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* With V,~0.6V a substantial current flows. When V, is increased further, the current
increases rapidly.

* When a reverse bias (i.e., V5 < 0,V) is applied, the diode blocks conduction, i.e., the
current is negligibly small.
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increases rapidly.

* When a reverse bias (i.e., V5 < 0,V) is applied, the diode blocks conduction, i.e., the
current is negligibly small.
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* With V,~0.6V a substantial current flows. When V, is increased further, the current
increases rapidly.

* When a reverse bias (i.e., V5 < 0,V) is applied, the diode blocks conduction, i.e., the
current is negligibly small.
We want to understand this “rectifying” behaviour.

* As we increase the forward bias, the current increases rapidly, and at some point, the
device will get damaged because of overheating. For silicon diodes used in low-power
applications, the forward voltage must be restricted to about 0.8 V.

(Note: Although we will show an applied forward/reverse bias with a battery, in practice,

a diode is generally not directly connected to a battery.)
M. B. Patil, IIT Bombay



Where does the voltage drop?

P P n n
Vconlacl Vnequa\ VJ Vneutra\ Vconlacl
} | | | |
) ) )
« «
o N — \/p pJr ‘:P) ‘:I?) nt V,
metal ~ e ” 22 0™ metal
‘ §
[N
| p contact p neutral depletion n neutral n contact
Va region region region region region

Consider a pn junction in

equilibrium (V,=0V).
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Consider a pn junction in equilibrium (V5 =0V).

* VP

contac

doped regions).

contac

. and V1

* VP et and V2 remain constant irrespective of the applied voltage (to be discussed later).

P n
Vneutral and Vneutra
Zero.

* Even with current flow, Vn";

¢ are the voltage drops across the contact regions (which generally include heavily

| are the voltage drops across the neutral p and n regions. In equilibrium, they are both

utral @Nd VL remain negligibly small since a very small electric field is

sufficient to create the required J/’;"ift = qpup€ or JIrft — gnjus€ (note that p and n in these equations

represent the majority carrier densities).
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* V; is the voltage across the junction and is equal to V4,; in equilibrium. We have shown, using Poisson's
equation, that V; o W2 where W is the depletion width.
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V; is the voltage across the junction and is equal to V4; in equilibrium. We have shown, using Poisson's

equation, that V; o W2 where W is the depletion width.

In equilibrium, V, = V;, and we get

(W): VE st — Vi + V& 1o = O, taking voltage drop as positive.

(We assume that the signs of V2 . and V2 . . are taken into account.)
When a bias is applied, we have

(2): Vc%ntact - VJ + Vintace = Vo — Vo = Va.
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Example: forward bias
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For an abrupt silicon pn junction, the built-in voltage is V4, =0.85V. Let Wy and W denote the depletion

widths for V,=0V and V,=0.6V, respectively. What is W;/Wy?
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Application of a forward bias of 0.6V causes the depletion regoin to shrink by a factor 0.54.
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For an abrupt silicon pn junction, the built-in voltage is V4, =0.85V. Let Wy and W denote the depletion
widths for V, =0V and V,= -2V (i.e., a reverse bias Vg of 2V), respectively. What is W;/Wy?
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For an abrupt silicon pn junction, the built-in voltage is V4, =0.85V. Let Wy and W denote the depletion
widths for V, =0V and V,= -2V (i.e., a reverse bias Vg of 2V), respectively. What is W;/Wy?
Solution: Vj oc W2 — V; = kW?2.
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Application of a reverse bias of 2V causes the depletion regoin to expand by a factor 1.83.
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* The electrostatic conditions (viz., p(x),
E(x), ¥(x)) under forward bias are similar to
the equilibrium situation except for a
reduced junction voltage (Vi — Va).
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* The electrostatic conditions (viz., p(x),
E(x), ¥(x)) under forward bias are similar to
the equilibrium situation except for a
reduced junction voltage (Vi — Va).

* The depletion width, the maximum electric
field, and the junction voltage drop decrease
with forward bias.

* Solving Poisson’s equation using the
depletion approximation, we get

2 N. N,
W=/t (g) (Vbi — V),
q NaNg
N, N

W, = —— W. _
P Na + Nd E J—L
d (Vbi — Va)

|

W, w,

TN, + Ny
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* Although the equilibrium condition is
disturbed with an applied bias, the situation
sufficiently far from the depletion region is
hardly different.
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* Although the equilibrium condition is
disturbed with an applied bias, the situation
sufficiently far from the depletion region is
hardly different.

* We can extend the Fermi level concept to
describe carrier concentrations sufficiently
far from the depletion region.
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* We can extend the Fermi level concept to
describe carrier concentrations sufficiently
far from the depletion region.

* p= Nye Em=E)/kT o the p-side,

n= Nce_(EC_EF")/kT on the n-side.

