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p-n junction diodes

i
P n p (anode) ——{ >} n (cathode)

+ V-

schematic diagram symbol

* A p-n junction is useful as a stand-alone device (the diode).
* |t is also an integral part of devices such as transistors, IGBTs, thyristors, etc.
* In integrated circuits, pn junctions are used to provide isolation between devices.

* We will focus on semiconductor p-n junctions first and look at metal-semiconductor
junctions later.
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Idealised p-n junction diode structure
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N
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J

Doping densities Idealised structure

* For our analysis, we will consider a simplified structure with p-type doping on one side

and n-type on the other.

* We will assume the doping densities to change abruptly at the junction — “abrupt” pn

junction.
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* There is a “depletion region” in which the potential v varies.

* Away from the depletion region, ) is constant, and the
electric field is zero.
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* There is a “depletion region” in which the potential v varies. e % %
* Away from the depletion region, ) is constant, and the Ec Vs,
electric field is zero. Ee '
* There is a “built-in” voltage drop between the p and n sides, E,
denoted by V4.
1 dE. dy | |
* Note that &= — — cand E=— 2. neutral ~— - - - neutral
¥ q dx dx p region depletion region n region
* Let us check if this picture is consistent with Poisson’s

equation.
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In the neutral p-region (x < xp), p= N; = N,.
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n(x) = Ne exp — <

In the neutral p-region (x < xp), p= N; = N,.
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N, kT donor density ——
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* Charge density:

p(x) = [N} () + p(x) = N5 () = n(x)] . o
onor density —=

~ q [(Na(x) = n(x)) = (Na(x) = p(x))]- | (in107em?)

* p=0 in the neutral regions. '

* Within the depletion region, both n and p are small, i.e., this region is
depleted of carriers — “depletion region” . 0

_—p/a(exact) |
(in 10" em=3) |

N :

19.7 20 20.3




pn junction in equilibrium

* Charge density:

p(x) = a [N (x) + plx) = Ny (x) = n(x)]
~ q [(Ng(x) = n(x)) = (Na(x) = p(x))]

* p=0 in the neutral regions.

* Within the depletion region, both n and p are small, i.e., this region is
depleted of carriers — “depletion region” .
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pn junction in equilibrium

neutral : - - I neutral
p region depletion region n region

* Charge density:
p(x) = @ [NG (x) + p(x) = Ny (x) = n(x)]
~ g [(Ng(x) = n(x)) = (Na(x) = p(x))].
* p=0 in the neutral regions.

* Within the depletion region, both n and p are small, i.e., this region is
depleted of carriers — “depletion region” .

* To proceed further analytically, we make the “depletion approximation,”
i.e., we assume that the transistions between the neutral regions and the
depletion region are abrupt.
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pn junction in equilibrium

g
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neutral : - - I neutral
p region depletion region n region

Charge density:

p(x) = a [N (x) + p(x) = Ny (x) = n(x)]
~ g [(Ng(x) = n(x)) = (Na(x) = p(x))].

p=0 in the neutral regions.

Within the depletion region, both n and p are small, i.e., this region is
depleted of carriers — “depletion region” .

To proceed further analytically, we make the “depletion approximation,”
i.e., we assume that the transistions between the neutral regions and the
depletion region are abrupt.

Since the depletion region has non-zero charge density, it is also called
“space charge region.”

. Patil, 11T Bombay
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* Built-in voltage V};: 0
—qN, \—
0
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dx € &
——————————————— —Em
W
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pn junction in equilibrium | E.
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m 5
neutral - - - neutral aNg
p region depletion region n region
p
* Built-in voltage V};: 0
Er — E.,(x)] [ Ec(x) — Ep} —aN \—
=Ny, exp|— ——|, n(x)=Ncexp|— ———|. :
o) = Mo exp |- T () = Ne exp |~ £ )
p(Xn) = exp |:_ EV(XP) - Ev(Xn):|. ﬁ_ 14
P(XP) kT dx € 3
777777777777777 &
w
o dip ¥
£ dx Vi
W :
W, W,

