EE310 — Chapter 3

Diodes

Lecture Slides

Instructor:
Prof. Chu Ryang Wie



Microel

3.1

CL\O.P 3 D? odeg

Y deal Diade

T-V Characteristic

Anode Cathe
2 /
" —> /
—
P
+ v -
(a)
o —0 O —O
+ v -
(c)

The ideal diode: (a) diode circuit symbol; (b) i—v characteristic; (¢) equivalent circuit in the
reverse direction; (d) equivalent circuit in the forward direction.
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(a) Rectifier circuit. (b) Input waveform. (¢) Equivalent circuit when vy 2 0. (d) Equivalent

circuit when vy < 0. (e) Output waveform.
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3.3 Inthe circuit of Fig. 3.3(a), let v have a peak value of 10 V and R = | k€. Find the peak value of f,, and
the dc component of v,,.

Ans. 10 mA: 3.18 V
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FIGURE 3.7 The i~v characteristic of a silicon Jjunction diode.
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FIGURE 3.8 The diode i-u relationship with some scales expanded und others compressed in order 10
reveal details.
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3.2.1 The Forward-Bias Region
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3.6 Consider a silicon diode with n

- 3 'S o
= 1.5. Find the change in voltage if the current changes from 0.1 mA to
10 mA. : ,
Ans, 172.5 mV
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3.8 Using the fact that a silicon diode has Is=10"" A at 25°C and that I increases by 15% per °C rise in
temperature, find the value of /g at 125°C,
Ans. 1,17 x 1078 A
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FIGURE 3.9 Ulustrating the emipeniiure

dependence of the diode forward characteristic,
Ala constant current, the voltage drop decreases

by approximately 2 mV for every |°C imcrease
in temperature.
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3.2.2 The Reverse-Bias Region V<O
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3.9 The diode in the circuit of Fig. E3.9 is<a large high-current device whose réverse‘ leakage is reasonably
independent of voltage. If V=1V at 20°C, find the value of V at 40°C and at 0°C.
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3.2.3 The Breakdown Region
‘—_“; 6‘ % \/Z '< ~ ” K\/\ee\\ Va 't&ae ( BY‘QO\,(&,OUJY\ \/QHTMQ )

Breakdown s NOT destrwdbive  Unless
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FIGURE 3.10 A simple circuit used to illustrate the
analysis of circuits in which the diode is forward

conducting. ’
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Graphical analysis of the circuit in Fig. 3.10 using the exponential diode model.
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3.10 For the circuit in Fig. 3.10, find I, and V,, for the case Vj,;, =5 V and R = 10 k2. Assume that the diode
has a voltage of 0.7 V at 1-mA current and that the voltage changes by 0.1 V/decade of current change.

Use (a) iteration, (b) the piecewise-linear model with V,,, =0.65 V and r, =20 €2, (c) the constant-voltage-
drop model with V,; =0.7 V.
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12 Du.w:nﬂthgv circuit in Fig. E3.12 to provide an output voltage of 2.4 V. Assume that the diodes available
have 0.7-V drop at 1 mA and that AV = 0.1 V/decade change in current.
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Approximating the diode forward characteristic with
two straight lines: the piecewise-linear model.
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. Piecewise-linear model of the diode forward characteristic
and its equivalent circuit representation.
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T % 3,15 Development of the constant-
voltage-drop model of the diode forward char-
acteristics. A vertical straight line (B) is used
to approximate the fast-rising exponential.
Observe that this simple model predicts V, to
within £0.1 V over the current range of 0.1 mA

to 10 mA.
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Sl The constant-voitage-drop model of the diode forward
characteristics and its equivalent-circuit representation.
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Development of the diode small-signal model. Note that the numerical values shown are
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3.10 For the circuit in Fig. 3.10, find I, and V/, for the case V), =5 V and R = 10 kQ. Assume that the diode
has a voltage of 0.7 V at 1-mA current and that the voltage changes by 0.1 V/decade of current change.
Use (ay-ieration, (b) the piecewise-linear model with Vo = 0.65 V and r, = 20 €, (c) the constant-voltage-
drop model with V; =0.7 V.