* The Fermi levels are called “quasi Fermi
levels” since the situation is almost like
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disturbed with an applied bias, the situation pmA
sufficiently far from the depletion region is

hardly different.

* We can extend the Fermi level concept to
describe carrier concentrations sufficiently
far from the depletion region.

* p= Nye Em=E)/kT o the p-side,

n = Nee(Ec—Er)/kT on the n-side.

* The Fermi levels are called “quasi Fermi
levels” since the situation is almost like

equilibrium. &
* From the band diagram, we see that _£,
Eg = Ap + An + qui1
A
'¢v
Equilibrium Forward bias

M. B. Patil, IIT Bombay



- . «
Forward bias - X ’

* Although the equilibrium condition is J Er

A n
disturbed with an applied bias, the situation pmA
sufficiently far from the depletion region is

hardly different.

* We can extend the Fermi level concept to
describe carrier concentrations sufficiently
far from the depletion region.

* p= Nye Em=E)/kT o the p-side,
—(Ec—EFpn)/ kT

n= N.e on the n-side.

* The Fermi levels are called “quasi Fermi
levels” since the situation is almost like

equilibrium. &
* From the band diagram, we see that _£,
Eg == Ap + An + qui1
Eg = Ap + (Ern — Erp) + An + q(Vhi — Va) " Vi
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aVy,

* Although the equilibrium condition is A J Er N
disturbed with an applied bias, the situation pm
sufficiently far from the depletion region is . _ 4
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aNg

* We can extend the Fermi level concept to
describe carrier concentrations sufficiently
far from the depletion region.

* p= Nye Em=E)/kT o the p-side,

—(Ec—Epp) /KT

n= N.e on the n-side.

* The Fermi levels are called “quasi Fermi
levels” since the situation is almost like

equilibrium. &
* From the band diagram, we see that —&,
Eg = Ap + An + qWh, M%fva)
Eg = Dp+ (Ern — Epp) + An + q(Voi — Vi) " Vo ‘
= Ern = Erp = qVa. Equilibrium Forward bias
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Reverse bias

* The electrostatic conditions (viz., p(x),
E(x), ¥(x)) under reverse bias are similar to
the equilibrium situation except for an
increased junction voltage (Vi + VRg).
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Reverse bias

* The electrostatic conditions (viz., p(x),
E(x), ¥(x)) under reverse bias are similar to
the equilibrium situation except for an
increased junction voltage (V4 + VR).

* The depletion width, the maximum electric
field, and the junction voltage drop increase
with reverse bias.

* Solving Poisson’s equation using the
depletion approximation, we get

W = \/26 7Na * Nd) (Vbi + VR),

N
2w, szidw
Na+Nd Na+Nd

n
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Reverse bias

* Although the equilibrium condition is
disturbed with an applied bias, the situation
sufficiently far from the depletion region is
hardly different.
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Reverse bias

* Although the equilibrium condition is
disturbed with an applied bias, the situation
sufficiently far from the depletion region is
hardly different.
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* We can extend the Fermi level concept to

describe carrier concentrations sufficiently
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* Although the equilibrium condition is
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Reverse bias

* Although the equilibrium condition is
disturbed with an applied bias, the situation

sufficiently far from the depletion region is
hardly different.

* We can extend the Fermi level concept to
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x p= Nye (Er—E)/KT 54 the p-side,

n = Nee—(Ec—Er)/kT on the n-side. 0
* The Fermi levels are called “quasi Fermi £
levels” since the situation is almost like &
equilibrium. ~Em
—Em
Vi

Reverse bias (Vb + Vr)
Equilibrium

M. B. Patil, IIT Bombay



Reverse bias

* Although the equilibrium condition is
disturbed with an applied bias, the situation
sufficiently far from the depletion region is
hardly different.

* We can extend the Fermi level concept to
describe carrier concentrations sufficiently

far from the depletion region.

x p= Nye (Er—E)/KT 54 the p-side,

n = Nee—(Ec—Er)/kT on the n-side. 0
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* From the band diagram, we see that
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Reverse bias

* Although the equilibrium condition is
disturbed with an applied bias, the situation
sufficiently far from the depletion region is
hardly different.

* We can extend the Fermi level concept to
describe carrier concentrations sufficiently

far from the depletion region.

x p= Nye (Er—E)/KT 54 the p-side,

n = Nee—(Ec—Er)/kT on the n-side. 0

* The Fermi levels are called “quasi Fermi £
levels” since the situation is almost like &
equilibrium. ~Em

* From the band diagram, we see that
Eg = Ap + Ay + qui,

Vi
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Reverse bias (Vb + Vr)
Equilibrium

M. B. Patil, IIT Bombay



Reverse bias

* Although the equilibrium condition is
disturbed with an applied bias, the situation
sufficiently far from the depletion region is
hardly different.

