EE415/515 Fundamentals
of Semiconductor Devices
Fall 2012

Lecture 8:
PN Junction Diode
(Chapter 8)

Forward & reverse bias
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Figure 8.1 | A pn junction and its associated energy-band diagram for (a) zero bias, (b) reverse bias, and (c) forward bias.
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Figure 5.13
Effects of a bias at a p-n junction; transition region width and electrie
field, electrostatic potential, energy band diagram, and particle flow
and current directions within W for (a) equilibrium, (b) forward bias,
and (¢) reverse bias.

From Solid State Electronic Devices, Sixth Edition, by Ben G. Streetman and Sanjay Kumar Banerjee. 3
ISBN 0-13-149726-X. © 2006 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved.

Terminology/notation
(Note: Complete ionization assumption)

-

Table 8.1 | Commonly used terms and notation for this chapter

Term Meaning
N Acceptor concentration in the p region of the pn junction
Ny Donor concentration in the n region of the pn junction
a0 = Ny Thermal-equilibrium majority carrier electron concentration in the
n region
P = N, Thermal-equilibrium majority carrier hole concentration in the p region
My = nf!N,. Thermal-equilibrium minority carrier electron concentration in the
p region
Pao = 1IN, Thermal-equilibrium minority carrier hole concentration in the n region
", Total minority carrier electron concentration in the p region
P Total minority carrier hole concentration in the n region
mu(—x,) Minority carrier electron concentration in the p region at the space
charge edge
Palxs) Minority carrier hole concentration in the n region at the space charge

edge
Excess minority carrier electron concentration in the p region
Excess minority carrier hole concentration in the n region

61’1,1 L ]
Pa = P — Pao
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Built-in potential, carrier densities

Electron
p energy

T

n From before V,, =V, ln[N"Azl“] where V, =kT /e
n

2

Figure 8.2 1 Conduction-band energy through a pn

junction.

o

n, eV,
Rearrange = exp—
N,N, kT
n 2
Assume complete ionization — n,, = N, so p,, = N;
d
______ 2
,,,,, n,
- = — - and p,, =N, sonPOzN
a
eV
Hence n,, = N,N, exp— T =n,, exp—

N,

eV,

and p,, =P, exp-

=

eV,
kT
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Figure 8.3 1{a) A pn junction with an applied forward-bins vohage showing the directions of the electric field induced
by V¥, and the space charge electric fizld. (b) Energy-hand diagram of the forward-binsed pn junction.

n

J

1 eV
! kT
_ e(Vbi _Va) Hole injection ———= ! o
n,=n,,exp-——————== !
kT / | —#— Electron injection
ev, 1
i eVa n(—x,) = ngexp l?rf] :
=n,,exp— exp+ i
kT kT !
eV : ----------- Puo
n,,exp+—= g mmmm e !
PO 1
kT —x, 2=0 x,
e, v,
n,=n,exp—- and Puo = PpoXP——+ Figure 8.4 | Excess minority carrier concentrations at the
kT kT space charge edges generated by the forward-bias voltage.
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ﬂx 8.1 Si pn junction at 300 K, doped with N,=2x1 016/cm3}
N_=5x10"¢/cm3, forward biased with V_,=0.65V. Determine

minority carier concentrations at the space charge edges.
Does low injection still apply?

n? (1510 )

n, = =+ —45x10°cm™
N, 5%10'

2 10 |2

: 1.5x10
szizi( - M) =1.125x10%*cm

N, 2x10

v 0.650

n l—x )=n_ exp| = | =(4.5x10° Jex
P( P) Be P{KJ ( ) p(U.OESQJ

=3.57x10%cm ™

- .
p.(x,)=p. exp(?") :(1.125><10“)exp[ 0.630 J

, 0.0259
=8.92x10"cm

We have that  n, (7 x, )<< N, and p (x,)== N,
K so low injection applies. /
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Minority carrier distribtion \

Minority carrier transport equation : holes in N - type

% (p,) op,) , o, 0op,)
D n.—_—nu FE n’ _tn _ AR/
P o’ Mo T8 ot

where &p, = p, = p,,
Assuming E =0, g’ = 0 outside the depletion region, for x > x