Ans. (a) B-434mrAT07663-%; (b) 0.434 mA, 0.659 V; (c) 0.43 mA, 0.7 V

Sol

(b) Piecewise Lineay =V =065V =200
- Vp — 0.6%
(y = ’

b 2490 vSO\V; (:D: 0. Y3 Y-wh
Circwit: o S -% \/0 =0, bsqV

{0 1

Diade s

(€) Consbant Valtage Drop : V=09V

Cvewt: [ = S=°%W - sy3mh
) 10 e

3.15 Consider a diode with n = 2 biased at 1 mA. Find the change in current as a result of changing the volt-
age by (a) ~20 mV, (b) -10 mV, (c) -5 mV, (d) +5 mV, (e) +10 mV, and (f) +20 mV. In each case, do
the calculations (i) using the small-signal model and (ii) using the exponential model.

Ans. (a) —0.40, —0.33 mA,; (b) —0.20, -0.18 mA; (c) —0.10, =0.10 mA; (d) +0.10, +0.11 mA; (e) +0.20,
+0.22 mA; (f) +0.40, +0.49 mA
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TABLE 3.1  Modeling the Diode Forward Characteristic
Model Graph Equations Circuit Comments
Exponential ip . _ L=102A10 1075 A,
\ ip=1Ie” T ‘b gfgsnding on junction
! ip O]
vp=23nV log (1—) + V=25 mV
; s Iy n=1t02
j Vo2=Vp; =2.3nV; log (on) Up ¥ Physically based and
remarkably accurate
/ 23nV,;=60mVforn=1 _ model
o o Useful when accurate
0 ! Yy 23nVr=120mVforn=2 analysis is needed
0.3V D
Piecewise-linear Forvp € Vg ip Ché)ice of V%O ]z)md }:-D is
(battery-plus- _ P etermined by the cur-
resistance) A Stope=1/rp ip=0 N rﬁnt rang«i over whi?
. the model is required.
>
For vp 2 Vpo: Ideal  For the amount of work
i L(v Vo) involved, not as use-
H b rp 2P0 ful as the constant-
; voltage-drop model.
; Used only infrequently.
0 V., U
Constant-voltage- For iy > 0: Easy to use and very
drop (or the A vp=07V ip popular for Fhe qu1gk,
“0.7-V model™) . — hand analysis that is
; © essential in circuit
: + design.
Ideal
Up
= 07V
0 0.7V U
Ideal-diode i Forip>0: Good for determining
0 vp=0 i which diodes are con-
T i> ducting and which are
O cutoff in a multiple-
+ diode circuit.
Good for obtaining
) very approximate val-
o ¥ ldeal ues for diode currents,
especially when the
- circuit voltages are
0 5{) S Em— much greater than V),
Small-signal i For small signals superim- Useful for finding the
o Slope = 1/, posed on V), and [, signal component of
4 ’ P= i the diode voltage
) LR (e.g., in the voltage-
Ipj======-~ i ry=nVy/l, regulator application).
! (For n = 1, v, is limited to . Serves as the basis
| 5mV:forn=2,10mV) d T small-signal mod-
| eling of transistors
| (Chapters 4 and 5).
A
0 v, Up

Copyright © 2004 by Oxford University Press, Inc.
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3.17 A zener diode whose nominal voltage is 10 V at 10 mA has an incremental resistance of 50 Q. What

voltage do you expect if the diode current is halved? Doubled? What is the value of Vy, in the zener
model?

Zever 10V ab 1omA L= 5051

7

\J"2 = ( ) at 2omA 3 C ) ook 5m 3

SC\ ) \:/2 = \/80 -+ I}r\& " For LTa=20 v

. '\/2\: 9.5 +25mAx 50 :(0.5\/
(av = \/2\0-)—- S50axiemd|

S / — Y = [ug ~ . = *M"’\
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3.19 A shunt regulator utilizes a zener diode whose voltage is 5.1 V at a current of 50 mA and whose incre-
mental resistance is 7 Q. The diode is fed from a supply of 15-V nominal voltage through a 200-Q resis-
tor. What is the output voltage at no load? Find the line regulation and the load regulation.

