes drastically. This volt-
EIGURE 3-1 ampere characteristic is shown again in Figure 3-2 with normal operating regions for
rectifier diodes and for zener diodes shown as shaded areas. If a zener diode is forward-

i & Zener diode symbol.

biased, it operates the same as a rectifier diode.
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{:2 {a) The normal operating regions for a rectifier {b) The normal operating region for a zener — ‘ ﬁE’q
JEE diode are shown as shaded areas. diode is shaded. A c/) /_/ [ 2 Jll
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Zener Breakdown

Zener diodes are designed to operate in reverse breakdown. Two types of reverse break-
down in a zener diode are avalanche and zener. The avalanche breakdown, discussed in
Chapter 1, occurs in both cectifier and zener diodes at a sufficiently high reverse voltage.
7ener breakdown occurs in 2 zener diode at low reverse voltages. A zencr diode is heav-
ily doped to reduce the breakdown voltage. This causes a very thin depletion region. As a
result, an intense electric field exists within the depletion region. Near the zener break-
down voltage (V2), the field is intense epough to pull electrons from their valence bands
and create current.

7ener diodes with breakdown voltages of less than approximately 5 'V operale pre-
dominately in zener breakdown. Those with breakdown voltages greater than approxi-
mately 5 V operate predominately in avalanche breakdown. Both types, however, arc
called zener diodes. Zeners are commercially available with breakdown voltages of 1.8V
10 200 V with specified tolerances from 1% to 20%.

Breakdown Characteristics

Figurc 3-3 shows the reverse portion of a zener diode’s characteristic curve. Notice that
as the reverse voltage (Vy) is increased, the reverse current (/) remains extrremely small
up to the “knee” of the curve. The reverse cument is also called the zensr current, I;. At
this point, the breakdown effect begins; the internal zener resistance, also called zener
impedance (Zz), begins to decrease 2s the reverse current increases rapidly. From the bot-
tom of the knes, the zener breakdown voltage (V2) remains essentially constant although
it increasss slightly as the zener current, I, increases.

FIGURE 2-3
Rermechm-ada'isﬁcofazewdiod&l’zicusmﬂy Vo @
specified at the zener test currens, Iz and is designated v, = Lo
I
Vzr O et Iy (220t knee current)
|
1
----------- Iz (zener test current)
------------ Ipq (zever maximom current)
H

Zener Regulation , The ability to keep the voltage across its terminals essentially con-
stant is the key feature of the zener diode. A zener diode operating in breakdown acts s 2
voltage regulator because it maintains a nearly constant voltage across its terminals over
a specified range of reverse-current values.

4 minimum value of reverse current, Izg, must be maintained in order to keep the
diode in breakdown for voltage regulation. You can see on the curve in Figure 3-3 that
when the reverse current is reduced below the knee of the curve, the voltage decreases
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and reguiation is lost. Also, there is a maximum current, Izp, 2bove which the diode may
be damaged due to excessive power dissipation. S0, basically, the zener diode maintains &
nearly constant voltage across its terminals for values of reverse current ranging from Iz
to I'zy. A nominal zener voltage, V. is usually specified on a data sheet at a value of
reverse current called the zener fest current, Izt

Zener Equivalent Circuit

Figure 3-4(a) shows the ideal model of 2 zener diode in reverse breakdown. It has a con-

stant voltage drop equal to the nominal zener voltage. This constant voltage drop is repre-
sented by a dc voltage source. The zener diode does not actually produce an emf voliage.
The de source simply indicates that the effect of reverse breakdown is a constant voltage
across the zener terminals.

Figure 3—4(b) represents the practical model of a zener diode, where the zener
impedance Zz is included. Since the voltage curve is not ideally vertical, 2 change in
zener current produces a small change in zener voltage, 2as illustrated in Figure
3-4(c). The ratio of AVz 10 Al is the impedance, as expressed in the following equa-

tion:

V
V2 (3-1)

= —

Nommally, Zz is specified at Jzy, the zener {est current, and is designated Zzy. In most
cases, you can assume that Z, is constant over the full linear range of zener current values

and is purely resistive.

+
Vp=—
Zz

'y
’i’-—'—:l
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(b) Practical

—

R

{c) Characteristic curve

L Zener diode equivalent circuit models and the characteristic curve illustrating Z3.
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rB(AMPLE 3-1

A zener diode exhibits a certain change in Vz for a certain change in J7 on 2 portion of
the linear characteristic curve between Iz and Iy 2s illustrated in Figure 3-5. What is
the zener impedance?

AVZ =50mVY

—

Vi

FIGURE 35

Solution AV,  S50mV

Related Exercise Calculate the zener impedance if the change in zener voltage is
100 mV for a 20 mA change in zener current on the linear portion of the characteristic

= J

E EXAMPLE 3-2

A certain zener diode has a Zyr of § €1 The data sheet gives Ver=68Vatiygs
20 mA, Lx =1 mA, and Jq = 50 mA. What is the voltage across the zener terminals
when the current is 30 mA? When the current is 10 mA?

Solution Figure 3-6 represents the zener diode.
For Iz = 30 mA: The 30 mA current is a 10 mA increase above Jzr =20 mA.

Al = Iz— fn=+10 mA
AVy= ALz Zz = (10 mAX(S Q) =+50 mV

The change in voltage due to the increase in current above the /- value causes the
zener terminal voltage to increase. The zener voltage for [z =30 mA is

V=68V +AV;= 68V+50mVm685V

-52._
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—

- FIGURE 3-6 o I e i
[T X
A | =avy
il '= 3
ﬂ ’f Vz -_:—"__:_’ Vo=V
i
(e} N (S o —r

For [z = 10 mA: The 10 mA current is 2 10 mA decrease below Iy =20 mA.
Al,==10mA ’
AVy = AlZzr = {~10 MAXS Q) = ~50 mV
The change in voltage duc 10 the decrease in current below [y causes the zener termi-
nal voltage to decrease. The zener voltage for Iz = 10mAis -
V,=68V-AV;=68V-50mV=675V

Related Exercise Repeat the analysis for a current of 20 mA and for a current of
80 mA using a zener with Ver=12Vatlzy =50 mA, Izx =05 mA, Iry = l‘:)l.'lmA;E

and Zzy =200
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Zener Diode Data Sheet Information

The amount and type of information found on data sheets for zener diodes (or any cate.
gory of electronic device) varies from one type of diode to the next. The data sheet for
some zeners contains more information than for others. Figure 3-7 gives an example o!
the type of information that you have studied that can be found on a typical data sheet bur
does not represent the complete data sheet. This particular information is for a popula
zener series, the 1N4728-1N4764,

Electrical Characteristics The electrical characteristics are listed in a tabular form ir
Figure 3-7(a) with the zener type numbers in the first column. This feature is common t¢

most device data sheets.