* We can extend the Fermi level concept to
describe carrier concentrations sufficiently

far from the depletion region.

* p= Nye (Er—E)/KT 54 the p-side,

n= Nce*(EC*EFn)/kT on the n-side. 0

* The Fermi levels are called “quasi Fermi £
levels” since the situation is almost like &
equilibrium. ~Em

* From the band diagram, we see that
Eg = Ap+ Ap + qWh,
Eg =Ap — (Erp — EFn) + An + g(Vii + VR) ¥
— Erp — Epp = qVR.

Vbi

Reverse bias (Vb + Vr)
Equilibrium
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Current densities in forward bias

X X

) )

T 0.8 T T
noo L

;o diff 1 Jiotal
N

/drift
‘,' ‘Jp

(in 1‘0“ A/‘cm2) ]

76 1 1 1
5 T T T T T
I
Ng=2x10"em™3 | 7,=1ns I,‘I Y i
N, =10 cm3 T,=1ns 0 ',‘, .\‘:\
Jin=1400cm2/V-s | T=300K k
o =500cm?/V-s V,=0.6V
(in 10° A/cm?) "
> 19{9 ‘ 2‘0 ‘ 26.1
x (pm)

Near the junction,
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Current densities in forward bias

X; X;
- 0.8 -

"o L
;o diff 1 Jiotal
R

/drift
‘,' ‘Jp

(in 1‘0“ A/‘cm2) ]

76 | | |
5 T T T T T
I
Ng=2x10"em™3 | 7,=1ns I,‘I Y i
N, =10 cm3 T,=1ns 0 / .\\1
fn=1400cm?/V-s | T=300K
o =500cm?/V-s V,=0.6V
(in 10° A/cm?)
> 19{9 ‘ 2‘0 ‘ 26.1
x (pm) x (pum)

Near the junction,
* Although the equilibrium condition is disturbed, we still have ng =] —Jgri&, and J,‘fiff =1 —J,‘frift.

M. B. Patil, IIT Bombay



Current densities in forward bias

Xj Xj

J J

I 0.8 T T
A L

, .\Jd.fr ] -Jtotal
N

/drift
‘,' ‘Jp

(in 1‘0“ A/‘cm2) ]

76 1 1 1
5 T T T T T
n
Ng=2x10"em™3 | 7,=1ns I,‘I Y it
N, =10 cm3 »=1ns 0 ] .\\IT\
Jin=1400cm2/V-s | T=300K k
o =500cm?/V-s V,=0.6V
(in 10° A/cm?)
> 19{9 ‘ 2‘0 ‘ 26.1
x(pm) x (pum)

Near the junction,
* Although the equilibrium condition is disturbed, we still have ng =] —Jgri&, and J,‘fiff =1 —J,‘frift.

* The net current densities J, and J, are much smaller than the drift and diffusion components.
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Current densities in reverse bias

Ng =2 x 10" cm™3
N, =107 cm™3

1tn = 1400 cm?/V-s
1o =500cm?/V-s

Tn=1ns
Tp=1ns
T=300K
V,=-1V

Near the junction,

Xj Xj
6 T T 2 - o ™ T
’,'\‘ Jait t(in 107" A/cm®) i
it
i \'v ’ or
‘\ L
0 s N——— e e ] -
:‘:“ng i
S (in10*A/m?) ] E Jow
_6 | | I S 6 | | | |
5 T T T T 2 T T T T
r A L (in 1076A/cm2)7
1\ diff
I. \‘Jn 0 B
L o\ = —
0 In |
L (in 10° A/cm?) Jrotal i
_5 PR | | | |
19.7 19.8 19.9 10 15 20 25 30
x(um) x (um)
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Current densities in reverse bias

Ng =2 x 10" cm™3
N, =107 cm™3

1tn = 1400 cm?/V-s
1o =500cm?/V-s

Tn=1ns
Tp=1ns
T=300K
V,=-1V

Near the junction,

Xj Xj
6 T T 2 o ™ T
N i t(in 107" A/cm®) E
it oF
!y
J \ I
0 p-—-—s] R —— -
e [
Ly ¢ L
(in10°A/em?) | E ot |
_6 L IR S 6 | | | |
5 T T T T 2 T T T T
— Ao L (in 10 °A/cm?) |
I[ \\J"I 0 )
L A r q
0 Jn 1
L (in 10° A/cm?) Jiota 4
S Y | | | |
197 198 199 20 10 15 20 25 30
x (1) x(um)

* Although the equilibrium condition is disturbed, we still have ng ~ —Jg'if‘, and Jdiff o — ydrift,
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Current densities in reverse bias