\sv=V*?
Shurt Regqulator sont

Zoner: 5.V at SomA
=15

|°<‘|'

V) \/o =( ) with No load. y
"‘) Load Reav\\mh‘cm dVo —C )L"_A_.
V. % Vv

i) Lin ol "
) L-\ e @\66\/\\0“‘\0\ :_\7.: = ( ) \/
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= S/
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T) AlS‘\/ \/?_: SV = \/-Zo\- 5o mA x 7] \éﬂ
L v ° 200 t+ 7} |
zl/ T 4V ] W
70 . = 1|5 — 200X 4q.5m
= 0
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3.5 Rectifier Circunit
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(2) Full-Wave Recki fiev

D,
o D— A Yo
* ¢ ** Center +
vs,/” tap R Yo
ac - -
line O
voltage s - Slope =—[— Slope =1
Us
© P -
D, =Vp 0V, Uy
(a) (b)

~Y

FIGURE 3.26 Full-wave rectifier utilizing a transformer with a center-tapped secondary winding:

ta) circwit: (b) transfer characteristic assuming a constant-voltage-drop model for the diodes; (c) input
and output waveforms.

(Fig28) V= V-,

PIV = V= (-V, +V5) =2V~
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~315-
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3.21 For the full-wave rectifier circuit in Fig, 3.26(a); neglecting the effect of rp; show the following: (a) The
output is zero for an angle of 2 sin™! (V 5/ V) centered around the zero-crossing points of the sine-wave
input. (b) The average value (dc component) of vp is Vo = (2/m)V,~Vp. (¢) The peak current
through each diode is (V- V;)/R. Find the fraction (percentage) of each cycle during which v, > 0,
the value of V,, the peak diode current, and the value of PIV, all for the case in which vgis a 12-V (rms)
sinusoid, Vp = 0.7 V, and R = 100 Q.

Ans. 97.4%; 10.1 V;, 163 mA; 332V
\/S = 12 -Virms) ) \/D = 0‘/7\/, ”%‘“‘L Y; p R = g0
Ay \/ =9 9 = . _\_/__ -
( ° ‘c r Ag' 2 55 (Vl:) (L> \/O/QVa- '.——'\/S""\/D

TC
©) Find  Tp,max = \/%\_/Dz Qngle For Voo, \/"/“"’3’ P
sol) @)
. Ab
VJ’P ~ 2 \455“9:\/1) \\‘Q:S;J’(\/o)
b v

C~ &
b -_ —’—-g ing — /- Xy — —‘-—' - --\/ -
O (R R
- %:‘Vs‘“‘} : %;a)\/n = ’.3:5 Vi =V
(C) e - \/ *\/p \1\/\‘~0\’7 :
P 'LD/MGW‘ ¢ R = —Tes Lb3mA

AN g ’_‘ \'I/‘ \
i) Ve po Ler angle = 2 (R-26)=2 (T2 (7))

ol _ Gwngle - N
av\ale WC"/"‘C"@‘ = - - \ - %‘:53“)(-:‘1___2_) = Cf'),'-;-ﬂ:
il\\ _ 1 . _ / _ 2‘
i) \/o/cwr?~ —,-C\/; V) T = ag -0 2 0.1V
7.3V

NPTV = (V -V eV, = ax oy -0 =
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(3) The B\"ic‘s& Rectifier

Farl Y%= Ve Vo0 o) Vo =\eay,

3.22 For the bridge rectifier circuit of Fig. 3.27@, use the constant-voltage-drop diode model to show t}}at (a) the
average (or dc component) of the output voltage is V, = (2/7)V, -2V and (b) the peak diode cur-
rentis (V -2V p)/R. Find numerical values for the quantities in (a) and (b) and the PIV for the case in
which vs is a 12-V (rms) sinusoid, V, = 0.7 V, and R = 100 Q.

Ans. 9.4 V; 156 mA; 163V

=Y
R
wlg s ID/,,\M) prv for \é*:ll\/(,w))\/pzﬁ.']} R= e

Show CY) \/0)&\\,67- %\4 ‘-lVD 3 (b) ID/M'\\(‘:
Cale (o) \/O
'/

-8
s (\éS,‘h ! -_l\/;)) c)/}b/

\\ K 7 \/ -
b E"Q\“ "/ Davg T

O =g 2, |
{'? ~ 2\es -2V (5-28)
V‘!;‘h@- = L\‘/I_) - - —
T o —aY)
¥ T s D/
- _— \/0 peak \/ -2 \’{)
(E) L'D,;m\x“ \,_’_{_—— - Vs
' R
2, —_ _ /
@ Vo apyx 2w -up = g
T 2VZ - 21X = (S hwA
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D3.79 [ s required to design g full-wave rectifier circuit

=0V
D;ode V, = 0.7
using the circuit of Fig. 3.26 1o provide an dverage ourput v
voltage of: ac‘ L..“‘ ‘ 10 ‘rm)

(a) 10V
(b) 100V

14 Bridge Rectilier
In each case find the required turns ratio of the transformer. .‘ rg

Assume that a conducting diode has 5 voltage drop of 0.7 V.