Xp Xj Xn
M. B. Patil, IIT Bombay



Xp Xj Xn

pn junction in equilibrium ‘ E.
qVy,
Er E
m 5
neutral - - - neutral aNg
p region depletion region n region
p
* Built-in voltage V};: 0
ErF — E E — E - \—
p(x) = N, exp {— FTV(X)], n(x) = N¢ exp [— %} aN, 0
p(Xn) = exp |:_ EV(XP) - Ev(Xn):|. £ 14
p(xp) kT dx € 3
_, Plxa)n(xa) _ mf op (_ qui)‘ 777777777777777 —&
p(xp)n(xn)  NalNg kT W
_dy ¥
£ dx Vi
W :
W, W,

Xp Xj Xn
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pn junction in equilibrium ‘ E.
qubi

Ee
m

neutral - - - - neutral
p region depletion region n region
* Built-in voltage V};:
EF — E E.(x) - E
p(x) = Ny exp {— FTV(X)], n(x) = Nc exp [— %
Ple) _ o [ Eop) B
P(xp) kT

plani) _ (v
- P(Xp)n(xn) - NaNg N P( kT )

The built-in voltage V,; is therefore given by

Vbi = E Iog <NaI2Vd>
q n

i
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pn junction in equilibrium | E.
qubi

Ee
m .

neutral - - - neutral aNg
p region depletion region n region

Example:

0
For a silicon pn junction with N; =5 x 10" cm—3, Ny =107 cm~3, —aN

compute Vi at T=300K. (n;=1.5 x 101°cm—3 at 300K.)

0
@€ _r
dx € &
fffffffffffffff —&m
W
£ dy ¥
dx Vi

Xp Xj Xn
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pn junction in equilibrium ‘ E.
qubi

Ee
m .

neutral — - - neutral aNg
p region depletion region n region
p
Example: 0
For a silicon pn junction with N; =5 x 10" cm—3, Ny =107 cm~3, N
compute Vi at T=300K. (n;=1.5 x 101°cm—3 at 300K.) N 0
Solution:
KT . NaN ¢“or
Vbi = — |Og a2d dx € €
q n’
Ao S — &
W
e dy ¥
dx Vi
Wl ‘
W, W,
Xp Xj Xn
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pn junction in equilibrium ‘ E.
qubi

Ee
m .

neutral - - - neutral aNg
p region depletion region n region
p
Example: 0
For a silicon pn junction with N; =5 x 107 em=3, Ny =107 cm—3, N
compute Vi at T=300K. (n;=1.5 x 101°cm—3 at 300K.) N 0
Solution:
KT | NN @€ _»r
Vbi = — |Og a2d dx € €
e N _e
(5 x 1017)(10'7) "
=(0.0259V)log ———— -~
( Jlog =15 x 100)2 w
_dy W
£ dx Vi
W ‘
W, W,
Xp Xj Xn
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pn junction in equilibrium ‘ E.
qVy,;
Er E
m |
neutral - - - neutral aNg
p region depletion region n region
p
Example: 0
For a silicon pn junction with N; =5 x 107 em=3, Ny =107 cm—3, N
compute Vi at T=300K. (n;=1.5 x 101°cm—3 at 300K.) N 0
Solution:
KT | NN @€ _»r
Vbi = — |Og a2d dx € €
e N _e
(5 x 1017)(10'7) "
=(0.0259V) log ~———2———~
( Jlog =15 x 100)2 w
=0.86V = ¥
dx Vi
W ‘
W, W,
Xp Xj Xn
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p region depletion region n region

Electric field £(x):
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Electric field £(x):
di

* &= — =0 in the neutral regions.
dx
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pn junction in equilibrium | E.
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Electric field £(x):

dy

* &= — =0 in the neutral regions.
dx

Xn Xn p
* In the depletion region, / d€ = / E dx.
Xp Xp €
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Electric field £(x):

0
d
* &= d—w =0 in the neutral regions. —gN
Ix

Xn Xn P 0
* In the depletion region, / d& :/ = dx.

Xp Xp € d& £
dx € 3

Xn
Since £(xp) = £(xn) = 0, we must have / i dx =0,
€

x < Y e —Em
which means the area under the p versus x curve must be zero.