Zener voltage For each zener type number. the nominal zener voliage, Vz, for a
specified value of zener test current, /zy. is listed in the second column. The nominal
value of V- can vary depending on the 1olerance. For example, the 1N4738 has a
nominal V5 of 8.2 V. For 10% tolerance. this value can range from 7.38 V10 9.02 V,

Zener test current The value of zener current, /o1, in mA at which the nominal
zener voltage is specified is listed in the third column of the table in Figure 3-7(a).

Maximum zener impedance Zzr is the value of dynamic impedance in ohms mea-
sured at the test current. The values of Zzy for each zener type are listed in the
fourth column. The term dynamic means that it is measured as an ac quantity; that
is, the change in voltage for a specified change in current (Zz = AVp/AlZ). You
cannot get Zzr using Vz and Iz, which are dc values. The table also includes Zzy,
which is the impedance measured at the zener knee current, /. '

Reverse leakage current  The values of leakage current are listed in the fifth col-
umn of the table. The leakage current is the current through the reverse-biased
. zener diode for values of raverse voltage less than the value at the kneeof the char-
acteristic curve. Notice that the values are extremely small as was the case for
rectifier diodes.

Maximum zener current The maximum dc current, J2). is not specified on this
particular data sheet. However, it is worth mentioning because you will find it on
some data sheets. The value of Iz is specified based on the power rating, the zener
volage at [y, and the 2ener voltage tolerance. An approximate value for /)y can
be calculated using the maximum power dissipation, Ppgnay and Vz at /o as fol-
lows:

P

Graphical Data Some data sheets provide various types of data in the form of graphs
while others do not. Figure 3-7 includes graphs for data related to concepts covered in

this section.

Power derating Figure 3-7(b) shows a power derating curve for this particular
series of zener diodes. Notice that the zeners are rated for a maximum power dissi-
pation of 1 W for temperatures of 50°C and below. Above 50°C the power rating
decreases linearly as shown. For example at 140°C, the power rating is approxi-
mately 400 mW.

“Sh-
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Placimess Ratings
Bating Symbel Value Unit
DC powes dissipstion @ T, =50C Py 10 Wen
Derse= shove 50°C &57 WA
Operming fnd porage jasction T T " =S 10 20 *C
Temm renge

%wmimmwmv,-uv“
b= ypet.

Neminai Zowsr| Tt | Maxhwes Zesar Impedance | Leskage Currest
JEDEC Veltage Currest
TyeMNe. | V@I Iy |2 @iy |Ix®ix| | & M
Olote 1) Ty mA Obas Dams | mA |pAMisx| Vel
INGTZE 3 16 10 400 18 100 10
1IN ¥ L 10 400 Lo 100 (K]
IN4TI0 39 &4 90 400 10 0 0
1IN4T3L 43 5% 7] 400 10 w | 18
1NETS2 4.7 53 BD 500 1.0 i0 1.0
RT3 (4] 49 70 as0 LD 10 i0
INGTH 56 45 0 00 18 10 26
INTIS 62 4 20 a0 Lo w 0
INETIS (43 7 as 700 10 Ig &g
1N4TST 15 M 40 F00 05 1 5
LIN4738 £2 3 &5 700 [FE 1o 6.0
1NTS L M) n 50 700 05 10 10
1INFMO 10 b 0 00 02s 10 145
NS n b L0 X0 025 50 4
INEHIEL 1 21 S0 700 025 50 .1
LGS 13 19 [ 700 [ 50 99
INGI4 15 I 14 %0 025 50 14
INEMS 16 o 5E- T 16 4 028 | 50 122
INEMG . n [L - 0 |35 5N 137
INERET 20 128 prd 750 025 50 1532
INGFL - iS5 ] 50 025 30 163
1NEMS . 103 F- 750 a2 | S0 1n2
1N4ATS0 n 25 b ] 0 05| 50 26
1INETSL » s 40 wx |axs| S0 ni
INETS2 it ] 735 45 1000 025 50 25,
INGTS3 36 0 50 1000 oS 580 1A
LNATS4 » 63 60 w000 |02 30 23
INATSS 0 &0 " 1500 | 035 | 3580 27
1NITS6 £7 55 " 1500 | €25 | 30 L3
INETST 51 50 5 1500 025 50 388
IN475E 36 45 110 2000 025 50 426
1NETSS a 40 125 2000 [ -] 50 411
L4760 [ iy 150 2000 o 50 517
INOS1 73 33 175 2000 | O 50 %60
NG =4 i x0 3000 025 50 62
INOES "l 23 250 oo |05 54 62
INEIG4 100 15 350 3000 0.25 50 760
NOTE 1 — Telerance and Type The JEDEC type sumbers Ested bave &
dmere! 0% on the pomin 'mﬂﬂmﬂtlﬁ.ﬁwwdﬂinw
-'sktbﬂlﬂﬁkmdkwhyuﬁﬂg'ﬂ'huuhﬁtm:mbﬁCﬁm.D
o 21.0%.
(a) Electrical characteristics
AGURE 3-7

Partial data sheet for the INAT28-IN4764 series 1 W zener diodes.
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Temperature coefficients Figure 3-7(c) shows the temperature coefficient in
mV/C® versus zener voltage for zener voltages up to 12 V. The two curves define 2
range for the temperature coefficient. For example, 2 6 V zener diode exhibits a
temperature coefficient that can range from about 1.5 mV/C® to about 3 mV/C".

Effect of zener current on zener impedance Figure 3-7(d) shows how the zener
impedance, 2z, varies with current for selected values of nominal zener voltage:
2.7V,6.2V, 27V, and 47 V. Notice that Z; decreases with increasing current.

1. Inwhatmgionofﬁnirchmctcﬁsﬁccuncmzenerdiodaomted?

2. At what value of zener current is the zener voltage normally specified?

3, How does the zener impedance affect the”voltage across the terminals of the
device?

4. For a certain zener diode, Vz =10V at [z =30 mA. If Z; = 8 Q, what is the termi-
nal voltage at J7 = 50 mA?

. What does  positive temperature coefficient of 0.05%/C° mean?

6. Explain power derating.

DE APPLICATIONS

3-2 ®m ZENER DIO

The zener diode is ofien used as a voltage regulator in dc power supplies. In this sec-
tion, the concept of voltage regulation is introduced and two types of regulation are
examined—line regulation and Ioad regulation. Also, you will see ow zeners can be
used as simple Limiters or clippers.

Afer completing this section, you should be able to

® Explain how a zener is used in voltage regulation and limiting and analyze zener
circuits
O Discuss input or line regulation
O Discuss load regulation
O Analyze zener diode regulators under both varying input and varying load con-
ditions
O Explain percent regulation as 2 figure of merit in voltage regulation
O Analyze zener waveform-limiting circuits

Zener Regulation with a Varying Input Voltage

Zener diodes are widely used for voltage regulation. Figure 3-8 illustrates how a zener
diode can be used to regulate a varying dc voltage. This is called inpus or line regulation.
As the input voltage varies (within limits), the zener diode maintains 2 nearly constant
outpug voltage across its terminals. However, as Vi changes, Iz will change proportion-
ally so that the limitations on the input voltage variation are set by the minimum and
maximum current values (Fzx and Jzn,) with which the zener can operate. R is the series
current-limiting resistor. The DMM displays indicate the relative values and trends. '

-56.
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DC power supply

Iz decreasing
= ‘ f \
-8V B+ \\\\\\\thl.u;,&_ .. \\\\\\&:’l::u;,,/ ..