The ac line voltage is 120 V %r (q) V = ' o V

D3.80 Repeat Problem 3.79 for the bridge rectifier circui o‘qu

of Fig. 3.27, (L) vo'“va?. |°DV
> Trancfomer Turn Ratio?

2\ —aV
1) Voavg = Ve 2V
(@) | \/S':\W;C“u'\/
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4) Filtered Rectifiev
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D3.24 Consider a bridge-rectifier circuit with a filter capacitor C placed across the load resistor R for the case in
which the transformer secondary delivers a sinusoid of 12 V (rms) having a 60-Hz frequency and assum-
ing Vp=0.8 V and a load resistance R = 100 €. Find the value of C that results in a ripple voltage no
larger than 1 V peak-to-peak. What is the dc voltage at the output? Find the load current. Find the
diodes’ conduction angle. What is the average diode current? What is the peak revetse voltage across
each diode? Specify the diode in terms of its peak current and its PIV,
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3.29 Calculate the intrinsic carrier density n; at 250 K, 300 K, and 350 K. ‘

) mo=\ BT E ST B=S4xi0

Ea = | 2ey Lov S

kT=20.4 , 25, 292 meV

T (Ar0k) (z00) (330)
=200 - — .
l 3 m. = GL’"E ’)(lg_q e“'\!l/o‘ol&?

= 1.5 x [Q\'P w3

= .o x (0"
X360 xS MY = g 1 px 19" ow?

= X 3007 él\\z/omw

3.30 Consider an n-type silicon in which the dopant concentration N, is 10"7/cm?. Find the electron and hole
concentrations at 250 K 300 K, and 350 K. You may use the results of Exercise 3.29.

sely  ny = 107w’

2 LsE g )
TusoKk © medp=i0 e’ N G5€E) _ gvay o
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leip = e o
T:Z')OK: M = ’QOCW‘ R,
‘ 4. -
/ f:j_“_j_e_”_)__: 4}/)33(&,4é Cim 2
=2y :

3.31 Fmd the resistivity of (a) intrinsic silicon and (b) p-type slhcon with N, = 10 “/cmz Usen;=15x
10'%cm?, and assume that for intrinsic silicon i, = 1350 cm?/V-s and p, = 480 cm™/V-s and for the
doped siticon g, = 1110 cm 4V.s and U, = 400 cm 2/v.s. (Note that doping results in reduced carrier

= ¢ ’é‘ L" \-:Z'l_"?. YA

mobilities.)
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372 PN Junction under DP“-C:rcu:t Conelitiem b
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3.32 For a pn junction with N, = 10" 7/em” and Ny = 10'%cm’. find. at T= 30Q K. the k?.mlt u:‘ \\oltqgt.‘:?[:ﬂ L'\lc
of the déple(ion region. and the distance it extends in the p side and 1n the i side of the junc .
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373 PN Junctiom under Reverse Bias
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3.33 For a pn junction with NA 10"7/em® and ND = 1016/cm operatlng at T=300K, find (a) the va]ue of Cio
per unit junction area (,urn is a convenient unit here) and (b) the capacnance C;at areverse-bias voltage
of 2 V, assuming a junction area of 2500 ,urn2 Usen; =15x% 10%cm®, m= ; and the value of V, found

in Exercise 3.32 (V,=0.728 V).
Ans. (2) 0.32 fF/um®; (b) 0.41 pF
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374 Breakdown Regiom

iAo Ooome o o P
Vinder Xar 52 eveyse o “J,

P . : 1 ,“ { v AY
p N an f,L«i AN preals Clowa via r.-g_;(g
. e §
. =L — T A T
i~ \ [ VAN
z'\‘\/\: 2/"’\’(\ S /La\'f_ , G—\;* N &7
g / I O T - o
AT “(v“v) /'§_< S A ’/‘1- \\ ’\\‘ /!D
/ - N
\\ V‘\n
oy e
Y
R / ) ) - L “~
-\ . ,\ !-.Br\\: \"‘V/\“ - k 0, w1 ,
foe ‘,cv‘i“\/ \"/i 7 S = . D 2
vl v /3 P2 > / < ;———> "3 ) a > 3 3 M,{/L“
4 D,
Hoah carrze Koosho Enzecy o
J \ . .
/ = W > Z;:{ ) w3 a2 )—/C
7 j - {oarvens
v
e e

-3.29.