[

and steady state, so % =0

>

2
then D, o,) (%")4——@0" =0
ox T

2 »o Figure 8.5 1 Steady-state |;|||n‘1i|5 carfier concentrations in a
a é‘ o jumction under foraand hias
- (;f‘l;”)-# p; =0 forx>x,, whereLp2=Dprp0
)4
0% (on
Kand 672‘")+—Z:0 forx<-x,, where L, =D,z,, /
X L
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Minority carrier distribtion

General solution for x > x

X X
Pu()= Py (X)= Py = A-exp—+ B.exp=—

P P

with boundary conditions

eV
Pu(X,) = P,oexp kT“ and p,(x —>+0)=p,,

eV,

kT

SoA4=0, and &,(x) = p,(x) =P, = Pno[EXP(

General solution for x <x, P
= Fnd

X

X
on,(x)=n,(x)=n,, :C.expL—+D,exp—L

n

with boundary conditions Figure 8.5 | Steady-state minority carrier concentrations in a
ev, juncti der forward bias.
0 (=x,)=n, expﬁ and 1 (x = —0) =1, pn junction under forward bias.
eVa X+ X,
So D=0, and on,(x)=n,(x)—n,, =n,| exp T —1|exp L
10/13/2012 ECE 415/515 J. E. Morris 9
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Fwd bias PN: Quasi-Fermi levels

L o P n
Excess carriers in non - equilibrium
E —
E,-E ‘ T
p=p,+0p=n,exp ——12 S~ 5
kT R e My
P o =7 2
Ep —Ep i} // Y i
n=n,+o0n=n,exp P L Ep
kT Ep, —==t==-—= —=T
. . o —
n, p exponential functions of x andof E, E, ! \\
E,
Hence Ey,, Ey, linear functions of x
Note thatatx 2 x, E;) <E; so &p>n,
—X 0 X,

andforx >>x, Eg >Ey sodp<n
Figure 8.6 | Quasi-Fermi levels through a forward-biased

pn junction.

np=nzeXp EF[_EFp expl EF,,—EFI :nzexp EF,X—EF'”
' kT kT “ kT

Va Vd
\osms, o= oof o2 -
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PN junction current

Current 4 . . .
density | In evaluating the junction current:
|

P | n Total current must be constant -co<x<-+oo
Hence can evaluate as the sum of electron and hole
currents across the depletion region .

— T Assumption:
Assume currents constant across depletion region

Evaluate electron and hole currents as minority carrier
currents at the space charge region edges.

X
Forward bias:
Figure 8.7 | Electron and hole current densities through the Majority carriers injected into depletion region
space charge region of a pn junction. Diffuse across, become minority carriers
Evaluate minority carrier currents at edges
e.g. majority holes in p-type diffuse across the space

charge region and become minority holes in n-type.
Evaluate J (x,) = -eD,(dp,(x)/dx) at x = x,,

10/13/2012 ECE 415/515 J. E. Morris 11
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PN junction current

d
Jp(xn)=—eD dp, () & Jn(—xp)=eDn7n;(x)
X

Podx

X=X, =
n x=-x,

n

ev,
for p,(¥)=p,, +p,,o[eXP T —1} exp—

P

ev, x—(-x,)
& n,(x)=n, +np0[exp 7 fl}expLi”

n

14 - V.
gives Jp(x,,): 7erpn0[expe f 71}expf x,,L X, {_ 1 }: D, Po [expefufl:}

kT oL, L, | kT
eV -x,=(=x,)| 1 n,, eV
& J|-x )=eD n |exp—=—1|exp—2t—L- | — |=eD, | exp—%—1
e, )=en, "{ Por } P {L} "L P
Puo " po ev, ev,
LJ=J (x )+ \=x )=¢ D, —=+D —— |lexp—=—1|=J_|ex -1
R L e I
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Diode characteristic

J— T
]
+ V{I - J
J— D
L1
+ v -

\Figurc 8.8 1 Ideal I-V characteristic of a pn junction diode.
—

/
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Ex 8.2 Find the ideal reverse saturation current density for a GaAs
pn junction at 300 K with N ,=2x10'%/cm3, N,=8x10'5/cm?3,
D,=210cm?/s, 7,i=107"s, & 7,,=5x10Ss.