(b) As the input voltage decreases, the output voltage remains constant (Jzx < Iz < fzy)-

FIGURE 3-8
Zener regulation of a varying input voliage.

For example, suppose that the IN4740 10 V zener diode in Figure 3-9 can maintain
regulation over a range of zener current values from Jox = 0.25 mA to Iz = 100 mA
U = Pomany V2= 1 WOV = 100 mA). For the minimum zener current, the voltage

across the 220 Q resistor is
Ve = JzxR = (0.25 mA)220 Q) =55mV

FIGURE 3-9

R
—Ay ¥ _3_
22081

il
VNT g0 A 10v

X
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Since Vg = Vpy - Va,
Vi = Ve + Vz=55mV + 10 V= 10055V
For the maximum zener current, the voltage across the 220 () resistor is
Ve IR = (100 mAY 220 ) =22V
Therefore,
ViNemay 22V +10V=32V
This shows that this zener diode can regulate an input voltage from 10.055 V to 32 V anc

maintain an approximate 10 V output. The output will vary slighily because of the zenet
irpedance which has been neglected in these calculations.

E EXAMPLE 3-5

Detarmine the minimurn and the maximum input voltages that can be regulated by the
zener diode in Figure 3-10.

FIGURE 3-10 R

F—
8
L]
—
.

i}
'

Solution From the data sheet in Figure 3-7, the following information for the
IN4733 is obtained: Vo =51 Vatlx =49 mA Ix=1mA and Zz =7 Q &t
Iz. For simplicity, assume this value of Zz over the range of current values. The
equivalent circuit is shown in Figure 3-11. At Jzx = 1 mA, the output voltage is

Vour 5.1 V-AV =51V —(Ipr-Iz)Zz
=S51V-@8mAX7Q)=51V-0336 V=476V
Therefore,
Vinmin) = FzxR + Vour = (1 mA)(100 Q)+476 V=486V

To find the maximum input voltage, first calculate the maximum zener current
Assume the temperature is 50°C or below, so from the graph in Figure 3-7(b}, the
power dissipation is 1 W.

At Iz, the output voltage is

Vour = 5.1 VAV =51V + (g - Iz Zz
=51V+(4TmAXT ) =51V+103 V=613V

-58._
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Therefore,
Voumary = IzuR + Vour = (196 mAX(100 Q)+613V=257V

R
My —051VEAV,
100 {1

0

|+
[

+
—_—51lV

5

FIGURE 3-11
Equivalent of circuit in Figure 3-10.

Related Exercise Determine the minimum and maximum input voltages that can be
regulated if 2 IN4736 zener diode is used in Figure 3-10.

Open file RG03-10.CA4 on your circuit disk. For the calculated minimum and maxi-
mum dc input voltages, measure the resulting output voltages. Compare with the cal- i

culated values.

Zener Regulation with a Variable Load

Figure 3-12 shows a zener voltage regulator with a variable load resistor across the ter-
minals. The zener diode maintains a nearly constant voltage across R, as long as the
zener current is greater than Jzx and less than /. This is called load regulation.

FIGURE 3-12 R
Zener regulation with a variable load. _‘\ﬁ\t’\" T
%
3 Izl 1 Ll Ry
Y

From No Load to Full Load

When the output terminals of the zener regulator are open (R = =), the load current is
zero and all of the current is through the zener. When a load resistor (R;) is connected,
partofthewtalcumntisd:roughthczenerandpanthmugh&. As Ry is decreased, the
load current, [, increases and Iz decreases. The zener diode continues to regulate until
I reaches its minimum value, Jzx. At this point the load current is meximum. The total
current through R remains essentially constant The following example will iliustrate
this,

-_59.
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H EXAMPLE 3-6

Determine the minimum and the maximum load currents for which the zener diode in
Figure 3-13 will maintain regulation. What is the minimum R, that can be used?
Vo = 12V, Iy = 1 mA, and Iz = 50 mA. Assume Zz =0 Q and V; remains a constant
12 V over the range of current values, for simplicity.

FIGURE 3-13 R

% i
AR 5%? I%
_?Zé"’lz;:”ﬁ? :

Solution When I, = 0 A (R, = «), Iz is maximum and equal to the total circuit cur-
rent Iv.

Vp-Vz  4V-12V
fama == " =g = HSSmA

Since Jzmay) i less than Jzy, 0 A is an acceptable minimum value for J, because the
2ener can handle all of the 25.5 mA. This means that R, can be removed from the cir-
cuit and regulation will be maintained.

Ium= °A
The maximum value of /i occurs when Z; is minimum (/7 = Izx), 5o solve for Iy mas) 25
follows:
’L(mu)={T_IZK=25'S mA-1mA=245mA
The minimum value of R; is
R L ¥ 4
Therefore, if R, is less than 490 Q, R, will draw more current away from the zener and

I will be reduced below Jzx. This will cause the zener to Jose regulation. In summary,
regulation is maintained for any value of R, between 490 £ and infinity.

=490 {}

Related Exercise Find the minimum and maximum load currents for which the cir-
cuit in Figure 3-13 will maintain regulation. Determine the minimum R, that can be
used. ¥z = 3.3 V (constant), fzx = 1 mA, I = 150 mA. Assume Z; = 0 £ for sim-
plicity.

Open fiie FG03-13.CA4 on your circuit disk. For the calculated minimum value of
Joad resistance, verify that regulation occurs. j

LA

In the last example, we assumed that Z, was zero and, therefore, the zener voltage
remajned constant over the range of currents. This assumption was made in order to more
easily demonstrate the concept of how the regulator works with a varying load. Such a
simplifying assumption is ofien acceptable and in some cases produces results that are
accurate enough. In Example 3-7, we will take into account the zener impedance.

-60_
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i EXAMPLE 3-7 For the circuit in Figure 3—~14:

(a) Determine Vour at Iz and at Ing.
(b) Calculate the value of R that should be used.
(c) Determine the minimum value of R that can be used.

FIGURE 3-14 R Vour
+
: +q[
— VN

77 A

" w39/ ,

- Solution The 1NA4744 zener used in the regulator circuit of Figure 3-14 isa 15V

';.3 P diode. The data shest in Figure 3-7(a) gives the following information: Vz = 15ve
fzr.fzx=_§'mA.,fzr=EmA..aﬂdeT= 1480

/,_‘,JP/M (a) For Iz
Vou-r= z= lSV—AIzZn-= 15 V—(Izr-fzx)z;r

n F
v A > ~ _ _
.q)\ d”J (7~ F1L 5 =15V - (1675 MAX14 Q)= 15V 0235V 1476 V

.________________/
Calculate the zener maximum current. The power dissipation is 1 W.