- dip
dx Vi

Xp Xj Xn
M. B. Patil, IIT Bombay



Xp Xj Xn

pn junction in equilibrium ‘ E.
qubi
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neutral - - - - neutral
p region depletion region n region

Electric field £(x):
di

* £=— =0 in the neutral regions.
dx
Xn Xn P
* In the depletion region, / d& :/ = dx.
Xp Xp €

Xn
Since £(xp) = £(xn) = 0, we must have / Pdx =0,
xp €

which means the area under the p versus x curve must be zero.

W, Ny
e, NaWp = NgW, — —2 = =%
e aVVp d VWn w, N,
— The depletion width is larger on the lightly doped side.
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Electric field £(x):
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Electric field £(x):

* Since p is piecewise constant, £ must be piecewise linear.
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Xp Xj

Xn

pn junction in equilibrium ‘ E.
qubi
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m

neutral }

Electric field £(x):

p region

depletion region

neutral
n region

* Since p is piecewise constant, £ must be piecewise linear.

* The maximum value (magnitude) of £ occurs at x = x;.

Xj
/ d€ =
Xp

—Em =

M. B. Patil, IIT Bombay

1

€

€

Xp

_ N W, _

qu W,
€

Xj 1
/ pdx = —Em — 0= —(—qN,W,)
€

 NaWp = Ng W
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P
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0
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Potential ¥(x):
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pn junction in equilibrium | E.
qubi
Ee

Potential ¥(x):
d&é

* Xp < X < Xt d—:—
Ix
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N

neutral - - - - neutral
depletion region

p region n region
Ny N, N,

qia%—b—)g(x):—qax—‘rkl.
€ € €
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Potential ¥(x):
d&é Ny N, N,
*xp<x<xj:—:—q—a~ 9% S()——qax+k1
dx € € €
N,
Since £ =0 at x=xp, we get £(x) = — g 2(x — xp)
€
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p
Potential ¥(x): 0
d&é Ny N, N,
*xp<x<xj:—:—q—az—u—>5(><):—qax+k1. —agN,
dx € € €
qN, 0
Since £=0 at x=xp, we get E(x) = — —(x — xp).
€ d€ »p
N, [x? Poa— £
—>w(x):—/€dx:qa[——xpx}—i—kg. dee
€ 2
777777777777777 &
w
e dy "
dx Vi
W ‘
W, W,

Xp Xj Xn
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depletion region

p region n region
Potential ¥(x):
Ny N, N,
* Xp < X < Xt ﬁ:—q—az—b—)S(x):—q 2x + k1.
dx € € €
. qlN,
Since £=0 at x=xp, we get E(x) = — —(x — xp).
€

N 2
%w(x):—/gdx:% [%—xpx} + ko.

Taking 1(xp) =0, we can find k.

—P(x) =

N.
T2 (x = xp)2.
2¢
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Potential ¥(x):
dé N N,
¥ xp < x < Xt Lo 9% L I ex) =
dx €
. qNa
Since £=0 at x=xp, we get E(x) = — —(x — xp).
N,
— (x) = /Ed qa[g—xpx}wq
€

Taking 1/J(xp):0, we can find k3.

= P(x) =
If x; is taken as 0, i.e., x < (x — x;), we get
w(x) = T2 >
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Potential ¥(x):

* X < X < Xnp:
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pn junction in equilibrium | E.
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p region n region
Potential ¥(x):
* x; < X < Xp:
For convenience, let us take x; =0 — xp = — W), xp = W,.
dé  qNj  gN, N
it :qidzuag(x):ux—f—kg.
dx € € €
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Potential ¥(x):
* X < X < Xp!
For convenience, let us take x; =0 — xp = — W), xp = W,.
d€ NF N N,
7:q7dzu_>g(x):ux+k3_
dx € € €

N,
Since £ =0 at x = W, we get £(x) = %4 x — Wh).
€
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Potential ¥(x):
* X < X < Xp:
For convenience, let us take xj = 0 = xp=—W,, xp=W,.
d&  qN7 N, N,
7:7dzu_>g(x):ux+k3_
dx € € €

N,
Since £ =0 at x = W, we get £(x) = %4 x — Wh).
€

N, 2
%w(x):—/gdx:—qu{%—an}—l—kzp

M. B. Patil, IIT Bombay

aNg
P
0
—gN \—
0
e _»
dx € &
——————————————— —&m
o dl;‘i' L'
o Vi
W, : W, .