\

N

no

:(16><10 19118 10

1 210 1 8
x — + 16 -8
gx10¥ V1077  2x10" \5x10

J, =3.30x10"% A/cm?

-
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Forward bias approximation

~

J=J(exp[eV/kT]-1)

In(J) —m=

=] exp[eV,/KkT] for eV >>kT

In(J) = eV,/kT G

VvV, —

a

Figure 8.9 | Ideal -V
characteristic of a

pn junction diode with
the current plotted on
a log scale.

/
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Ex 8.3 Determine the electron and hole current densities at the space

charge region edges, and determine the total current density in the diode
a GaAs pn junction at 300 K and forward bias 1.05V with N;=2x10'%/cm?3,

N,=8x10"/em?, D,=210cm?/s, 7,,=10""s, & 7,,=5x10s.

\

for

We find I, =D, 7. =J(210){107) = 4.583%107 cm

and L, = D7, =510 %)=6325%10"em

2 L
", 2 WAV 05010 em

N, 8x10®
2 &)
Poy =t —1—1'8"10“] ~1.62%107 em™
N, 210
D, n,, v 6x1077 J210)4.05 %10 " 105
I (ex )= e[ (Ve ) ) _(L6x10" J210)4.05 x10 )>< el 195 )
L AT 4583%107 0.0259

eD.p,, 7, 1.6x107% [8 162107 1.05
J,(x, )= 2P expl o= |1 —( X l{ _4x ))c exp[ - ] 1
L, kT 6.325x10 0.0259
J, (x,)=0.1325 A/em”

The total current density 1s: J,. =J, [— ¥, )+JJ,, (x,) =1.20+0.1325
Jr =133 A/cm’

J,(-x,)=120A/m*

J

10/13/2012 ECE 415/515 J. E. Morris 16
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Complete currents

/

dp,(x) ev, X—X
J, (x,)=—-eD, ——— for x) = + ex < —1 |exp— 4
obr,)=-eD, = Pa(X) = Py + Poof XD L
ives J (x,)=eD Puo | ex s “1exp-222 forx > x
g p\ Xy PL p T p p n
n ev, x—(-x,)

& J,[-x,)=eD, 2| exp—~ —1|exp———== forx < -x
Currem §
density

r n
o~ 970
_,_,/“\ Ny
N 'rf: -
=) —= ', gALS)
— __H
Y T
X% X -0 Xy
Figure 8.101 Ideal electron and hole current components through a pn junction under
|I"'\\"Ir|| lli'lk
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|

Injection
Currents

'

| Majority drift current

= S~
= I
~
L) N1 f
1D, p
Ip(x,) = q'Lp” Ape =ty
Iulxy) = 1 = Iy(x)
N\
1:4x,) I AL
| | ~
= S
x, - 1 t' o

Minority diffusion current

-0 “al . . . .
I—I Minority diffusion current

-

Figure 5—171 Electron and hole components of current in a forward-biased p-n
junction. Why is there a difference between the two currents?

10/13/2012
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iy il
L,(r.=0) = gAD, ZE 1) = —gAD, -:-“-

Figure 5.16
Two methods for calculating junction current from the excess minority carrier distributions: (a) diffusion
currents at the edges of the transition region; (b) charge in the distributions divided by the minority carrier
lifetimes: (c) the diode equation.

10/13/2012 From Solid State Electronic Devices, Sixth Edition, by Ben G. Streetman and Sanjay Kumar Banerjee. 19
ISBN 0-13-149726-X. © 2006 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved.

/Ex 8.4 Determine the electric field in the neutral n region and \
neutral p region for the GaAs pn junction at 300 K and

forward bias 1.05V with N;=2x10"¢/cm?3, N,=8x10"%/cm?3,
D,=210cm?/s, 1,,=107s, & 1,,=5x108s.