_ Powsn _ IV _

For I ZM-

VOUT= Vz= 15V +MzZz-r
15 V4 (= o) Zer =15V + (497 mAY(14 Q) = 15T V

(b) The value of R is calculated for the maximum zener current that oceurs when there
is no load as shown in Figure 3-15(2).
Vn=Vz _ 24V=-157V _
Im - 66.7TmA =1z

R=

R =130 € (nearest larger standard value),

R R 1476V
v 24Vo—AWN\—2 —0157V 24 vo—AN—4 —
: 1300 TILOmA
710 mA
Ty = 66.7 mA Iy =025 mA R, <{70.75 mA
(a) ' ®)

FIGURE 3-15

-Gi_
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(¢) For the minimum load resistance (maximum load current), the zener current is
minimum (fz = 0.25 mA) as shown in Figuze 3—15(b}.

Vo= Vour _ 24V=1476V __ 0

k== ="
I = Fy— Iy = 71O mA - 025 mA = 70.75 mA
Vour 1476V

=209Q

Ruwin= =1 = = 3075 mA

Related Exercise Repeat each part of the preceding analysis if the zener'is changed
to a 12 V device (IN4742).

Percent Regulation _ RER

Regulation expressed as a percentage is a figure of merit used to specify thc pcrformancc
of a voltage regulator. It cap be in terms of input (line) regulation or load regulation. Line
regulation specifies the change in the output voltage (AVqyr) fora gwm changc in input

voltage (AVpy) expressed as a percentage. ’

'..‘ 3 Apr > b ..‘
I.jne_regu]aﬁon=( — )100%; : (3-6)
e [HTE. 1 &VIN

Load regulation specifies the change in the output voltage over a certain range of
load current values, usually from minimum current (no load, NL) to maximum current
(full load, FL). It is normally expressed as a percentage and can be calculated with the
following formula:

Load rcgu]auon- (M'E)m% (3-7)
‘ Ve

e

where Vjq_ is the output voltage with rio load, and Vi is the output voltage with full
{maximum current) load

l EXAMPLE 3-8

A certain regulator has a no-load output voltage of 6 V and has a full-load output of
5.82 V. What is the load regulation expressed as a percentage?

Solution

o (BaVa) o (6V=sgVY
Loadrcgulatlon—( — )100%—( v )100%_3.09%

Related Exercise If the no-load output voltage of a regulator is 24.8 V and the full-
load output is 23.9 V, what is the Joad regulation expressed s a percentage?

-b2._
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Related Exercise
(a) If the no-load output voltage of a regulator is 24.8 V and the full-load output is

23.9 V, what is the percent load regulation?
(b) If the output voltage changes 0.035 V for a 2 V change in the input voltage, what

is the line regulation expressed as %/V?

Zener Limiting

In addition to voltage regulation applications, zener diodes can be used in ac applica-
tions to limit voltage swings to desired Jevels. Figure 3-16 shows three basic ways the
limiting action of a zener diode can be used. Part (a) shows a 2ener used to limit the
positive peak of 2 signal voltage to the selected zener voltage. During the negative
alternation, the zener acts as 2 forward-biased diode and limits the negative voltage to
—0.7 V. When the zener is tumed around, as in part (b), the negative peak is limited by
zener action and the positive voltage is limited to +0.7 V. Two back-to-back zeners Timit
. both peaks to the zener voltage plus 0.7 V, s shown in part (c). During the positive

slternation, D, is functioning as the zener limiter and D, is functioning as a forward-
biased diode. During the negative alternation, the roles are reversed.

0.7V
0
N
.

R
[ 1"\&’_ === =
) % oL\
-0.7V
_—L—o

FIGURE 3-16

=¥z,

)

Basie zenér Limiting action with a sinusoidal input voltage.
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ITEXAMPLE 3-9 Determine the output voltage for each zener limiting circuit in Figure 3-17.

10V ; 33V 20V,
AU 0
=10V 51V =20V
[« -]- o]
(@) (®)
FIGURE 3-17

T

r]l—w

Solution See Figure 3-18 for the resulting output voltages. Remember, when one
zener is operating in breakdown, the other one is forward-biased with approximately
0.7 V across it.

~157V

@ ®)

FIGURE 3-18

Related Exercise

{a) What is the output in Figure 3—17(a) if the input voltage is increased to a peak
value of 20 V?

(b) What is the output in Figure 3-17(b) if the input voltage is decreased to 2 peak
value of 5 V? I

SECTION 3-2 1. Explain the difference between line regulation and load regulation.
REVIEW 2. In a zener diode regulator, what value of load resistance results in the maximum
zener current?
3. Define the terms no-load and full-load.
4. A regulator has an output voltage of 12 V with no load and 11.9 V with full load.
What is the percent load regulation?
5. How much voltage appears across a zener diode when it is forward-blased'?

-Gl -
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DIODES

3-3 m VARACTOR

FIGURE 3-19

The reverse-biased varactor diode acts as ¢ variable

capacitor.

Varactor diodes are also known as voltage-variable-capacitance diodes because the
junction capacitance varies with the amount of reverse-bias voltage. Varaciors are
specifically designed to take advantage of this variable-capacitance characteristic. The
capacitance can be changed by changing the reverse voltage. These devices are com-
monly used in electronic tuning circuits used in communications sysfems.

After completing this section, you should be able to
B Describe the variable-capacitance characteristics of a varactor diode and ana-
lyze its operation in 2 typical circuit
O Identify a varactor diode symbol
O Explain why a reverse-biased varactor exhibits capacitance
O Discuss how the capacitance varies with reverse-bias voltage
O Interpret a varactor data sheet
O] Define tuning ratio

O Define figure-of-merit
O Discuss varactor temperature coefficients
O Analyze a varactor-tuned band-pass filter

A varactor is a pn junction diode that operates in reverse-bias and is doped to maxi-
mize the inherent capacitance of the depletion region. The depletion region, widened by
the reverse bias, acts as a capacitor dielectric because of its nonconductive characteris-
tic. The p and n regions are conductive and act as the capacitor plaies, 2s illustrated in

Figure 3-19.

Basic Operation

As the reverse-bias voltage increases, the depletion region wideas, effectively increasing
the plate separation and the dielectric thickness and thus decreasing the capacitance.
When the reverse-bias voltage decreases, the depletion region Narrows, thus increasing
the capacitance. This action is shown in Figure 3-20(a) and (b). A graph of diode capaci-
tance (Cy) versus reverse voltage for an certain varactor is shown in Figure 3-20(c). For
this particular device, Ct varies from 40 pF to slightly greater than 4 pF as Vj, varies from
1Viwod0V.
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h,
12 <

Cr, diode capacitance (pF)
a2
|7

4 0
3 ] 10 100
Vg, reverse voltage (V)

- ,_—-@-Vnm 'l'_-
(a) Greater reverse bias, less capacitance  (b) Less reverse bias, greater capaciance  (€) Graph of diode capacitance versus reverse voltage

FIGURE 3-20
Varactor diode capacitance varies with reverse voliage.