)
A ‘_/\/dq')( \/'{,\10 ) _____________\

) 028

b 12
_J_Ei)‘_c_,"ﬁ\‘” ~ .LF\XSGE’

=



| ~330-
375 Forward Biased P’d Junction 30

—

) PN Junckion under Zevo Biac g““éé(@a“”( D\’”*ﬁm”‘"

—

. ! R
- - \\\ *. ; y - [ V?/\
! =\ i = e A
A, ; LF Pyt
l “, o |
. AV ‘ "
\ - & V> o . ; -, DP v e
Dp= T AT T “»Ak:ﬁ/g/ -
f’ G aX o > L—‘“ i:‘{\ N !
SR
=X
g e N2
; N A = <
— ' - : )
— L' ) C_b. ‘/ r{i\ﬂl\:g . N kAé‘Ch,{ {\, i




B\é e same (,\}0/(9/

—

JM = & edhron Current ",w)wiul

%Dd g__

M (M S )“
dx XY=,

ﬂ\emx{lf%/
T AT = A

30“:/4%“1 w—P?dX = Ag

-3.3\-

Lroin V\-—Q‘Ae % YO~S\‘0(<’

< p)
’ L”“’ —
vl D _ 7 i
N/ - i T = LN —D
= ~ /T - i, 2 T
~— ‘X 7 NS -, —p N ; ¢ i
RN I N~ _J? v
LD
. A 3
] I N =7 T = awisriy S1&TNY I
e same Aoy, A= Gt — WS
e f"l W ; At
— T\ =7
. —_— o = —
— > X — 7 - (oo —
/\ - e ol ~m —r ~ 1 D n j
’\ (3 e i
N N
- T
e T o SE S e AR
~ N S A 5 (IS — /
! - - L // [y —_—
N \-\ \ ’T \T



-3.32-

— A —

3.120, In a forward-biased pn junction show that the ratio J_. = mh = “'o“\"‘ ard CWYFQM‘E
of the current component due to hole injection across the
junction to the component due to electron injection is given by

| | 5
L DL, p=rl=10"" | maih=10'

S

Evaluate this ratio for the case N, = 10" em® Np= 10em” .
- - 0 e ) = A0 et L.=19 = Suwm

Ly=5um. L,=10um D,=10em/s. D, = 20 em/s. and "= )

hence tind /,and /, for the case in which the diode 1s conduct-

ing a forward current / = | mA.
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334 A diode has N, = 107/cm’, Np = 10'%cm’, n; = 1.5 % 10'%m?, L, =5 pm, L, =

D, (inthe n region) = 10 cm?/V -s, and D, (in the p region) = 18 cm?/V-s. The diode is forward biased
the forward-bias voltage V; (c) the component

and conducting a current / = 0.1 mA. Calculate: (a) I, (b)

of the current [ due to hole injection and that due to electron injection across the junction; (d)
and the excess electron charge in the p region Q,, and hence
and (f) the diffusion capacitance.

29 pC, 0.46 pC, 2.75 pC,

(e) the excess hole charge in the n region O,
the total minority stored charge Q, as well as the transit time Tr;

Ans. (a) 2 X 1075 A; () 0.616 V, (¢) 91.7 uA, 8.3 UA; (d) 25 ns, 55.6 1s; (e) 2.
275 ns; (f) 110 pF
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3.9 Sfu:a\ Diode Typeg -3.34--
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39 Spice Diosde Model

ip

e]

FIGURE 3.51
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The SPICE diode model.

TABLE 3.3 Parameters of the SPICE Diode Model (Partial Listing)
SPICE Book
Parameter Symbol Description Units
IS IN Saturation current A
N " Emission coetticient
RS Ry Ohmic resistance Q
Vv Vi Butlt-in potential \
Clo Cy Zero-bias depletion (junction) capacitance F
M m Grading coefficient
T Ty Transit time §
BV Vo Breakdown voltage vV
By N Reverse current at V4
o °

D,

3 D,

FIGURE 3.52 Eguivalent-circuit model used to simulate
the zener diode in SPICE. Diode £, is ideal and can be
approximated in SPICE by using a very small v 2lue for »
tsay n=0.01).
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