Xp Xj Xn

pn junction in equilibrium ‘ E.
qubi

Ee
m

neutral - - - - neutral
depletion region
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Potential ¥(x):
* X < x < Xp:

For convenience, let us take Xj =0 = xp=—Wp, xn=W,.
d& N N, N,
7:q7dzu_>g(x):ux+k3_
dx € € €

N,
Since £ =0 at x = W, we get £(x) = u x — Wh).

— Y(x) = /de_ aNg

{i—m%+m
€

2

We can find ks using continuity of 1 at x=0.
qNa,

2¢ p'

= p(x) = "’[w 2}+
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Xp Xj Xn
aNg
E
‘ qVy, P
Er
E, _\ 0
N —aN,
neutral | - - - neutral 0
p region depletion region n region
e _p
[ dx € 2
Ve 0 N —&n
w
| 0 e _dv v
dx Vbi
&
X
‘ W, W,
& Xp X; Xn
Numerical Analytical
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Xp X Xn
aNg
E
‘ lqvbi P
Er
E, 0
—qN, \—
neutral | - - - neutral 0
p region depletion region n region
4 _»r
dx € 2
——————————————— —E&m
w
0 g% v
dx Vbi
&
‘ X
W, W,
& Xp X; Xn
Numerical Analytical

* pn junction in equilibrium: The band diagram is consistent with Poisson’s equation.
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Xp

Xj Xn

} neutral

neutral ~—
p region

depletion region n region

—Em

Numerical

aNg
p
0
—gN \—
0
4 _»r
dx € 2
—————————————— —Em
W
E—_ dv v
dx Vbi
W, | w,
Xp Xj Xn
Analytical

* pn junction in equilibrium: Depletion approximation agrees well with numerical results.
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Depletion region width W':
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Depletion region width W:
The built-in voltage V; is given by the area under the £(x) curve.
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p region depletion region n region
p
Depletion region width W: 0
The built-in voltage V; is given by the area under the £(x) curve. \
—qiN,
1 1 1 1 gN. W,
Voi= =EmWp+ =EqWp = = EqW = - ———W. 0
bi 2 mVWVp > mVVn > m > .
4 _»
dx € 3
777777777777777 &
w
e dip ¥
dx Vi
W, -
W, W,

Xp Xj Xn
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Depletion region width W:
The built-in voltage V; is given by the area under the £(x) curve.

1 1 1 1 gN,W,
Vii = 55,,,W,,+§5,,,Wn: 5g,,,W: E%W.
Since W,, + W, =W and W,,Nyg = W,,Na, we get
N, N,
Wop=—2"W, Wo=-—29_W
N3+Nd N3+Nd
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Depletion region width W:
The built-in voltage V; is given by the area under the £(x) curve.

1 1 1 1 gN,W,
Vbi = ingp“"Engn: Eng: 5 %W
Since Wy, + Wp =W and W,Ng= W,N,, we get
N. N,
Wo= —"2 W, Wy=—2 W
N, + Ny Nz + Ny
1 N, N, 2 N, N,
— W= = g _Mal¥d Wz, e, W= € (g) Vi
2 ¢ Ny+ Ny g \ Nalg
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Er
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neutral - - - neutral aNg
p region depletion region n region
P
For an abrupt, uniformly doped silicon pn junction, N; =5 X 1017 em—3. 0
Compute Vii, W, Wy, W, and Em for Ny =10%, 107, 5 x 10%7, 108,
and 5 x 10 cm=3 (T =300K). —aN,
0
@€ _r
dx ¢ &
777777777777777 — &
w
£ dy ¥
dx Vi
Wl ‘
w, W,

Xp Xj Xn
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For an abrupt, uniformly doped silicon pn junction, N; =5 x 1017 cm—3.