Recall that capacitance is determined by the plate area (A), dielectric constant (e),
and dielectric thickness (d), as expressed in the following formula:

A€
\L C= 7 (3-9)

T In a varactor diode, the capacitance parameters are controlled by the method of
doping near the pn junction and the size and geometry of the diode’s construction. Nomi-
FIGURE 3-21 nal varactor capacitances are typically available from a few picofarads to several hundred

Varactor diode symbol. picofarads. Figure 3-21(a) shows a common symbo! for a varactor.

Varactor Data Sheet Information

A partial data sheet for 2 specific series of varactor diodes (1IN5139-1N5148) is shown in
Figure 3-22, The values of nominal diode capacitance, Cy, are measured at a reverse
voltage of 4 V d¢ and range from 6.8 pF to 47 pF for this particular series.

Capacitance Tolerance Range The minimum and maximum values of Cy are based
on 10% tolerance. For example, this means that when reverse-biased at 4 V, the IN5139
can exhibit a capacitance anywhere between 6.1 pF and 7.5 pE This tolerance range
should not be confused with the range of capacitance values that result from varying the
reverse bias as determined by the wuning ratio, which we will discuss next.

Tuning Ratio ‘The varactor tuning ratio is also called the capacitance ratio. It is the
ratio of the diode capacitance at a minimum reverse voltage to the diode capacitance at a
maximum reverse voltage. For the varactor diodes represented in Figure 3-22, the tuning
ratio is the ratio of Cy measured at a Vi, of 4 V divided by Cy measured at a Vi of 60 V.
The tuning ratio is designated as Co/C, in this case.

For the 1N5139, the typical tuning ratio is 2.9. This means that the capacitance
value decreases by a factor of 2.9 as Vy is increased from 4 V to 60 V. The following
calculation illustrates how to use the tuning ratio (TR) to find the capacitance range for

-b6 -
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MMW(T;::?S‘CMMM)

Rating Symbol Valee Uit
Revene voluge L/ 60 Woks
Foreurd ewrrent /3 250 mA
RF power input® P, 50 Was
Device dissipation @ T, = 25°C [N 400 mW
Duruic sbxve 25°C 267 oW/
Device dinsipation @ To=25°C Pe 20 Waas
Derate shove 25°C 133 mWC*
Jmction temporatan: T; +175 °C
SAorage MmPCTEOAT FROST T =43 10 +200 h =4
#c“mhﬂdumﬂndq«chﬂitkw
Blectrical Charnctaristion (T, = 25°C waless ocherwise posed)
|'. 2 Characteristic Symbol Min Tvp Max Ush
i Reverse breakdows voltage (/. 10 A &) Vgmm 0 ) - Vi
Reverc voltage Icakage carrent (Vg w 55 V de, T, = 25°C) Iy - - 002 uwh de
. (Vy =S5V de T, = 150°C) : N - 20
| Series inductanee (f= 250 MHz, L « 1/16%) L - 50 . nH
a Case capacitance (f= 1.0 MHz, L = 1167) Ce - 025 - pF
n Diode cspacitunce iemperstur: cocfiicient (Vy = 4.0 V de, fw 10 MHz) TCe N 200 300 prmAC
I 4 Coyy Dicde Capacktance ), Fagare of Merit|| TR, Tusing Ratie
Vp =40V dc,f= L8 MiHs VyaddVi C/Cua
— pF J= S MHz J= 18 MHe
I 3 Device Min Typ Max Min Min | T
INSID® 61 63 15 2850 29 29
INS140 9.0 10 1 200 23 a0
— INS141 103 12 132 200 28 30
{ ik INS142 135 15 165 250 28 30
Leg NS 162 it 198 250 28 30
INSL44 193 2 242 200 32 34
INSM4S 43 ,| = 03 200 32 34
I , 1NS146 293 3 33 200 32 34
INSISY 36.1 » 429 200 a2 34
INSleS | 42 i Si7 00 32 a4
I (1) Electrical characteristics
o 100 — — 10000 e ,
] == neme 8 L% = =k
([ e ~ f= 1 MHz 1= 50 MHz |
e & =
e =
~ P~ L1 M
i - / [y — o
| £ 10 8 S 1000 s a4l
8 7 — ,i - al 7m - 1// =
L] g ’ AT T s A = o139
3| —INs148 - 300 | e el
R oy o 2 ~H . P T INS144
INS144 = -~
& IN5139 ‘ IN5148
N L1 oo i
10 30 5070100 0 3060 1 3 S 7TH 3 5060
- V. reverse voitage (V) Vg, reverse volage (V)
l [J (b) Diode capacitance (c) Pigure of merit
_ FIGURE 3-22
| 1 Partial data sheet for the INSI39-INS148 varacior diodes.
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the 1NS139. From the data table in Figure 3-22(a), C4 = 6.8 pF, and the typical TR =
CJCﬁo =29. 'Ihercfore.

The diode capacitance varies from 6.8 pF 10 2.3 pF when Vy is increased from 4 V1o 60 V.

The capacitance range can also be determined from the graph in Figure 3-22(b),
which shows how the varactor capacitance varies for reverse voltages fom 1 Vo &0V,
On the graph, you can see that the capacitance for the IN5139 is approximately 10.5 pF
at Vi = 1 V and approximately 2.3 pF at Vg =60 V.

The INS1xx series of varactors are abrupt junction devices. The doping in the n
and p regions is made uniform so that at the pn junction there is 2 relatively abrupt
change from # to p instead of the more gradual change found in the rectifier diodes. The
abruptness of the pr junction determines the tuning ratio. Other types of varactors such as
the V1401 are hyper-abrupt devices in which the doping pattem results in an even more
abrupt junction. Many hyper-abrupt varactors exhibit tuning ratios from 10 to 15.

Figure of Merit The figure of merit or quality factor (Q) of a reactive component is
the ratio of energy stored by the capacitor (or inductor) and returned to the energy dissi-
pated in the resistance. The IN5139 has 2 minimum Q of 350, which indicates that the
energy stored and returned by the diode capacitance is 350 times greater than the energy
lost in the resistance of the device. High vaiues of Q are desirabie. Figure 3-22(c) is 2
graph showing how the figure of merit increases with increasing reverse voltage for three
varactors in the series.

Temperature Coefficients The diode capacitance has a positive temperature
coefficient so Cy increases a small amount 2s the temperature increases. The figure of
merit has a negative temperature co¢fficient, so Q decreases as the temperature increases.

An Application

A major application of varactors is in tuning circuits. For example, electronic tuners in
TV and other commercial receivers utilize varactors. When used in a resonant circuit, the
varactor acts as a variable capacitor, thus allowing the resonant frequency to be adjusted
by a variable voltage level, as illustrated in Figure 3-23 where the varactor diode pro-
vides the total variable capacitance in the paraliel resonant band-pass filter.