In the n-region, for N, =2x10%em . x4 =6000cm?/V-s
J=eu N,E,
J 1.3325

or E, = e, N, (1.6x107° (6000)2x10")

3

=0.0694 V/cm

In the p-region. for N, =8 x10" em ™
J=eu,N,E,
J 1.3325
e, N, (1.6x107 [320)8x10"]

. f, =320 cm”/V-cm

or E =

P

=3.25V/cm

- /
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Ex 8.5 Consider a GaAs pn junction initially biased at \

V_=1.05V at T=300 K, and calculate the change in
bias voltage required to maintain the same current
when T increases to 310 K.

o

From Example 8.5, we have
E, eV, E,—el,

Let 7, =310K. 7, =300K. E, =1.42¢eV.
and 7, =1.050V.

Then
1.42-7,, 142-1.050

which yields 7, =1.0377V
so AV =1.0377-1.050=-0.0123V

A7,

300

or AV =-12.3mV per 10° C increase in T. /

10/13/2012
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Short diode (implicit assumption above that x— + )

-

< [———

0

Xn

Figure 8.11 | Geometry of a “short” diode. put with boundary conditions

Assume “long” p-region and “short” n-type

As before, forn -regionx, <x<x, + W,

x x
P,(xX)=p,(X)=p, = A-eXP7+B-eXP—7

P P

V.,
Pu(x,) = Py exp e (asbefore)and p, (x, +1¥,) = p,,

- ev, ,
giving &,(x) = p,(X) = Py = Poo {exp(ﬁ] - 1}7’

(Check: @on<xn)=pw[exp(”"]—l} & &, (x, +W,)=0)

T

10/13/2012
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Short diode

P

D
and J=J, +J, =d 224 P oxpl Ve
’ w, L, kT

K Note that W, << L, implies no hole recombination in the N - region, and that J ,(x) is constsnt
23

W, -x

sinh x, +W, —x
For &,() = p, () exp| < =
or X)=p,(X)= P, = -
n P, Pno = Pao| €XP| T N
sinh
L,
X, +W,—-x
d( ) I v cosh ——"—
and J,=—-eD ﬂ:e—p expe—“ -1 L
? ’ L kT LW,
sinh
LF
Nowif W, <<, , sinh 22 x o ginn Xt Wa =X % W0 2X oo 0 (0w pro| exp| e |12t
L, L, L, L, kT w,
wo— D % L) D, %
and costhl,soj ~e—" expe—” —1| L |=e-L expe—” -1
rTUL kT W, g kT

n

/
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/Generation & Recombination Currents:\
Reverse bias: Space charge region EHP generation
C,,Cle(np—n,Z)

——

enW n, |e| 1

and reverse currentJ, =J, +J,,,

Figure 8.12 | Generation process in a reverse-biased pn

Recombination rate R = - -
C,(n+n)+C, (p+p")

2
~for n = p ~ 0in the space charge region

. . CIIC[)NInI
i.e. generation G =
c.n' +Cpp
[ n
. E-fickd . n n 1
! * Write G = ——=—, where7,,+7,,=——+——,
TotTo 27, NC, NC,

assuming n' = p’ ~n, if trapsat E,,

Then J,,, = rVede = —+ —+— Vi,
o 2z, 7,\\2|N, N,
J,,, doesnot saturate with reverse bias

1

1

/

24

ECE 415/515 J. E. Morris

junction,
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Ex 8.6 Consider a GaAs pn junction at 300 K with N ,=8x10'6/cm3,
N,=2x10"%/cm?, D,=9.80cm?/s, Ty=1,,=T,=5x10"%s. (a) Calculate the
ideal reverse bias saturation current density (b) Find the reverse bias
current density at V=5V (¢ ) Determine the ratio of J,, to J;

D D 1
@ J,—en?| [P L0 (16100 (18510 x| |22, L | 9E
NoVtw N\t 2x10% \5x10°  8x10° V5x10° |

or J, =1.677x1077 Afem?