Ng =2 x 10" cm™3
N, =107 cm™3

1tn = 1400 cm?/V-s
1o =500cm?/V-s

Tn=1ns
Tp=1ns
T=300K
V,=-1V

Near the junction,

Xj Xj
6 T T 2 o ™ T
N i t(in 107" A/cm®) E
it oF
!y
J \ I
0 e S e—— -
Y [
. ‘;Jp ¢ L
(in10°A/em?) | E ot |
_6 L I S 6 | | | |
5 T T T T 2 T T T T
— Ao L (in 10 °A/cm?) |
I[ \\J"I 0 )
L Y - B
0 Jn 1
L (in 10° A/cm?) Jiota 4
_5 PR R | | | |
19.7 198 199 20 10 15 20 25 30
x (1) x(um)

* Although the equilibrium condition is disturbed, we still have ng ~ —Jg'if‘, and Jdiff o — ydrift,

* The net current densities J, and J, are much smaller than the drift and diffusion components.
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Current densities in reverse bias

Xj Xj
6 T T 2 o ™ T
N Jait | t(in 107" A/cm®)
it
i \'v ’ or
0 S0 I
e [
Ly L
(in10°A/em?) | E Jiota
76 n 1 n 1 n 1 n 1 n _6 1 1 1 1
5 T T T T 2 T T T T
— AP (in 10°A/em?)
I i
Iin 0
Ng=2x10"cm™=3 | 7,=1ns i \‘\ |
N, =10 cm™3 7=1ns 0 I

1n=1400cm?/V-s | T=300K
1o =500cm?/V-s V,=-1V

[ (in 10° A/cm?) Jiotal
75 n 1 n 1 n 1 1 1 1
107 198 109 20 0 15 20 25 30
Near the junction, x (um) x (pum)

* Although the equilibrium condition is disturbed, we still have ng ~ —Jg’if‘, and Jdiff o — ydrift,

* The net current densities J, and J, are much smaller than the drift and diffusion components.

* Note that Jiota in reverse bias is negligibly small compared to the forward bias case (0.7 A/cm2 for

V,=0.6V). For all practical purposes, we can say that the current is zero for reverse bias.
M. B. Patil, IIT Bombay



pn junction: derivation of /-V equation

Definitions:

~

m
) % _ >
N, N V,
>
¢
acceptor density
. X
donor density
Ng
X
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pn junction: derivation of /-V equation

Definitions:
ppo: equilibrium hole density in the neutral p-region

~
L

acceptor density

donor density

Ng
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pn junction: derivation of /-V equation

Definitions:
ppo: equilibrium hole density in the neutral p-region
pno: equilibrium hole density in the neutral n-region

~

acceptor density

donor density

~

Ng
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pn junction: derivation of /-V equation

Definitions:

ppo: equilibrium hole density in the neutral p-region

pno: equilibrium hole density in the neutral n-region > X v s

npo: equilibrium electron density in the neutral p-region v, N, N, v,
2 %

acceptor density

donor density

Ng
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pn junction: derivation of /-V equation

Definitions:

Ppo-
Pno:
npo:

npo:

equilibrium hole density in the neutral p-region
equilibrium hole density in the neutral n-region
equilibrium electron density in the neutral p-region
equilibrium electron density in the neutral n-region

~

~

acceptor density

donor density

Ng
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pn junction: derivation of /-V equation

Definitions:

ppo: equilibrium hole density in the neutral p-region

pno: equilibrium hole density in the neutral n-region > X v N

npo: equilibrium electron density in the neutral p-region v N, N, v
npo: equilibrium electron density in the neutral n-region ° !

~
L

and npg are majority carrier densities. .
Ppo n0 ) Y acceptor density

donor density

Ng
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pn junction: derivation of /-V equation

Definitions:

ppo: equilibrium hole density in the neutral p-region

pno: equilibrium hole density in the neutral n-region 2 P X v 5

npo: equilibrium electron density in the neutral p-region v N, N, v
npo: equilibrium electron density in the neutral n-region ’ !
ppo and npg are majority carrier densities. ¢ acceptor density 7

pno and npo are minority carrier densities. N
a

donor density

Ng
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pn junction: derivation of /-V equation

Definitions:

ppo: equilibrium hole density in the neutral p-region

pno: equilibrium hole density in the neutral n-region 2 P X v 5

npo: equilibrium electron density in the neutral p-region v N, N, v
npo: equilibrium electron density in the neutral n-region ’ !
ppo and npg are majority carrier densities. ¢ acceptor density 7

pno and npo are minority carrier densities. N
a

Example: N, =5 x 1010 cm™3, Ny = 10¥ cm—3 (T =300K).

donor density

Ng

M. B. Patil, IIT Bombay



pn junction: derivation of /-V equation

Definitions:
ppo: equilibrium hole density in the neutral p-region
. b sy : ®) X W)
pno: equilibrium hole density in the neutral n-region > j - s
npo: equilibrium electron density in the neutral p-region v N N v
a d
npo: equilibrium electron density in the neutral n-region ° !
) >
and n,g are majority carrier densities. ¢ ¢
Ppo n0 .J X Y X . acceptor density
Pno and npg are minority carrier densities. N
a

Example: N, =5 x 1010 cm™3, Ny = 10¥ cm—3 (T =300K).

