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Where is PN junction?

PN Junction Diode Gate
— Important device by itself Source ! Brain
— Fundamental basis of other devices as well
« BJT, PNPN device I Oxide {
« MS contact (metal-semiconductor), Schottky diode y @
« MOSFET

P Semiconductor body

« Analysis
— Electrostatics

« Charge density, electric field, electrostatic potential
« Under equilibrium conditions

— Steady-state response (d.c.)
— Small-signal response (a.c.)
— Transient response (pulsed)
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Junction Terminology/ldealized Profiles

Nop-N
Na N, (diffused) oA
or :
No Np (original)
L ; / .
> X

—f - N — Doping profile

— Metallurgical junction
(Np—Na=0)

Starts with one-type of semiconductor

Diffusion or lon Implantation

Metallurgical junction
- ND - NA - 0
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Junction Terminology/ldealized Profiles

Np ~Na
A

Actual profile

------ Step junction
idealization

What we mostly use

No=Na
4
- X
’l
Actual profile
------ Linearly graded junction
idealization

* Doping profile near the metallurgical junction

« Step junction (ion implantation)

* Linearly graded junction (diffusion)
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p dE.  p
K. & dx K&,

 Poisson’s equation
— gives quantitative solutions for the electrostatic variables

— Charge density (p)
e p=gq(p—n+ Np— N, (total ionization, charge neutrality)

— Electric field (E) vs. Charge density (p)

EE302 Han 5



* Fermi level under equilibrium condition
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- T

« Potential, V(x)
« Electric field E(x)
« Charge density, p(x)

« Built-in potential, V,;
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Qualitative Solution
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Do 00 Be Eo| (oD oB en em
26 5O B0 B6||cm om @ em
B0 B0 B0 20| |on OB o o E,

B0 B0 B0 B9 |oB OB ©F o8
50 0 B9 O |08 o8 ©8 Of

B® 5 B0 g9 ;oM oF ©H o8
) e peleom o8 o8 oF
® — dE p p
% dx K&,
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C® B0 B9 B | B (oF 6B o8
o Diffusion

« Space charge region (Depletion region)
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The Built-In Potential (V) | \Tqvb

S E
* Built-in potential \ E,

— Voltage drop across the depletion region in the PN juction
under equilibrium (drift + diffusion = 0)

d
JN = qunné& + qDy— = 0
Dy dn/d d$de/d Dn _ KT
& = — N IR/OT = — n/ar Un - q
Hn n q n
Tn n(x,)
e R B kT]_u[ ), }
T, g Jn( ;) n q ﬂ.l::—.'l?p)

n(x,) = ND

kKT (N,N, 2 \
Voo = —1 o
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The Built-In Potential (V)

\ oV
__________ { - __k I bi E,
‘1‘ e Ei Vbi = In 2

1 | N
| \ T .

Determination of E, (Fermi Level) We can calculate the equation in easier way (how?).

Ep—E; Ei—Er
n =n;e kT p = n;e kT

» Fermi level in doped semiconductor (nondegenerate, total ionization)
- Ep—E =kTh (nl) = —kTIn (nﬂ)

. Ep—E =kT1n(%), E— Ep = kﬂn(‘:’l—’f)

E, e a—
I. E, - Dovordore? 3T
L
E
L Aeptor-dopeq 3T
E 1 i L 1 qo————— |
108 10 10'8 10' w0t 10 10" 10%

-3
Ny orND (cm™7)
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* Depletion Approximation

1. Carrier concentrations (n, p) in —x, < x < +x,, is much smaller than
the net doping concentrations (n,p < Np, Ny)

2. Charge density outside the depletion region is zero.
(p=0,—x, 2 x +x, < x)

p=g(Np~Nyp)
p=0
dk ( + Np — Ny)
= p—n p— Ny N
dx I(SEO
> x
—Xp 0 x,
dE _ f{fED(N[]—NR) e L p
+
0 > X
L) xn
\ B Exact
------ Depl. Approx.
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Quantitative Electrostatic Relationships

- V-
Ohmic contacts
’i*
i Vi
P l: N Arca (em?)
| X
x=0
X
I &
« PN junction diode
<+— Exponential
 Rectifier
* Applied voltage, V, > Va
. )
« Ohmic contacts Constant

— ldeally zero resistance, zero voltage drop
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Step Junction with V, = 0 (solving for p,E,V, +x,,, —x},)

1. Charge density (p), Electric field (E(x)) ’
_“;‘:” ,
—qNy ...—zp, <z <0 dE p W
p=<{ gNp ...0<z<az, dx  K,e,
0 ...z<-zpandz > a2, W
rt
—gNy /Kgeg o—xp, <z <0 = o W
%— gNp / Kseg r<ze <z
0 ...m£~mpand$2$n