The varactor diode and the inductor form 2 parallel resonant circuit from the output
to ac ground. Capacitors C), Cs, €3 and C, are coupling capacitors to prevent the dc bias
circuit from being loaded by the filter circuit. These capacitors have no effect on the
filter's frequency response because their reactances are negligible at the resonant frequen-
cies. C, prevents a dc path from the potentiometer wiper back to the ac source through
the inductor and R,. C, prevents 2 dc path from the cathode to the anode of the varactor
through the inductor. C; prevents a de path from the wiper to a load on the output through
the inductor. C, prevents a dc path from the wiper to ground,

Resistors R, R3, Rs, and potentiometer Ry form a variable dc voltage divider for
biasing the varactor. The reverse-bias voltage across the varactor can be varied with the
potentiometer.

Recall that the parallel resonant frequency is

(3-10)
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Cy G
L I/ v
Via H I —Ob pur
Varactor bias

Ll s B
St A, [ e e

L2

FIGURE 3-23
A resonant band-pass
a specified range.

filter using a varactor diode for adjusting the reso

EXAMPLE 3-10

are 3-24, determine the range of resonant

For the varactor-tuned band-pass filter in Fig
e values of the bias resistors are sclected

frequencies over which it can be adjusted. Th
to prevent significant ac Joading on the filter.

C| Rl c3
Vin i———mﬁ & £ ‘l{ —0 ‘.alm
jopur 47K LG 10 pF
10 pF
L Ry
1mH 5
22 M0
Lo Ry
1N5148 220kQ2 +
—'.l:— 1 BlAS
R _-]"' [FAS
2 M
A C
T Re
L 220 KQ
FIGURE 3-24
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Solution From the data sheet information in Figurc 3-22(a), the IN5148 varactor
has a nominal capacitance of 47 pF at a reverse bias of 4 V.

First, determine the range of reverse-bias voltages for the filter circuit. The de
voltage at the cathode (Vi) of the varactor is fixed at

R+ 44
Vg-.-.( a1+ R+ Ry )V,,5=(2—£Q-)60V=31.6V

R2+R3'|‘R4+Rs 4.64 MQ

The de voltage at the anode (V) of the varactor can be varied from a migimum to 2
maximum with the potentiometer R,.

R 2200
L= = | —— =285V
Y Atmic (R2+R3+R4+R,)Vm‘s (4.64MQ)60V 285
_{_ RtRg _{222MQy
VMM_(R;+R;+R4+R5) snu—(4.64m)6ov—23-7v

The minimum and maximum values for the reverse voltage, Vy, are determined as fol-
fows:

Vi) = Vk = Vagman =316 V—-28.7V=29V

Vi = V= Vamim =316 V-285V=29V
Although it is difficult to get exact figures from the graph in Figure 3-22(b), the

approximate capacitance values of the varactor at 2.9 V and 29 V are Cy9 = 55 pF and
Cao = 17 pF. The minimum resonant frequency for the filter is

1

1
Tnmins & S JTE = V(L mH)G5 pF) 679 kHiz
The maximum resonant frequency for the filter is
1 l =122 MHz

Jrimast & S57TE = 201 mED(L7 pE)

Related Exercise If the bias voliage source in Figure 3-24 is reduced to 30 V, deter-
mine the range of the reverse voltage across the varactor.

TR e T

W S e L
20

35 1. What s the key feature of a varactor diode?
i, *Underwhal bias condition is a varactor operated?

3“’ Whai part of the varactor produces the capacitance?

¢ : Basad on the gmph in Figurc 3—22('b) what happens to the diode capacitance when

_F0.




4

i

145 = OPTICAL DIODES

3-4 = OPTICAL DIODES

FIGURE 3-25
Symbol for an LED.

In this section, two types of oploelectronic devices—ihe light-emitting diode (LED) and
the photodiode—are introduced. As the name implies, the LED is a light emitter. The
photodiode, on the other hand, is a light detector. We will examine the characteristics
of both devices, and you will see an example of their use in a system application in the
last section of tie chapter.

After complefing this section, you should be able to

m Discuss the operation and characteristics of LEDs and photodiodes

O Identify LED and photodiode symbols
O Explain basically how an LED emits light
O Analyze the spectral output curves and radiation patterns of LEDs
O Interpret an LED data sheet

"0 Define radiant intensity and irradiance
O3 Use an LED seven-segment display
O Explain how a photodiode detects light
O Analyze the response curve of a photodiode
0 Interpret a photodiodc data sheet
O Discuss photodiode sensitivity

The Light-Emitting Diode (LED)

The symbol for an LED is shown in Figure 3-25. The basic operation of the light-emitting
diode (LED) is as follows. When the device is forward-biased, electrons cross the pn junc-
tion from the n-type material and recombine with holes in the p-type material. Recall from
Chapter 1 that these fre= electrons are in the conduction band and 2t a higher energy level
than the holes in the valence band. When recombination takes place, the recombining elec-
trons release energy in the form of heat and light. A large exposed surface area on one layer
of the semiconductor material permits the photons to be emitied as visible light. Figure
326 illustrates this process, called electroluminescence. Various impurities are added
during the doping process 10 establish the wavelength of the emitied light. The wavelength
determines the color of the light and if it is visible ot invisible (infrared).

Semiconductor Materials LEDs are made of gallium arsenide (GaAs), gallium
arsenide phosphide (GaAsP), or gallium phosphide (GaP). Silicon and germanium are not
usad because they are essentially heat-producing materials and are very poor at producing
light. GaAs LEDs emit infrared (IR) radiation, which is nonvisible, GaAsP produces
either red or yellow visible light, and GaP emits red or green visible light. Red is the most

commaon.

LED Biasing The forward voltage across an LED is considerably greater than for a sili-
con diode. Typically the maximum Vg for LED:s is between 1.2 V and 3.2 V, depending
on the device. Reverse breakdown for 2n LED is much less than for a silicon rectifier
diode (3 V to 10 V is typical).

The LED emits light in response 10 a sufficient forward current, as shown in Figure

- 3-27(a). The amount of power output translated into light is directly proportional to the

forward current, as indicated in Figure 3-27(b). The greater [y is, the greater the light out-
put.

_Fl-
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{b} General light output versus forward current

_12-

Eleciroluminescence in ¢ forward-biased LED.

FIGURE 3-26

(a) Forward-biased operation
FIGURE 3-27
Basic operation of an LED.
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Light Emission The wavelength of light determines whether it is visible or infrared. An
LED emits light over a specified range of wavelengths as indicated by the spectral output
curves in Figure 3-28. The curves in part (a) represent the light output versus wavelength
for typical visible LEDs and the curve in part (b) is for 2 typical infrared LED. The wave-
length (A) is expressed in nanometers (nm). The normalized output of the visible red LED
peaks at 660 nm, the yellow at 590 nm, and green at 540 nm. The output for the infrared
LED peaks at 940 nm.