Compute Vii, W, Wy, W, and Em for Ny =10%, 107, 5 x 10%7, 108,
and 5 x 10 cm=3 (T =300K).

Solution:
N3N,
Vbi = VT |0g ;2d
i
1 17 1 1 16
—0.0250V x log 2 X 107)(1 x 107)
(1.5 x 1010)2
=0.8V.
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W [ (B
q NaNy
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2ereq [(Na+ Ny
— ) Vi
q NaNd
2 x 11.7 x 8.85 x 10~14 ( 5 x 1017 + 1 x 1016 ) 08)
1.6 x 10—19 (5 x 1017)(1 x 1016) /) =

w
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W = 2¢réo (M) Vii
q NaNd
_ [2x11.7x8.85x 1071 ( 5 x 1017 4+ 1 x 106 ) 08)
B 1.6 x 10—19 (5 x 1017)(1 x 1016) )

=3.24 x 107 5cm
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P
W= 2€r€0 (Na + Nd) Vi 0
q NaNg —gN
2 x11.7 x 8.85 x 10~ /5 x 1017 + 1 x 10%6 0
= (0.8)
1.6 x 10—19 (5 x 1017)(1 x 1016) s
ax € &
=3.24x 10 5cm o
777777777777777 —&n
= 0.324 pm.
o dy W
£ dx Vi
‘ X
W W
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W = 2¢réo (M) Vii
q NaNd
2 x 11.7 x 8.85 x 10~14 ( 5 x 1017 + 1 x 1016 ) 08)
1.6 x 10—19 (5 x 1017)(1 x 1016) /) =

=3.24 x 107 5cm

= 0.324 pm.

F/cm cm—3
/ X

Units: XV =cm

Coul cm—0
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N, N,
W, W =0318um, W,= 9 W =0.006 pm.

:Na+Nd N, + Ny
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N, Ny
W,=———W=0318um, W,=——W =0.006pum.
" Na + Nd K P Na + Nd a
gm = qu W,, or qNa Wp
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pn junction in equilibrium ‘ E.
qVy,
Er ;
m |
neutral ~—} - - | neutral aNg
p region depletion region n region
P
Na Nd
W,=—"—W=0318um, W,=—"— W =0.006um. 0
"7 Na+ Ny a P N, + Ng p
N, N ~al.
Sm:uWnoranp 0
€ €
1.6 x 1071° Coul x 1016 cm—3 @€ _»
= x (3.18 x 1073 cm) dx € 3
11.7 x 8.85 x 10~ 14 F/cm
777777777777777 ~En
w
o dl;‘i' w
o dx Vi
‘ X
W, W,
X Xn
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N, Ny
W,=———W=0318um, W,=——W =0.006pum.
" Na + Nd K P Na + Nd a

N, N,
Sm:—qun orqa
€

WP
€

1. 1019 | x 1016 -3
6 x 1077 Coul x 107em ™2 3 15 10-5 cm)
11.7 x 8.85 x 10~ 14 F/cm

=4.9 x 10*V/cm
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N, Ny
W,=———W=0318um, W,=——W =0.006pum.
" Na + Nd K P Na + Nd "
qNy qNa

Em=— W, or W,
€

€

1.6 x 10719 Coul x 100 cm—3
11.7 x 8.85 x 10~ 14 F/cm

x (3.18 x 1073 cm)

=4.9 x 10*V/cm

=49kV/cm.
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Effect of Ny, with N; =5 x 1017 cm~—3 held fixed.
(Vhi in Volts, W, W,,, W, in um, Em in kV/cm.)
Ny (cm_3) Vi w W, Wp Em
1.0 x 10* | 0.80 | 0.324 | 0.318 | 0.006 | 49 o
d
1.0 x 107 0.86 | 0.115 | 0.096 | 0.019 | 148
5.0 x 10%7 0.90 | 0.068 | 0.034 | 0.034 | 263 r
1.0 x 10 | 0.92 | 0.060 | 0.020 | 0.040 | 307 0
5.0 x 108 0.96 | 0.052 | 0.004 | 0.047 | 366 —aN,
0
e _»
dx e 3
777777777777777 —&n
W
_ dy Y
o dx Vi
. X
W, W,
Xp Xj Xn