— ppo ~ Nz =5 x 1016 ecm—3,
X
donor density

Ng
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pn junction: derivation of /-V equation

Definitions:
ppo: equilibrium hole density in the neutral p-region
. b sy : ®) X W)
pno: equilibrium hole density in the neutral n-region > j - s
npo: equilibrium electron density in the neutral p-region v N N v
a d
npo: equilibrium electron density in the neutral n-region ° !
) >
and n,g are majority carrier densities. ¢ ¢
Ppo n0 .J X Y X . acceptor density
Pno and npg are minority carrier densities. N
a

Example: N, =5 x 1010 cm™3, Ny = 10¥ cm—3 (T =300K).

— ppo ~ Nz =5 x 1016 ecm—3,
. X
o & Ny = 1018 Cm73, donor density
Ng
X
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pn junction: derivation of /-V equation

Definitions:
equilibrium hole density in the neutral p-region _
equilibrium hole density in the neutral n-region y L) v
¢
equilibrium electron density in the neutral p-region
q Yy p-reg v N, Ng Va

Ppo-
Pno:
npo:

npo:
ppo and npg are majority carrier densities. )
acceptor density

equilibrium electron density in the neutral n-region

~

~

pno and npo are minority carrier densities. N
a

Example: N, =5 x 1010 cm™3, Ny = 10¥ cm—3 (T =300K).

— ppo ~ Nz =5 x 1016 ecm—3, .
nno &~ Ny = 1018 cm—3, donor density
2 102
n?  (15x10 N
npo = —— = A5X10) 5 108 em—2, ‘
Ppo 5 x 1016
X
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pn junction: derivation of /-V equation

Definitions:

ppo: equilibrium hole density in the neutral p-region
pno: equilibrium hole density in the neutral n-region > L)
npo: equilibrium electron density in the neutral p-region v N,
npo: equilibrium electron density in the neutral n-region ° X

ppo and npg are majority carrier densities. ¢

pno and npo are minority carrier densities. N,

N

~

Example: N, =5 x 1010 cm™3, Ny = 10¥ cm—3 (T =300K).

— ppo & N =5 x 10 cm=3,

nno ~ Ny = 108 cm—3,

2 10)2
2 (15x1
T W5XI0)T 5 103 em?,

n = =
P oo 5 x 1016
n? 1.5 x 1010)2
P = —— = (1.5 X 107)" 2.25 x 102 cm 3.
Nno 1018

acceptor density

donor density

Ng
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pn junction: derivation of /-V equation

Xp Xn Xp Xn Xp  Xn
(p) () n) (n)
P, P p ° p °
PO n pO n p0 n
Nno Nno Nno
n
Npo
Equilibrium

Forward bias

Reverse bias
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pn junction: derivation of /-V equation

Xp Xn Xp Xn Xp  Xn
(p) () n) (n)
P, P p ° p °
PO n pO n p0 n
Nno Nno Nno
n
Npo
Equilibrium

Forward bias

Reverse bias

* Since V; = W,; — V, and W  ,/Vj, the depletion is region is narrower under forward
bias, wider under reverse bias.
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pn junction: derivation of /-V equation

p Xn Xp Xn Xp  Xn
(p) () (p) (n) () (n)
P I \P ) \P) 1
p P p
Ppo n Ppo n Ppo n
Nno Nno

Equilibrium

Forward bias

Reverse bias

* Since V; = W,; — V, and W  ,/Vj, the depletion is region is narrower under forward
bias, wider under reverse bias.

* Equilibrium concentrations (note: log scale for n and p):
P=Ppo, N=npo in the neutral p-region.
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pn junction: derivation of /-V equation

Xp Xn Xp Xn Xp  Xn

f@ ( E. ) ( ;:)‘ ‘/,\‘ ( ,:)‘ ‘/:\

P P P ° P °
p0 n p0 n p0 n
Nno Nno Nno

n
Npo

Equilibrium Forward bias

Reverse bias

* Since V; = W,; — V, and W  ,/Vj, the depletion is region is narrower under forward
bias, wider under reverse bias.