2x10" )8x10™
®) ¥, —(0.0259)11{£x—l*—)} —1.174V

(1.8x10°F
o [2e 4T (N, 4N, v _ 2(13.1)8.85 %107 J1.174+ 5) [2x10” +8510% "
e NN, 1.6x107° (2x107 Jgx10™)

or W =2141x10"cm

e (1.6x107™ JL8x10°f2.141x107)

J = ie. J_ =6.166x107"" A/em?
= ar 25x10°%) &
Jow  6.166x1071°
(€ “Em =N _368x107
J,  1.677x10"
10/13/2012 ECE 415/515 J. E. Morris 25

/Generation & Recombination Currents:\
Forward bias: Space charge region recombination

P n
. C.C N (w=n) :
For recombination rate R = ——"—*—————— again,
C,(n+n")+C,(p+p")
—E. E.-E
and n=n,.expEF" Ep, & p=n,exp%

we find that R peaks at the middle of the space charge region, as shown|

Relative
recombination T

e

Figure 8.1.5 | Energy-band diagram of a forward-biased pn
junction including quasi-Fermi levels.

(Ep —Ep)+(Ep—Ep)=eV,
and at the center of the space charge region

where maximum recombination occurs

1 —;—5—4—_:—.;—; 0 I| E .:t 45 3
QEH = EFi - EFp = E eVH Relative :I}I,\: ru!;il:‘lll‘lyh spaice » /
Figure 8.14 | Relative magnitude of the
A recombination rate through the space
10/13/2012 ECE 415/515 J. E. Morris charge region of a forward-biased pn
junction,
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4 N

Recombination current

CnCer (np - niz) np — }’liz

C,(n+n)+C (p+p) T,(n+n)+1,,(p+p)

Recombination rate R =

2
= P~ if traps at E; again,and at the center of the space charge region
2z,[(n+n,)+(p+n,)]
. E, -E, eV, i~ Lp e
Using n=n,exp—— =p exp—= & p=n,exp—————n, exp—~=
2 i CXp T i psz P =n;exp T i psz
2 eV 44
! n,”| exp k]f -1 exp k]f -1 y
e = - = - expe < if V., >> kT /e
27, el, 2z, el, 2z, 2kT
n,| exp +1 exp +1
2kT 2kT
Then J,,, = jWeRdx _ W, exp id —J,,exp dd
K 0 27, 2kT 2kT /
10/13/2012 ECE 415/515 J. E. Morris 27

/Recombination adds current \

P n

—:F-J‘_@(" Recombination
|

Figure 8.15 | Because of recombination, additional holes

from the p region must be injected into the space charge region
to establish the minority carrier hole concentration in the
n region.

10/13/2012 ECE 415/515 J. E. Morris 28
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Total forward current

eV e
J=J +J,=J ex <+ J_ex
D ro kaT s ka

In (Jy—=

—>1=1 expeV” -1
nkT

LowV, — diffusion dominant,n — 1
LowV, — recombination dominant, n — 2
ev,

In (gp) P

i) so discontinuity in Inl vs V,

current in a forward-biased pn junction.

10/13/2012 ECE 415/515 J. E. Morris 29

4 N

InJ, =InJ, +—= and anD:an§+eV”
2kT © kT

—
kT
Figure 5161 ldeal diffusion, recombination, and total /

At high forward V, low injection approximation
(minority én,, << majority p,
or minority dp, << majority n, )

np =n,’ex A
p i ka’

Fleg Scale) ——pm

and n=n,+n, p=p,+dp

v,
), +p) =n, exp
SO (n0+ )(p0+ p) n; exp KT

~ on.op if én >n,, dp > p,

/High level injection \

Hence, since on. = dp,

eV,
oh.=0p =n.ex 2 and
p =1, kaT

Torward bias (o high forward bias,

eV,
1 cexp
2kT

High injection current oc excess current : -

m

Figure 8.17 | Forwand-bias current versus voltage from low

—

/
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Small signal: Diffusion resistance

e
T I,=1]ex -~ —1
I D s p k
dl e ev,
o=, Tl
aly,=r,
1
+_—— Slope =
i d e
_____ ! =4 (]D + 1: )
. kT
Al F
o Loo
L kT /e
1T A v, —»
-
AV
kT /e
r, =
Figure 8.18 | Curve showing the concept of the IDQ
small-signal diffusion resistance.
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Diffusion capacitance

de value: (b) the hole concenration versus time at the space charge edge: (c) the hole
concentration versus distance in the n region at three differem times,