M. B. Patil, IIT Bombay



Effect of Ny, with N; =5 x 1017 cm~—3 held fixed.
(Vhi in Volts, W, W,,, W, in um, Em in kV/cm.)
Ny (cm_3) Vi w W, Wp Em
1.0 x 10* | 0.80 | 0.324 | 0.318 | 0.006 | 49 o
d
1.0 x 107 0.86 | 0.115 | 0.096 | 0.019 | 148
5.0 x 10%7 0.90 | 0.068 | 0.034 | 0.034 | 263 r
1.0 x 1018 | 0.92 | 0.060 | 0.020 | 0.040 | 307 0
5.0 x 108 0.96 | 0.052 | 0.004 | 0.047 | 366 —qN,
0
_ NaNy o 2e [Ny + Ny
* Vi = Vrlog 2 W= ;(7N3Nd Vb, & _p
N N dx € 3
W,=—2__w, W, = _Nd
N; + Ny No+Ng L Y —&m
W
_ dy W
o & Vi
‘ X
W, W,
Xp Xj Xn
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Effect of Ny, with N; =5 x 1017 cm~—3 held fixed.
(Vi in Volts, W, W,,, W, in um, En in kV/cm.)
Ny (cmf?’) Vi w W, Wp Em
1.0 x 106 | 0.80 | 0.324 | 0.318 | 0.006 | 49 o
d
1.0 x 107 | 0.86 | 0.115 | 0.096 | 0.019 | 148
5.0 x 1017 | 0.90 | 0.068 | 0.034 | 0.034 | 263 r
1.0 x 108 | 0.92 | 0.060 | 0.020 | 0.040 | 307 0
5.0x 108 | 0.96 | 0.052 | 0.004 | 0.047 | 366 —aN,
0
NaNy 2¢ ([ N; + Nd)
* Vi = V7l W=, /= ([ —=—2) W,
bi T log n,-2 q ( NaNd bi gzg .
N, Ny dx €
=W, Wp=—-— _s
N; + Ny No+Ng L Y m
Ng < N, (p*n junction): w
dv :
W, =~ W, and W is determined mainly by Ng. E=— d—; ¥ v
bi
‘ X
W, W,
Xp Xj Xn
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Effect of Ny, with N; =5 x 1017 cm~—3 held fixed.
(Vi in Volts, W, W,,, W, in um, En in kV/cm.)

Ny (cmf?’) Vi w W, Wp Em
1.0 x 106 | 0.80 | 0.324 | 0.318 | 0.006 | 49
1.0 x 107 | 0.86 | 0.115 | 0.096 | 0.019 | 148
5.0 x 1017 | 0.90 | 0.068 | 0.034 | 0.034 | 263
1.0 x 108 | 0.92 | 0.060 | 0.020 | 0.040 | 307
5.0x 108 | 0.96 | 0.052 | 0.004 | 0.047 | 366
N3Ny 2¢ (N, + Nd)
* Vi = V7l , W = —_ Vi i
b T log q NoN, b
N
= _Na w, w,= d
Na + Nd Na + Nd

Ny < N, (p*n junction):
W, =~ W, and W is determined mainly by Ng.

N, < Ny (np junction):
W, =~ W, and W is determined mainly by N,.
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Effect of Ny, with N; =5 x 1017 cm~—3 held fixed.
(Vhi in Volts, W, W,,, W, in um, Em in kV/cm.)
Ny (cm_3) Vi w W, Wp Em
1.0 x 10* | 0.80 | 0.324 | 0.318 | 0.006 | 49 o
d
1.0 x 107 0.86 | 0.115 | 0.096 | 0.019 | 148
5.0 x 10%7 0.90 | 0.068 | 0.034 | 0.034 | 263 r
1.0 x 10 | 0.92 | 0.060 | 0.020 | 0.040 | 307 0
5.0 x 108 0.96 | 0.052 | 0.004 | 0.047 | 366 —aN,
0
e _»
dx e 3
777777777777777 —&n
W
_ dy Y
o dx Vi
. X
W, W,
Xp Xj Xn

