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Outline

1) Introduction to p-n junctions
2) Drawing band-diagrams
3) Accurate solution in equilibrium

4) Band-diagram with applied bias

Ref. Semiconductor Device Fundamentals, Chapter 5
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What is a Diode good for ....

solar cells GaAs lasers

Organic LED
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p-n Junction Devices ...
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Topic Map

Equilibrium | DC Small Large Circuits
signal Signal
Diode ‘
Schottky
BJT/HBT

MOS
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Drawing Band Diagram in Equilibrium...

VeD=q(p-n+Nj—N,) < equilibrium
on 1
EZEV.JN_rN_l_gN A
Jy =qnuE+qgD,Vn DC dn/dt=0
Small signal dn/dt ~ jot x n
op — _1VQJP —1,+0, Transient --- full solution
o q

Jp =apspE—-qD VP )
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P and N doped Material Side by Side ...

A
/SN

k

N-doped P-doped
Conduction Band Conduction Band
R ——
_______ Er
——————— E
Ev Eee——
Valence Band Valence Band

No electron transfer under
ordinary circumstances!
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Forming a Junction

FOHCOHOHOEO |(GEGEHEEH®EGE
N, (EomcmorcEocEcEcEEEEE | N ,
HOHOHOHOHO |(GECEEEEEEGE
A
n=N_ p=N,
— Ny =n
Junction -
Actual Carrier
T n — Concentrations
In(n), n-side el o p-side
In(o)
P O
Bulk Region Depleted Bulk Region _
Region X
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Formation of a Junction
FOHOEOHE 0 DOEGEHCE
Np |[EOomEOEOE 2 zeaezea| N,
FOHOHOH [ ECEEGEHCEE
In(Np) === | In(N )
l I
In(n) §  n(p)
SRR IS R
\ .
Q=p-n+Ny-N, aNp Depleted Region

Bulk Regionﬁ‘
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Sketch of Electrostatics

Potential Vy R
position
N
X N, = 4 X,Np
E-field Ko
> position
N : :
aN,
pP-N+ND-NA L
Depleted
Region
> position
Bulk Region X”!exp \_ Bulk Region

-gN,, @




Sketch of Electrostatics

N
Potential Xn | p

\ > position

Band Diagram

E—— o XY | A [e] ]
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Outline

1) Introduction to p-n junctions
2) Drawing band-diagrams
3) Analytical solution in equilibrium

4) Band-diagram with applied bias
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Short-cut to Band-diagram

Space
Neutral Charge

Neutral

No | N,

.. is equivalent to solving the Poisson equation

Alam ECE-606 S09




Built-in Potential: boundary conditions @infinity

A+ +aqVyi =1, + Eg,2 —A,
aVy =E ., —A, —A+ 1, -1

N N
:(Eg12+kBTln A j+kBT|nND —I—()(Z—;(l)

V.2 Cl

N, N
=KgT In N Ae—régz/kBT +(;(2 —;(1)
V2 "Cl
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Interface Boundary Conditions

. y /\x > position
E = (D/ke.) y i
X, \

X

*D

> position
P

D, = K,&,E(0) =K,&,E(07) = D,

E(O)z%E(O*)

Displacement is continuous across the interface, field need not be ..
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Built-in voltage for Homo-junctions

Space
Neutral Charge Neutral
N_ [N,
qVy,
""""" T / X Vacuum level
______________ |
X1 E.
________________________________________________________________ EF
Ey
N,N N,N N,N
qVyi =kgT In Nv,chie_[ég’Z/kBT +(Zz _Zl) =kT In N, NCAe_E[;/kBT =Kk;T In ?\iz D
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Analytical Solution of Poisson Equation

Depleted Region

A qND
p-n+N,-N, -qN,
> position
SIS >
XN Xp
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Analytical Solution for Homojunctions

A :
(Charge) aNo -gNA
p-n+ND-NA
position
Xn ,éXp ~1
N |
E-field i
Y i g position
Potential :
Vi
| N7 o
! position

Small !
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Depletion Regions in Homojunctions

Space
Neutral Charge Neutral
ND NA
—<
Xy X
\
NDXn — NAXp Xn _ 2ksgo NA Vbi
g Np(Ny+Np)
2 2 >
qv, = Ao, +qNAxp X = 2ksgo Np V
2K &, 2K &, p q NA(NA+ND) bi

_/

HW: Solve the same problem for a hetero-junction
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/Complete Analytical Solution

P =0(No - Na)
_ | _
p =0 s =0
/PV
p oo TT T
qND /
-Xp ’
X > X  — X
Xn Xp Xn
-gNA
“Xp<x<0
d€
i 0<Xx<Xn
dx N
J-e(x)dg,__ x N, v 0 XS =X, X2 Xr de’' = [ 9o 4,
0 -x K&, #) * Ksé,
N __GON
((:(X):_EA(XF)_'_X) __________ X< X<0 £(x)_—K;(xn—X) .......... 0< X< Xn

s€o s€0
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Outline

1) Introduction to p-n junction transistors
2) Drawing band-diagrams
3) Analytical solution in equilibrium

4) Band-diagram with applied bias
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Topic Map

Equilibrium | DC Small Large Circuits
signal Signal
Diode
Schottky
BJT/HBT

MOS
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Applying Bias to p-n Junction

(c) Reverse bias (Vy < 0)
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Diffusion limited
Ambipolar transport
High injection

R-G in depletion
Breakdown
Trap-assisted R-G

Esaki Tunneling

224




Forward and Reverse Bias

Forward Bias
, ,

Reverse Bias

|
|
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Band Diagram with Applied Bias...

«—— Band diagram (now) ...

\

> Next class ...
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Applying a Bias: Poisson Equation

Max value of V,;;?

n(X) — ni e(Fn_Ei)ﬂ
q(Vyi-V) / f .
------------- (X) = n. e_( p—Ei)B
‘ T // p i
_ _____E_C_ZI_:D________L_____E
-qVv Tl _ AR S e nxp=n?e" "’
: | p_ v
L O
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Depletion Widths

-V M N, GND
<€ > <€ >
X, X,
3\
2k &, N,
— Xn — > (V/ _V)
NDXn - NAXp \/ q ND (NA +ND) i

N x? gNx? >
0% | T 2%ke, N,
2k e, 2ke, | x,= (v, —V)

qa N, (NA +ND)
\/ )
What about heterojunctions?
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EVé<0

<—> VA=0

VA>0

Charge - -

VA<0
VA=0
VA>0
I Position
Electric Field
VA<0
VA=0
T VA>0
Potential
VA<O
VA=0
VA>0
Position
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Fields and Depletion at Forward/Reverse Biases

Barrier height is reduced
at forward biases

Significant increase of
peak field at reverse
bias ...




Conclusion

1) Learning to draw band-diagram is one of the most
important topic you learn in this course. Band-diagram

is a graphical way of quickly solving Poisson equation.
2) If you consistently follow the rules of drawing band-

diagrams, you will always get correct results. Try to

follow the rules, not guess the final result.
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