+ LA
[ P n vy + 8
4, s (K
i Holes . " '
b B == Time
1 1 .
| J - Parexp Yoo 7
4 S bt v,
(a) Vao Ve = W s i by =0
L I
p | n
I
| 0) = eV,
| g PO = a7
I
1€} |
I
Figure 5191 {a) A pn junction with an ac voltage superimposed on a forward-hiased I
I
I
I
I

nﬂﬂ saaeEmeEsmem=m——= ! = Pno

v=10
Figure 8.20 | The dc characteristics of a forward-biased /
pn junction used in the small-signal admittance calculations.
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Incremental charge changes AQ

~

p region n region

é

kT

P0) = pro exp [ Vo~ 3}] PA0) = pog €XP [ﬁwf] + ﬂ)]

eVy
Pu(0) = pg exp T

|

[

|

|

|

|

|

[

|

‘“HJI,__

I raQ

[

|

|

|

|

|

| -

My —EE = —m—mm == : ———————— =P
|
x=0
Figure 8.21 | Minority carrier concentration changes with changing
forward-bias voltage.
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Diffusion capacitance

\

Vv (t
IfV, =V, +v,(t) then p,(x=0,6)=p,, expw

. ev,(t
ie. p,(0,6) = p, exp kl"l(" )

kT
For n - region (x > 0), 0p,, (x,1) = dp, (x) + p,(x)exp.jwt

, and for v, () << kT /e, then p,(0,t) = P4c|:1+ Vl(t):| = Pdc|:l+%exl’~/“’t:|

2 2 2 Jot
Substituting in D oD, P, _ 0%, gives D TPy (¥) + ) e |~ Do)+ p (D™ Jap, (x)e’™
P 2 P 2 2
ox T ot 0; ox T
. . o’
and clustering time independent and time dependent terms gives D ;Ci'z(x) _n Jjop,(x)=0
20
9%p. (x (1 + jor )
e. 5’;11( )—szpl(x) =0 where L.’ =D,7,, and C,’ =T"O,
P
with general solution p,(x) = K,e <" + K,e" "
10/13/2012 ECE 415/515 J. E. Morris 34
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Diffusion capacitance

For general solution p, (x) = K| le"v“ + Kze“"‘“

Boundary conditions require p,(x =) =0,K, =0, and p,(0) =K, = p,.

>

T
14 I+ jor,,
SO X)= —eXp——mmX
Pi(X)= Dy P L
J, @0 =,e =—ep, P il ang hence

ox o
< edD,p,, eV, 14 eAD,n,, eV, v,
I=#x—1+a)r andl—#x—l+wr L
PT, TP Ty L OP%r ka

Y= IP;I“ = [Iﬂm/1+jmp0 +1 1+ jor,, ]/kT,

1

and for low frequency w7 ., @7,, <<1, so {1+ jor, ~1+ jor,/2

1,,+1, 1 1
V=l al don 2Ll o 2T =L el e

1,,7,,+1,T
—g, +jaC, . so C, =250 T 1T
8a tJoL,; d T

K o) t“,::(néq_g)[(?.illxm"xlo e (2125%10% f5x107]] or (“J:E.U?XIO’F:Z.O?HF_/
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Ex 8.7 Si pn junction at 300 K with N,;=8x107%/cm?3,
N,=2x10"'%/cm3, D,=25cm?/s, D,=10cm?/s, 1,,=5x107s, T,,=10

7s, and c/s area A=10-3cm?2. Find the diffusion resistance
and diffusion capacitance if the diode is forward biased at
(a) V,=0.550V and (b) V_=0.610V.