M. B. Patil, IIT Bombay



Effect of Ny, with N; =5 x 1017 cm~—3 held fixed.
(Vi in Volts, W, W,,, W, in um, En in kV/cm.)
Ny (cm*?’) Vi w W, Wp Em
1.0 x 10* | 0.80 | 0.324 | 0.318 | 0.006 | 49 o
d
1.0 x 107 0.86 | 0.115 | 0.096 | 0.019 | 148
5.0 x 10%7 0.90 | 0.068 | 0.034 | 0.034 | 263 r
1.0 x 10" | 0.92 | 0.060 | 0.020 | 0.040 | 307 0
5.0 x 10 | 0.96 | 0.052 | 0.004 | 0.047 | 366 —aN,
0
* For high doping densities such as 108 cm—3, degenerate
statistics should be used for higher accuracy, i.e., ((jTg _r e
X €
2 . EF — E,
n= Nc ﬁf1/2(nc)y with ¢ = % and | N —En
W
2 . E, — EF
p= Ny — Fi/5(nv), withpy, = ———. ~dy g
VT kT E=—- a v
. X
W, W,
Xp Xj Xn

M. B. Patil, IIT Bombay



A
A

pn junction in equilibrium: current densities

neutral } ot - } neutral
p region depletion region n region

108 T T . .
0 r

1014

10%°

10°

10? : : ‘ : :
19.7 20 20.3

x (um
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® (n)
Z/ )(J =/
. . . .y . .. D b)
pn junction in equilibrium: current densities ¢ ¢
N, Ny
f ) Y
. ¢ ¢
* The diffusion currents can be expected to be substantial since s XXX """""""""
there is a large change in n or p between the p-side and the " ! "
n-side. E.
qVy,;
Er
l
neutral } - - } neutral
p region depletion region n region

1018 . . . .
0 T

1014

10%°

10°

102 L L L L L
19.7 20 20.3
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P ()
Z/ XJ =/
. . . .y . .. D b)
pn junction in equilibrium: current densities ¢ ¢
N, N
f ) Y
. ¢ T
* The diffusion currents can be expected to be substantial since s XXX """""""""
there is a large change in n or p between the p-side and the " ! "
n-side. E.
T . . . qVy,i
* In equilibrium, the drift and diffusion currents are equal and Er
opposite for eletrons as well as holes, i.e., =
diff _ __ jdrif diff _ __ ydrif v
Jnl — 7Jnnt7 JPI — *Jp”t. x
neutral } - - } neutral
p region depletion region n region

1018 . . . .
0 T

1014

10%°

10°

102 L L L L L
19.7 20 20.3

M. B. Patil, IIT Bombay



® X ®
. . . e - . > - J - b)
pn junction in equilibrium: current densities ¢ ¢
N, Ny
L, >
i < ¢
* The diffusion currents can be expected to be substantial since e XXX """""""""
there is a large change in n or p between the p-side and the " ’ "
n-side. E.
L . . i qVy,i
* In equilibrium, the drift and diffusion currents are equal and Er
opposite for eletrons as well as holes, i.e., =
diff _ __ jdrif diff _ __ ydrif v
Jnl — 7Jnnt7 JPI — 7Jpr|t_ x
* Qualitatively, we can see that the diffusion and drift currents neutral ~—| I neutral
will be in opposite directions: p region depletion region n region
108 ‘ ‘ T ‘ ‘

1014

1010

10°

102 L L L L L
19.7 20 20.3
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B )
® X; L
. . . e - . > J b)
pn junction in equilibrium: current densities ¢ ¢
N, N
E ) y
i < ¢
* The diffusion currents can be expected to be substantial since e XXX """""""""
there is a large change in n or p between the p-side and the " ’ "
n-side. E.
L . . i qVy,
* In equilibrium, the drift and diffusion currents are equal and Er
opposite for eletrons as well as holes, i.e., =
diff _ __ jdrif diff _ __ ydrift v
Jnl — 7Jnnt7 JPI — 7Jpr|t. x
* Qualitatively, we can see that the diffusion and drift currents neutral ~— I+ neutral
will be in opposite directions: p region depletion region n region
Electrons: 108