* Equilibrium concentrations (note: log scale for n and p):
P=Ppo, N=npo in the neutral p-region.
n=npo, p= pno in the neutral p-region.
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pn junction: derivation of /-V equation

Xp Xn Xp Xn Xp  Xn
® ' ®
p P P P P ° n
p0 n p0 n p0
Nno Nno Nno
n
Npo
Equilibrium Forward bias Reverse bias
diff ~ _ ydrift
St —J5
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pn junction: derivation of /-V equation

Xp Xn Xp Xn Xp  Xn
(p) () n) (n)
P, P p ° p °
PO n pO n p0 n
Nno Nno Nno
n
Npo
Equilibrium

Forward bias

Reverse bias

d

. . p
ngff ~ 7J‘c)|r|ft — qup pg — qua’
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pn junction: derivation of /-V equation

Xp Xn Xp Xn Xp  Xn
p p p
ppO 4 Nno ppO 4 Nno ppO n Nno
n
Npo
Equilibrium Forward bias Reverse bias
. . dp . dy Dy, 1 dp
Jdiff o ydrife E=qgDp—, e, E=——2 =22
P P qheP TP dx tp p dx
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pn junction: derivation of /-V equation

Xp Xn Xp Xn Xp  Xn
® ' ® ® " @ ® ®
p p p
ppO 4 Nno ppO 4 Nno ppO n Nno
n
Npo
Equilibrium Forward bias Reverse bias
. . dp . dy Dy, 1 dp
Jdiff o ydrife E=qgDp—, e, E=——2 =22
P P qheP TP dx tp p dx

D kT 1
—:—%/dw:—vr/fdp
T P
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pn junction: derivation of /-V equation

Xp Xn Xp Xn Xp  Xn
(p) (n) (p) () (p) (n)
P P p
ppO 4 Nno ppO 4 Nno ppO n Nno
n
Npo
Equilibrium Forward bias Reverse bias
. . dp . dy Dy, 1 dp
Jdiff o ydrife E=qgDp—, e, E=——2 =22
P P qheP TP dx tp p dx
D kT 1 X2
f:——>/d¢:—v7/fdp—>w — Vylog P2)
nooq P x p(x1)
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pn junction: derivation of /-V equation

dy D, 1ldp

JdifF ~ 7Jdrift — £ = gD, — .
b b qHpP alp dx L P dx

D kT 1
—:—a/dw:—vr/fdp—mp
H q P

Xn

Reverse bias

Vr

— o (2000,
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pn junction: derivation of /-V equation

Xp Xn Xp Xn Xp  Xn
(p) (n) (n) (p) (n)
p P P P P °
PO n PO n p0 n
Nno Nno Nno

n
Npo

Equilibrium Forward bias Reverse bias

i i n P(xp) — Y(xn
Jgff%i]g fr_, ZE;; _ exp( (XP)VT (x )>'
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pn junction: derivation of /-V equation

Xp Xn Xp Xn Xp  Xn
P P p
ppO 4 Nno ppO 4 Nno ppO n Nno
n
npo
Equilibrium Forward bias Reverse bias
J p — gife P(xn) _ exp (d’(Xp) - w(Xn)>'
p(xp) Vr
i o _ gdrife n(xn) _ exp <¢(Xn) - w(Xp))
n(xp) VT
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pn junction: derivation of /-V equation

Xp Xn Xp Xn Xp  Xn
(p) () n) (n)
P, P p ° p °
PO n pO n p0 n
Nno Nno Nno
n
Npo
Equilibrium

Forward bias

Reverse bias
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pn junction: derivation of /-V equation

Xp Xn Xp Xn Xp  Xn
(p) (n) (n) (n)
P, P p ° p °
PO n pO n p0 n
Nno Nno Nno
n
Npo
Equilibrium

Forward bias

Reverse bias

* When a bias is applied, the minority carrier concentrations in the neutral regions can change substantially.
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pn junction: derivation of /-V equation

p Xn Xp
® I ® ®
p p
Ppo n Ppo
Nno

n
Npo

Equilibrium

Forward bias

Xn Xp  Xn
(n) (p] n)
p
n Ppo
Nno

Reverse bias

* When a bias is applied, the minority carrier concentrations in the neutral regions can change substantially.

* There is a corresponding change in the majority carrier concentrations as well, and it serves to keep these
regions charge-neutral.
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pn junction: derivation of /-V equation

Xn

Equilibrium

Forward bias

Reverse bias

* When a bias is applied, the minority carrier concentrations in the neutral regions can change substantially.

* There is a corresponding change in the majority carrier concentrations as well, and it serves to keep these
regions charge-neutral.

* Low-level injection: An = Ap < ppo in the neutral p-region — p(x) & ppo for x < x,
Ap ~ An < npo in the neutral n-region — n(x) & npo for x > x,
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Xp X,

® Il ®

ppO

Equilibrium

Pno

ppO

Xp Xn

® e

Forward bias

ppO

Reverse bias
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p p
Ppo n Mo Ppo
n
npo
Equilibrium Forward bias
-
p(xp) Vr n(>p)

—exp(

ppO

P(xn) — P(xp)

Vr

Reverse bias

). Also, ¥ (xn) — ¢(xp) = V.
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Xp Xn Xp X Xp  Xn

® I ® ® I ® ® ' I ®

P p p
ppO L Nno ppO L Nno ppO 1 Nno
npo n

Equilibrium Forward bias Reverse bias
p(xn) _ ¥(xp) — ¥(xn) n(xn) _ Y(xn) — () _ _
Txp)_“p( Vr ) n(xp)_exp( Vr )'A'”’ Vo) = 9le) = V.