Iy = 4.£JD =(10*) (exa0Nsxao®) [35 I, =1273x10% A

210" Vw10~

16 1077 J1.5%10" R
’ =f107). 2% IIGN" }Jm ~or Iy, =45x10"" A

Then 71, =1, +1$, =1.318x10" A

v 55 v, 25¢
@) I,=1,exp|—= —(1.318xm"‘]exp[ 0"‘"0] C224107 AL py e 2 0029 e
v, 0.0259 I, 22x10°
3180107 e 2610 00259
®) I, =(1.318x10" }cxp[oom)] 223x107 A and 7, = T3 g5 1160

Wefind/ , =1, np“—”] Ia=1I, c\p[i'—_ﬂ l and then

'

(@) 1, =T51x107A: 15 =2.125x107 A () [, =T617x107 A: 1,5 =2155x107 A

We find C, _[ _,:_ }[fwrlm i .’mrm]. 50

) € 7.617x10° f1077) +(2.155x10% 52107 | or €, =2.09%10°F = 209nF
.= ( ’ ’ y :

'\(0 0259
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Equivalent circuit (note r, effect)

I | F«
(:
P |
I
f—, 41
Cy eV Y
(a) (b)

Figure 8.22 | (a) Small-signal equivalent circuit of ideal forward-
biased pn junction diode: (b) complete small-signal equivalent circuit

- . . VI?
of pn junction. app »

Figure 8.23 | Forward-biased -V

characteristics of a pn junction diode ‘
showing the effect of series resistance,
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Overall DC characteristic 1

Ohmic
elfects

.r’ \\\\t“ .
0 A0E

ecombination
current

ST S S T T S SO WY 0
. 01 0203 04 05 06 07 08 09

Forward baas (V)

| 1o (ah

current

Breakdown I3

Figure 5.37

Forward and reverse current-voltage characteristics plotted on semilog scales, with current normalized
with respect to saturation current, fp; (a) the ideal forward characteristic is an exponential with an ideality
factor m = 1 (dashed straight line on log-linear plot). The actual forward characieristics of a typical

diode (solid line) have four regimes of operation: (b) ideal reverse characteristic (dashed line) is a voltage-
independent current = —/f. Actual leakage characteristics (solid line) are higher due to generation

in the depletion region, and also show breakdown at high voltages.
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Switching transient: On — off

p J

TT
T

Figure 8.24 | Simple circuit for switching a diode from
forward to reverse bias.

Initially forward current /=17, =

v,
Fort>0, I=-I, ~ —R—R if diode voltage << V,
R

and note that diode voltage cannot change instantaneously at f = 0

due to junction/diffusion capacitance, i.e diode still forward biased at 7 = 0"

10/13/2012
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T m
eV,

C a
1, (x" = 0) = 1y exp (ﬁ) -~

Forward bias
diffusion

Forward bias
diffusion
of electrons of holes

,(x") 2ul)

____________ Puo

o Va
_— P =0) = pgexp ‘.;,-)

On — off

Increasing
time

(a) (b) ©)

== Reverse hias Reverse bias =%
diffusion diffusion
of electrons of holes

(b)

Figure 8.25 | (a) Steady-state forward-bias minority carrier
concentrations; (b) minority carrier concentrations at various
times durine switching,

L) v _ 011,

Figure 8,26 | Current characteristic
versus time during diode switching.
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Switching transient: On — off
+ Y
p J
Time——= l
] ey .
Figure £.20 | Current characteristic
versus time during diode switching.
Storage time : -
T I
AL ) 1, =7, e}f‘l|:7F :| zrpoln[H— F:|
VP —— — W 1, +1, 1,
- +
T Recovery time : —
t
L exp_iz
- t T 1
erf R e
Figure 8.24 | Simple circuit for switching a diode from ) t, 101,
forward to reverse bias. ?
0
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e 1
\ |
S (S 4
J {
/ /
B :"--- v goes 1o sero ,L_
el . ¥
vin iy 2

Figure 5.28

Storage delay time in a p*-n diode: (a) circuit and input square wave; (b) hole distribution in the n-region
as a function of time during the transient; (¢} variation of current and voltage with time; (d) sketch of
transient current and voltage on the device /-V characteristic.
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(a)

(b)

Effects of storage delay time on switching signal: (a) switching voltage: (b) diode current.

|

Foor

Figure 5.29
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