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O Preliminaries

* Junction Terminology/ldealized Profiles
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Np—Na Np =N
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Actual profile Actual profile

------ Step junction -=-=-==- Linearly graded junction
idealization idealization
(a) (b)
Step (abrupt) junction Linearly graded junction

v The step junction is an acceptable approximation to an ion-
implantation or shallow diffusion into a lightly doped starting wafer
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* Poisson’s Equation

Yo, 1-Dimension | d" o,

V.o« = : =
K&, dx K&,

K, is the semiconductor dielectric constant and g, is the permittivity
of free space. p is the charge density (charge/cm3)

p=q(p—n+N,—N,)

. . dE
0 IS proportional to —
dx

 Qualitative Solution
v’ Let us assume an equilibrium conditions
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v It is reasonable to expect regions far removed from the metallurgical
junction to be identical to an isolated semiconductor.

Np =Ny
A
Np
> X
A
E,
Ef
---------------------------- E;
Ey
p-side n-side
(a)
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v Under equilibrium conditions, the Fermi level is a constant

.............. E,
Eg
-------------- E,
Eq
(b)
- Ey
\ ______________ o
E,
(c)
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P-N Diode Junction Energy Band
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Equilibrium P-N Junction

V=0

| N |
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Forward Biased P-N Junction
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Reverse Biased P-N Junction

E,
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vV versus x relationship must have the same functional form as the
“ upside-down” of Ec

Y

Bioelectronic & Systems LaV
PPINCICCIT ONIr o l") 2CTI2 T /I



Semiconductor Device Fundamentals Chapter 5. PN Junction Diodes

A
L _ar .
dx
(c)
p
A
d- p
> X
dx KSEO

(d)
v The voltage drop across the junction under equilibrium conditions and the

appearance of charge near the metallurgical boundary

v Where does this charge come from?
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v Charge neutrality is assumed to prevail in the isolated, uniformly
doped semiconductors
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Charge redistribution
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v The build-up of charge and the associated electric field continues until

the diffusion is precisely balanced by the carrier drift
v The individual carrier diffusion and drift components must of course

cancel to make Jy and Ji separately zero

 The Built-in Potential (V)
v'Consider a nondegenerately-doped junction
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' __
o

_4ar
dx

v Integrating

Y T
—X, | Vi(=x,) n P bi

, d
Jy =qu n’ +qDy o
dx

v" Solving for* and making use of the Einstein relationship, we obtain

Dydnidx kT dn/dx
H, 7 qg n

o
o =
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In n(x, )
n—(xp) n q n(_xp)

)
n;

NA

A R

Xp q

I”l(xn) = ND, n(_xp) _

Vii = k—Tln NAJZVD

q n
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The Depletion Approximation
v' ltis very hard to solve

dE. ¢
—=—(p—n+N,—N
I ksgo (p D A)

(1) The carrier concentrations are negligible in — X, SX<Xx,
(2) The charge density outside the depletion region=0
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P=q(Np—Ny)

=() / p=0
/ \
‘/ ExaCt P N
de” Jo,
= : b > X
—Xp 0 o
(a)
_ NA) P
4
. [ [l +
v" Depletion Approximation %
- g S~ X, T
d((/( —(ND_NA) .. ._.xp <x<Xx | Exact
dx ------ Depl. Approx.
0 . x<—x and x 2 x,
\ (b)
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O Quantitative Electrostatic Relationships

» Assumptions/definitions

—— I
=
+ ¥
Ohmic contacts
]
7
/
/
n-silicon | 7
]
|
> | N
f , N Area (cm?)
; -
r =0
X
(a) (b)
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* Step Junction with V,=0

v" Solution for p } Np—Na
r N
—gN, ...—x,<x=0 H 3
Py qN, ... 0=<x<x
L 0 o o o x S _xpand x 2 Xn ’NA
v" Solution for ¢~ (a)
- AP
|mqN, T Kggy ..o —x,<x<0
d((( ‘?f\’n —————
d_x< qND /ngo « o O S X S Xn —Xp - S i
0 ... x<—xand x> x,
_‘,“VA
(b)
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v’ For the p-side of the depletion region

C(x) L x gN
j Aot =—[" 42 gy
0 p ngo
\ N
() =LA (x 1 x)
Ké,

v" Similarly on the n-side

gN
d((I D dx
(x) X ng()
gN
() ==L (x, —x)
K.,
Npx, = Npx,
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v’ SolutionforV (¢ =—dV /dx ) u‘
( qN : | > X
2 (x, +Xx) o= x, <x<0
dv | Ks&,
_— =
dx N
1 2 (x, —X) ... 0<x <x
K.
L "S€0
v With the arbitrary reference potential set equal to
zero at x=-x, and V, across the depletion region
equilibrium conditions S

V=0 at X=-X

V=V, at x=x
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v' For the p-side of the depletion region \ &
V() « gN | »
oAV = T7A (x, +x")dx’ i
~p KSEO
N
V(x) =q—A(xp +x)° .. —x, <x<0
2K &,
v" Similarly on the n-side of the junction
gNp 2
V(x)=V, — (x, —x)
2K ¢, > x
N N
. xlf:Vbi——q D x>  @x=0
2K g, 2K &,

TNETCCITOIYC O DA2RCTIIN? T\ :‘/
y
_ j



Semiconductor Device Fundamentals

v' Solution for x,, and x,
N X = Npx

1/2

| 2Ké, N, b
’ g Ny(N,+Ny) i

1/2

N x | 2K.&, N,
xp = VLi
Ny L g Ny(Ny+Np)

1/2

2K, ( N, +N, .
d

W=x,+x, = :
q NNy
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Depletion width

Bioelectronic & Systems Lab,
DIITNCTCCCTNOITTIE O NA 2007112 r!nq‘:_,.ﬁ_z«‘



Semiconductor Device Fundamentals Chapter 5. PN Junction Diodes

 Step Junction with V,#0
v When V, > 0, the externally imposed voltage drop lowers
the potential on the n-side relative to the p-side

Va dropped here

Negligible voltage drop (low-level injection) Negligible voltage drop (low-level injection)

Negligible voltage drop Sy \ —e / o Negligible voltage drop
(ohmic contact) (ohmic contact)

P N
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v The voltage drop across the depletion region, and hence the
boundary condition at x=x,,, becomes V-V,

1/2
2K
B e B | S/
q NA(NA+ND)
2K N 1/2
x, =| 2250 A
g N,(N,+N,)
— =1/2
W 2K.e, | Ny, + Ny V. —V)
bi A
4 NNy, |
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« Examination/Extrapolation of Results
v Depletion widths decrease under forward biasing and increase
under reverse biasing
v'A decreased depletion width when V, > 0 means less charge
around the junction and a correspondingly smaller: -field.
Similarly, the potential decreases at all points when V, >0
v' The Fermi level is omitted from the depletion region

Ly,

p_

n — _qVA
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N

R p——

A

o Va<0
—— W} V=
H_—*i VA>0

(a)

LL VA<0
Va=0

VA>O

- -

(b) (d)

Bioelectronic & Systems Lalg/
INCICCIT OIIG O "’) 2rCIM2 T g



Semiconductor Device Fundamentals Chapter 5. PN Junction Diodes

(a) Equilibrium (VA = 0)

(b) Forward bias (VA > 0)

(c) Reverse bias (VA < 0)

pn junction energy band diagrams.
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Summary
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Summary
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