The graph in Figure 3-29 is the radiation pattern for a typical LED. It shows how
directional the emitted light is. The radiation pattern depends on the type of lens structure
ofﬂncLED.Thcnmowermcmdiaﬁonpmem.memorctheﬁghtiswnocnuawd in a
particular direction. Also, colored lenses are used to enhance the color.

1.0 1.0
09 7‘\ f \ 0.9 \
< 08 < 08 /
X0l | \ 3 on /
E b \ \ E i 1 \
£ os \ \ £, ] \
i o 1 [HIR i -~ / \
W NER ] 2o / \
20 1\ J 1\ ) \
302 - x o 02
. // b/ y o _,// ]
0=""500 540 580, 620 660 700 740 0™"gz0 900 920 40 960 980 1000
A, wavelength (nm) %, wavelength (nm)
{2) Visible light (o) Noavisible infrared (IR)
FIGURE 3-28

Examples of typical spectral oufpuf curves Jor LEDs.

30° 20° (e 1 10° 20° 30°

4 a°

5 50°

60° 60°

700 7°

80° 80°

00° : o0
FIGURE 3-29

General radiation pattern of a typical LED.
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FIGURE 3-30

A

Typical LEDs are shown in Figure 3-30. Photodiodes, to be studied next, generally
have the same appearance.

LED Data Sheet Information

A partial data sheet for an MLEDS! infrared light-emitting diode is shown in Figure
3-31. Notice that the maximum reverse voltage is only 5 V, the maximum continuous for-
ward current is 100 mA, and the forward voltage drop is 1.35 V for [ = 100 mA.

. From the graph in part (c), you can see that the peak power output for this device
occurs at a wavelength of 940 nm and its radiation pattemn is shown in part (d). At 30° on
either side of the maximum orientation, the output power drops to approximately 60% of
maximum.

Radiant Intensity and Irradiance In Figure 3-31(a), the axial radiant intensity, J,
(symbol not to be confused with current), is the output power per steradian and is
specified as 15 mW/sr. The steradian (s7) is the unit of solid angular measurement. Irra-
diance, H, is the power per unit area at 2 given distance from the LED source expressed
in mW/cm? and can be calculated using radiant intensity and the distance in centimeters
(cm) using the following formula:

B et

¥ = d—; 3-11)

Irradiance is important because the response of a detector (photodiode) used in conjunc-
tion with the LED depends on the irmadiance of the light it receives. We will discuss this
further in relation to photodiodes.

I EXAMPLE 3-11

From the LED data sheet in Figure 3-31 determine the following:

(2) The radiant intensity at 900 nm if the maximum output is 15 mW/sr.
(b) The forward voltage drop for Ir = 20 mA.

(¢) The radiant intensity for [z =30 mA.

(d) The maximum irradiance at a distance of 10 cm from the LED source.

Solution
(a) From the relative spectral emission graph in Figure 3-31(c), the relative radiant
intensity at 900 nm is approximately 0.75. The radiant intensity is, therefore,

I, = 0.75(15mW/sr) = 11.3 mW/st

T,
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Rating Symbal Value Unit
Reverse vollage L H Volis
Forwand turrent = conlinuous I 100 mA
Forward current — peak pulse Ie 1 A
Totl power dissipation @ T, = 23°C [ 100 mw
Derate above 25°C 22 aWe
Ambient cperating lemp ranpe Ta ~30 1 +70 “c
Storage lemperature Tote =30 +80 “C
Lead soldeving temperatere, - 260 <
$ seconds max, 1716 inch from case
Electrical Charscteristics (T, = 25°C wnless otharwise noied)
Characteristic Symbel | Mia Typ Max Unit
Reverse beakiage et (Vy =3 V) Ip — 10 — A
Peverse feakage current (Vg =5 V) In -— 1 H pA
Forward volusge (/- 100 mA) ¥e —_ 135 1.7 v
Temperature cociicient of forward voliape AVe — - 1.5 -— mVA
Capacitance (/= | MHz) _" [« —_ ] - oF
MLED 81
Optical Characteristics (T, = 25°C unless atherwies noted)
Characteristic Symbol | Mia Trp Max Unkt
Feal: wavelength (f w 100 mA} AD — 40 — m
Speceral hall-power bandwidth A —_ 50 -— ]
Toul power outout (I = 100 mA) " - 16 _— mW
Temperanre cosfiicicn: of fotal power output Ade — ~ 025 —_ &K
Axial disnt indensity (/e = 100 mA) I 10 15 -— Wi
Tempersture cocllicien: of axial radian: mtensity Al —_ =025 —_ b8
Power hall-anple © - 30 - &
{2) Ratings and characteristics
2 1 £ 1,
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(¢) Intensity versus forward current

(@) Spatial radiation pattern

FIGURE 3-31
Partial data sheet for an MLEDSI IR Fight-emitting diode.
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(b) From the graph in part (b), Ve = 1.23 V for [p =20 mA.
(¢) From the graph in part (¢), [, = 5 mW/sr for Ir = 30 mA.

L ASmWisr _ )
(d) H—;f- (10 om) 0.15 mW/cm

Related Exercise 1f I = 12 mW/sr, 2t a wavelength of 940 nm, determine the radiant
intensity at 1000 nm.

Applications LEDs are used for indicator lamps and readout displays on 2 wide variety
of instruments, ranging from consumer appliances to scientific apparatus. A common type
of display device using LEDs is the seven-segment display. Combinations of the seg-
ments form the ten decimal digits as illustrated in Figure 3-32. Each segment in the dis-
play is an LED. By forward-biasing selected combinations of segments, any decimal digit
and"a decimal point can be formed. Two types of LED circuit arrangements are the com-
mon anode and common cathode as shown.

A
N

A% b

[ =t
E‘ D @c Decimil
‘ ' @ point

s e ] It~ TR — 1
E(QD)r—T€ E(:h—hﬂ
: 06 = He—-@6
PO—f€— P DO+t -
Anodes (2 }J——m i Cathodes(:}-«.————« i
: b @Anodes i [ Ca!.hodcs
ot 1o, N S -
[ L
Dccnma.l: —t [ Decimal : - i
| B ' _ I ___ 1 (é')B | I b SO ] B
{b) Common anode (¢) Common cathode
FIGURE 3-32

The 7-segment LED display.

IR-emitting diodes are employed in optical coupling applications, often in conjunc-
tion with fiber optics. Areas of application include industrial processing and control, posi-
tion encoders, bar graph readers, and optical switching.

The Photodiode

The photodiode is a pn junction device that operates in reverse bias, as shown in Figure
3-33(a), where [, is the reverse current. The photodiode has a small transparent window
that allows light to strike the pn junction. An altemate phatodiode symbol is shown in

Figure 3-33(b).

76 -
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FIGURE 3-33 A

Photodiode. @

R &5

Tl * —/
iP—
Vg
{2) Reverse-bias operation () Aliemate symbol

Recall that when reverse-biased, a rectifier diode has 2 very small reverse leakage
current. The same is true for the photodiode. The reverse-biased current is produced by
thermally generated electron-hole pairs in the depletion region, which are swept across
the junction by the electric field created by the reverse voliage. In a rectifier diode, the
reverse leakage current increases with temperature due to an increase in the number of
electron-hole pairs.