Fff a— £, Fift
1014

1010

10°

102 L L L L L
19.7 20 20.3
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B )
® X; L
. . . e - . > J b)
pn junction in equilibrium: current densities ¢ ¢
N, N
E ) y
i < ¢
* The diffusion currents can be expected to be substantial since e XXX """""""""
there is a large change in n or p between the p-side and the " ’ "
n-side. E.
L . . i qVy,
* In equilibrium, the drift and diffusion currents are equal and Er
opposite for eletrons as well as holes, i.e., =
diff _ __ jdrif diff _ __ ydrift v
Jnl — 7Jnnt7 JPI — 7Jpr|t. x
* Qualitatively, we can see that the diffusion and drift currents neutral ~— I+ neutral
will be in opposite directions: p region depletion region n region
Electrons: 108

Fff a— £, Fift

1014
Holes:
fgiff e, &, ]-—grift . 100

10°

102 L L L L L
19.7 20 20.3
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~—p/q(approx)

| —s/aeact) ]

neutral
p region

-

depletion
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Xj

%j

depletion
region
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neutral
n region
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7 \drift
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19.84
X (1m)
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/Summary ‘

1018

1014

1010

10°

neutral
p region

-

depletion

region

Xj

%j

depletion
region

neutral
n region

=N

10
2k Ny g
s = p/q(approx) 4
[ — p/q(exact) |
[ (in 10" em3)
0 o
| | ‘ Jﬁrlﬂ
-1 N 1 (in 10*A/em?) (in 10° A/cm?)
I . I I _5 I I I
19.7 20 20.3 19.84 20 20 20.12
x (pm) X (1m) x (pm)
* There are three regions: p neutral region, n neutral region, and depletion region.
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10%
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neutral
p region
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depletion

region

Xj

%j

depletion
region

=N

neutral
n region

(in 10*A/cm?)

7 \drift
S0

(in 10°A/cm?)
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Xj %j

Xp Xn
J neutral depletion depletion neutral
p region region region n region

Summary ‘
\ ) ¢ qubi T T T T T T T T T

1018

1014

1010

10°

10
2 i Ng 7 6
S ~—p/q(approx) 4
[ — p/q(exact) |
[ (in 10" em3) 0
0 ‘,"-'Jdrift
“1p N 1 (in 10*A/em?) : (in 10° A/cm?)
I _ I I _5 I I I
19.7 20 20.3 19.84 20 20 20.12
x (um) x(um) (1)

* The electric field is zero in the neutral regions and maximum (in magnitude) at the junction.
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~—p/q(approx)
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neutral
p region

-

depletion

region

Xj

%j

depletion
region

=N

neutral
n region

(in 10*A/cm?)

7 \drift
S0

(in 10°A/cm?)

203

19.84
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20.12
X (pm)
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( Summary ‘

1018

1014

1010

10°

Xp
neutral
p region

depletion

region

Xj

%j

depletion
region

Xn
neutral
n region

10?
2k Ny g
S ~—p/q(approx) 4
[ — p/q(exact) |
[ (in 10" em3)
0 o
| | ‘ Jﬁrlﬁ
1 N, 1 (in 10" A/cm?) (in 10° A/cm?)
I . I I _5 I I I
19.7 20 20.3 19.84 20 20 20.12
x (pm) x (pm) x (pm)
* There is a potential difference — the built-in voltage W,,; — between the neutral p and neutral n sides.
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(in 10*A/cm?)
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/Summary ‘

1018

1014

1010

10°

10%

i Ny

(in 10" cm3)

~—p/q(approx)

— p/q(exact) |

neutral
p region

-

depletion

region

Xj

%j

depletion
region

=N

neutral
n region

(in 10*A/cm?)

- drift
S0

(in 10°A/cm?)

x (im)

203

19.84
X (1m)

20.12
X (pm)

* Jp and Jp are individually zero because the drift and diffusion components cancel out.
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