* Low-level injection: p(x) & ppo for x < xp, and n(x) ~ nno for x > xj.
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Xp Xn Xp X Xp  Xn
® I ® ® @ ® 1@
p P p
ppO L Nno ppO L Nno ppO 1 Nno
n
npo
Equilibrium Forward bias Reverse bias
* L(X") = exp (w(XP) — TP(Xn)) n(n) = exp (71/]()(") - w(XP)). Also, P (xn) — ¥(xp) = Vj.
p(xp) Vr n(xp) vr
* Low-level injection: p(x) & ppo for x < xp, and n(x) ~ nno for x > xj.
N Pixn) =e ViV 5 p(xn) = ppoe_Vj/VT

Pp0
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X Xn Xp X Xp  Xn
® f® ® @ ® I ®
p P p
Ppo n Mo Ppo n o Ppo n o
n
npo
Equilibrium Forward bias Reverse bias
* L(X") = exp (w(XP) — TP(Xn)) n(n) = exp (71/]()(") - w(XP)). Also, P (xn) — ¥(xp) = Vj.
p(xp) Vr n(xp) vr
* Low-level injection: p(x) & ppo for x < xp, and n(x) ~ nno for x > xj.
N p(xn) = e Yi/VT = p(xn) = ppoe” /YT
Pp0
W0 Vi/VT 5 n(xp) = npoe i/ VT
n(xp)
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Xp X,

® Il ®

P n
PO Nno
p
Npo n Pno
Equilibrium

ppO

Xp _Xn

® e

Forward bias

ppO

Xp  Xn

p(xn) = PpOe_vj/vT

n(xp) = npge=Vi/VT

Vj:Vbi_Va

Reverse bias
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Xp ~Xn Xp Xn Xp Xn

I I o
P p P
Pro 4 Nno P07 L Nno P07 ! Nno
p(xn) = PpOe_Vj/VT
n(xp) = npge=Vi/VT
Vj =Wi—Vs
n T I A e N B P
Npo no K__ n0
Equilibrium Forward bias Reverse bias
e — Wi Vi
Equilibrium: p(xn) = pno = ppo exp AL n(xp) = npo = npo exp bi ).
v v
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® 1l ® ® @ ® ! I ®
Ppo P . ppop— L ppop— n -
p(xn) = ppoe™i/VT
n(xp) = npge=Vi/VT
Vi=Wi—V,
Neo n P Pno 7‘——Pno
p
Equilibrium Forward bias Reverse bias

- — Wi Vi
Equilibrium: p(xn) = pno = ppo exp (J) 1(xp) = Npo = N exp ( » bu).
T

Vr
— Wy + V. — Vi + V
With bias:  p(xn) = ppo exp (ﬂ)' n(xp) = npo exp (ﬂ)
VT VT
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® @ ® " ® ® ! I ®
Ppo P n oo Ppo ° n oo Ppro ° n o
p(xn) = ppoe™i/VT
n(xp) = npge=Vi/VT
Vi=Wi—V,
Neo n ° Pro 7-__pn0
p
Equilibrium Forward bias Reverse bias

- — Wi — Vi
Equilibrium: p(xn) = pno = ppo exp (J) 1(xp) = Npo = N exp ( » bu).

v =
-V i V. -V i V.
With bias:  p(xn) = ppo exp (g), n(xp) = nno exp (g)
v vy
() = oo o0 (12 ) ) = o 0 ()
Xn) = xp ( — |, Xp) = xp ( — ).
Plxn) = Pro exp { /- P P0 P yr
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Xpo X

Npo

Equilibrium

Example: Consider an abrupt, uniformly doped silicon pn junction at T =300K, with N, =5 x 106 cm—

Pno

Forward bias

3 and

Ny =108 cm—3. Compute the depletion width and the minority carrier densities at the depletion region edges

(xp and x,) for an applied bias of +0.3V, +0.6V, =1V, —5V.

(nj=1.5 x 109 cm~3 for silicon at T =300K.)

M. B. Patil, IIT Bombay



oo Xn Xp \an Xp  Xn
n n n n n n
n0 n0 P n0
Ppo P Ppo P Ppo
N n
" Pno
Equilibrium Forward bias Reverse bias
2 102
n: 1.5 x 10
Solution:  ppo &~ N =5 x 100 em™3 — npg = - = (.5 x107)7 =45x10%cm™3.