A photodiode differs from 2 rectifier diode in that when its pa junction is exposed
to light, the reverse current increasas with the light intensity. When there is no incident
light, the reverse current I, is almost negligible and is called the dark current. An
increase in the amount of light intensity, expressed as irradiance (mW/cm?), produces an

_ inauscinﬁwrevcrsccuﬂcnnasshownbyd}:gmphinﬁgm}M{a).
- From the graph in Figure 3-34(b), the light current for this particular device is
approximately 09 pA ata reverse-bias voltage of 10 V. Therefore, the resistance of the
device with an irradiance of 0.5 mW/cm” s

Ve 10V

Rp=—= =11 MQ
RT L 09pA
= —
i HEQOI‘HWFLHT
50 !
10
g < -
-} T 3
E E
3 z 2
g 5 8
e« < 1
2
. 05
0 Irvadiance, § :

0102030405060708090100
Vg, reverse voltage (V)
{b) Example of a graph of light current versus feverse voltage for several
values of irracliance

(2) General graph of reverse current versus irradiance

FIGURE 3-34
Typical photodiode characteristics.

F1-



152 = SPECIAL-PURPOSE DIODES

At 20 mW/cm?, the current is approximately 55 pA at Vg = 10 V. The resistance under
this condition is

Vg 1OV
= — = —=]f
Ry L " SSpA 2kQ
These calculations show that the photodiode can be used as a variable-resistance device

controlted by light intensity.

Figure 3-35 illustrates that the photodiode allows essentially no reverse current
(except for a very small dark current) when there is no incident light. When a light beam
strikes the photodiode, it conducts an amount of reverse current that is proportional to the
light intensity (irradiance).

“@.thﬁ']‘wﬁ’,f@r ]

(2
Y
Vaus Vaias
e i
+t — +tl'r-
- (=) No light, no current, except t (b) When thers is incident light, resistance
2 negligible dark cuwrent decreases and reverse (Tight) current flows.

FIGURE 3-35
Operation of a photodiode.

Photodiode Data Sheet Information

A partial data sheet for an MRDS821 photodiode is shown in Figure 3-36. Notice that the
maximum reverse voltage is 35 V and the dark current (reverse current with no light) is
typically 3 nA for a reverse voltage of 10 V. As the graphs in parts (b) and (c) show, the
dark current (leakage current) increases with an increase in reverse voltage and also with
an increase in temperature.

Sensitivity From the graph in part (d), you can see that the maximum sensitivity for
this device occurs at a wavelength of 940 nm. The angular response graph in part (¢)
shows a broad area of response measured as relative sensitivity. At 50° on either side of
the maximum orientation, the sensitivity drops to approximately 80% of maximum.

In Figure 3-36(a), the typical sensitivity is specified as 50 pA/mW/em” for a wave-
length of 940 nm and a reverse voltage of 20 V. This means, for example, that if the irra-
diance is 1 mW/cm?, there are 50 pA of reverse (light) current and if the iradiance is
0.5 mW/cm?, there are 25 pA of reverse current.
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Maxiowm Ratings
Rating Symbol Value Uit
Reverse voltage Vi 35 Vot
Forwand current — CODLNAOUS Iy 100 BA
rupnm@r‘-m Pp 150 aW¥
Derate above 25°C 33 mwe
Ambient opereting fempETature FAES Ta =30 10 +70 *C
Siomge lemperahre Tem ) > +80 *C
Lead soldering temperature, - 260 C
& peconds max, 1/16 inch from case
mwa,-::-cmmm
Chsrscieristic Symbol | Mia | Typ [
Derk: currest (Vy » 10 V) Ip — 3 ¥ nA
Capacitance {f= | MHz, V= 0) Cy —_ 175 - pF
Optical Characieristics (T, & 25°C uless otherwise aowd)
Charsctaristic Symbol | Mis | Trp Max Uit
Wirvelength of maximumn seositivity Amax | = | 940 — Bm MRD 821
Spectral range A e 1% - .
Sensitiviry (A = 940 nm, Vp =20V) s —_ 30 — | wareWiem'
Tempammgmdeﬂnfmﬁﬁvhy AY - 0.18 — XK
Acceptance ball-angle o —_ +70 e .
Short circuir current (Ev = 1000 lux) Je — 30 —_ WA
Open circuit votuge (Ev = 1000 hux) v, — | 03 - v
(a) Ratings and characteristics
< <
£ 10° g0
E 10t E 10? —
3 101 ) 8 10' /’.-4/“"
) — | g
2100 £ 10 —
2 g 2 ot
- Ta=25°C -] Vp=10V
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Vg, Teverse voltage (V) T,\.mbiaulcmpemum("C)
(b) Dark current versus reverse voltage (¢} Dark current versus temperature
i
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(d) Relative spectral sensitivity

FIGURE 3-36
_Paru'd data sheet for the MRDS2I photodiode.
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ﬁ EXAMPLE 3-12

An MRDS821 photodiode is exposed to 2 1000 nm infrared light with an irradiance (H)
of 2.5 mW/cm®. The angle at which the light strikes the photodiode is 35°. Determine
the response of the photodiode in terms of the reverse current (/;) through the device.

Solution From the photodiode data sheet in Figure 3-36, the sensitivity of the pho-
todiode is 50 LA/mW/cm? at 940 nm. The light on the photodiode is at a wavelength
of 1000 nm. From the data sheet graph in part (d), the sensitivity (5) at 1000 nm is
approximately 83% of the sensitivity at 940 nm.

S1000 = 0.83S040 = 0.83(50 pA/mW/em?) = 41.5 pA/mW/em®

Also, the angle at which the light strikes the photodiode reduces the sensitivity further.
From the graph in Figure 3-36(c), at an angle of 35° from the maximum onentation
(0°), the relative scnsitivity is approximately 90%.
S =0.9(41.5 pA/mW/em?) = 37.4 pA/mW/cm®
For an irradiance, H, of 2.5 mW/cm?, the reverse (light} current is
I, = S x H = (37.4 pA/mW/em’X2.5 mW/em?) = 93.5 pA

Related Exercise Determine the MRD821 response (reverse current) to an irradi-
ance of 1 mW/cm” for a wavelength of 900 nm at an angle of 60° from maximum ori-

entation.

SECTION 34
REVIEW

1. Name two typss of LEDs in terms of their light-emission spectrum.

2. Which has the greater wavelength, visible light or infrared?

3. In what bias condition is an LED nonmally operated?

4. What happens to the light emission of an LED as the forward current increases?
5. The forward voltage drop of an LED is 0.7 V (true or false).

6. In what bias condition is a photadiode normally operated?

7. When the intensity of the incident light (irradiance) on a photodiode increases,
what happens 1o its internal revesse resistance?

8. What is dark current?
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