Pp0 5 x 1016
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Pno

Equilibrium

. n«
Solution:  ppo & N =5 x 100 ecm™3 — npg = -

o~ Ny =1x108cm—3 = p,g = —

Forward bias

? (1.5 x 10%9)?
Ppo 5 x 1016
n? (1.5 x 10%0)?
o 1 x 1018

Reverse bias

=45 x103cm™3.

=12.25x 10%2ecm 3.
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Xp Xn Xp \an Xp Xn
n n n n n n
n0 n0 n0
Ppo P Ppo £ Ppo P
N n
" Pno
Equilibrium Forward bias Reverse bias
2 102
n: 1.5 x 10
Solution:  ppo &~ N =5 x 100 em™3 — npg = - = (.5 x107)7 =45x10%cm™3.
Ppo 5 x 1016
2 10)2
n: 1.5 x 10
o~ Ng=1x108ecm=3 = ppg=— = (15 x10%)" _ 2.25 x 10%em 3.
Nno 1 x 1018

5 x 1016 x 1018
(1.5 x 1010)2

N, N,
Wi = V7 log ( ‘;2"> = (0.0259V) Iog(

i

) =0.86V.
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Xp Xn Xpo Xn Xp  Xn
@ ® @V ® ® ' | ®
LI s n ! n
Ppo p n0 ppo p n0 Ppo P n0
N n
%0 Pro
Equilibrium Forward bias Reverse bias
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A o
n n n
Ppo P " Ppo P
n n
"0 Pno
Equilibrium Forward bias
2¢ N, N,
Vo=03Vv: w=, 2Nt N vy 012um.
q  NaNy

Reverse bias
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Xp~ 7n Xp- Xn Xp  Xn
® 1l ® ® ) ® ®1 | ®
n_ . n N n N

ppo p n0 ppo p n0 ppo P n0
N n
" Pno

Equilibrium Forward bias Reverse bias

V,=03V: W= %M(Vb;— V;) =0.12 um.
q  NaNy

0.0259

V.
n(xp) = npo exp (7;) =4.5x 10% x exp ( ) =4.83 x 108 cm~3,
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Xpn " XP\LXH X Xn
n n n n n n
n0 n0 n0
Ppo e Ppo g Ppo P
N n
" Pno
Equilibrium Forward bias Reverse bias
2¢ N+ N,
Vo=03Vv: w=, 2Nt N vy 012um.
q  NaNy

0.0259

V.
n(xp) = npo exp (7;) =4.5x 103 x exp ( ) =4.83 x 103cm~3.

0.0259

V.
p(xn) = pno exp (V—a> =2.25 x 102 x exp ( ) =2.41 x 10" cm~3.
T
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Xp T XP\LT
n n n n
0 0
Pro P " Ppo P " Ppo
n n
»o Pno
Equilibrium Forward bias
Va(V) | W(um) | En(kV/em) | n(x,)(cm™3) p(xa) (cm™?)
0.6 0.08 61.3 5.18 x 10 2.59 x 10'2
0.3 0.12 90.4 4.83 x 10° 2.41 x 107
0.0 0.15 112.2 4.50 x 10° 2.25 x 10?
—1.0 0.22 165.3 7.68x 107 ~0 | 3.84x107® ~0
—5.0 0.40 293.6 ~0 ~0
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Xpe T Xp \ﬂn
n n n n
0 0
Pro P " Ppo P " Ppo
n n
»o Pno
Equilibrium Forward bias
Va(V) | W(um) | En(kV/em) | n(x,)(cm™3) p(xa) (cm™?)
0.6 0.08 61.3 5.18 x 10 2.59 x 10'2
0.3 0.12 90.4 4.83 x 10° 2.41 x 107
0.0 0.15 112.2 4.50 x 10° 2.25 x 10?
—1.0 0.22 165.3 7.68x 107 ~0 | 3.84x107® ~0
—5.0 0.40 293.6 ~0 ~0

Reverse bias

* With forward bias, the minority carrier
concentrations can increase by several orders

of magnitude.
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Xpn " XP\LX" Xp  Xn
LI d n 4 n
n0 n0 P n0
Pro P Ppo P Ppo
N n
%0 Pro
Equilibrium Forward bias Reverse bias
Vi (V) W (um) | Em(kV/em) | n(xp) (cm™3) p(xn) (em™3) * With forward bias, the minority carrier
el ) concentrations can increase by several orders
0.6 0.08 61.3 5.18 x 10 2.59 x 10 .
5 , of magnitude.
0.3 0.12 %04 4.83 x 103 241 x 102 * With reverse bias, the minority carrier
0.0 0.15 112.2 4.50 x 10 2.25 x 10 concentrations become very small and can
-1.0 0.22 165.3 768 x 10 ~0 | 3.84x 107 ~0 be replaced with zero for all practical
—~5.0 | 0.40 293.6 ~0 ~0 purposes.
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