IDE{H:} dE = — fj’rp gfit dx fg{ dE = fﬂﬁn 'IIND dﬂ:

N
E(z) = —%&(@pta) ...—zp<z=<0 E(0-) = E(0Y)
E(ﬂ:):—;‘g; (z, —z) ...0<z<z, Naxp = Npxy
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Step Junction with V, = 0 (solving for p,E,V, +x,,, —x},)

1. Charge density (p), Electric field (E(x))

§ Np~ Ny
Np
—p X
~NVa
AP
qNp
i —x
—qNa

EE302

E(z) = — 2 (zp + )

N
E(zx) = — —1?{5;

(zn — )

< <0

L0<xe <2,
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Step Junction with V, =0 (solving for p,E,V, +x,, —x,)

2. Potential (V)

&= —dV/dz
v _ %(Q’P*‘m) ey —Zp < <0
e f;:fﬂ(xn—m) LL0<z <ay

d ! = q A ! d !
/[; V —Tp KSE{] (mp T ) T

N
V(z) = : J: (mp-l—ﬁ)z e —2p <z <0
0

V(z) x Ks&'[}
gNp )
VE—VI— Iy — I _.ﬂfim{_:mn
(z) b 2K5£[}( )
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Step Junction with V, = 0 (solving for p,E,V, +x,,, —x},)

3. Depletion region boundary (+x,, —xp,)

V(™) =Vv(0")

_ QNE _y2 ‘IND 432 +
V()= +07)" =i — n—07) =V
(0 ) Zst.[]. (.’Ep 0 ) b 2KS.E.‘{] (:B 0 ) (U )
} 1/2

_ | 2K,eq Ny _
mﬂ_[ g  Np(Nax+Np) Vii

T — Npz, _ Eﬂ-ﬂ Np V* l’IHE
P Ny q  Np(Np+Np) ' Pi

Depletion
width (w) | W = Zn +2p = [

2K .eq9 { Nos+ Np v 1/2
q Ny Np .
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Examination/Extrapolation of Results
Quasi-Fermi levels

(c) Reverse bias (Vo < 0)

 Why does n-type energy level increase with positive bias on p-type?

« What would happen if V, keep increases (i.e., >V,;)?
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Examination/Extrapolation of Results

e ———

BB

pe— —»| Vo <0
fe——W—>n V=0
e Vp >0

o ek B
o -

|
i
1

. .

ST

 Charge density / Depletion width
 Electric field
 Potential barrier
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Step Junction with V, # 0 (solving for p, E,V, +x,, —x,)

Va dropped here

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

Negligible voltage drop ~ \ — / o Negligible voltage drop
(ohmic contact) @ (ohmic contact)
' N

P

+ V, =
* Low level injection
* Most of voltage drop across the depletion region

 With V, # 0, V,, changes.
= Va#0, Vi = Vhi— Va
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Step Junction with V, # 0 (solving for p,E,V, +x,, —x;,)

« Electric field equations are unchanged.
— Xp, Xp will be different

+ Potential equations (V,; = V,; = V,)

qINA 2
= e o < 1 <
V(z) S Kses (zp + ) T, <z <0
qND 2
V — Vi_ - n - - -0 “"-‘: E n
(@) = hi — (20— 2) s<a
Vi = Va

* Depletion region width

1/2 1/2
2K, N [k Np V.V
Tn = [ qEn ND[N;EFNDJ (Vi — l*“*}} Tp = [ ;En Nﬂ{NﬂT‘l‘ND}( bi A)]

9K.co { N4+ N, 1/2
W=:Eﬂ+:1:p=[ . ﬂ( ;ANDD)(ﬂi—VA]]
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Examination/Extrapolation of Results

e ———

BB

pe— —»| Vo <0
fe——W—>n V=0
e Vp >0

o ek B
o -

|
i
1

. .

ST

 Charge density / Depletion width
 Electric field
 Potential barrier
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Examination/Extrapolation of Results | |
Quasi-Fermi levels

(c) Reverse bias (VA <0)

« Why does n-type energy level increase with positive bias on p-type?

« What would happen if V, keep increases (i.e., >V,;)?
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« Qualitative, and Quantitiative analysis of PN junction
« Balancing of Diffusion and Drift

« Band bending at the junction

« Depletion region (or space charge region)

 The effect of applied bias on the band bending

« Electrostatic parameters
— Poisson equation

« This analysis will be the basis of most of electronic devices.
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« Steady-state response modeling of the pn junction diode

* Ideal diode
— Qualitative analysis
— Quantitative analysis

* Non-ideal diode characteristics
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Qualitative Derivation

T
e e e e == Ei
0O 0 0
Go_,_;""_" E
¥
O > O

* Under equilibrium (V, = 0)
— Balance of drift & diffusion for both e-and h*
— Net current?
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» Forward biased (V, > 0)

— Quasi-Fermi level locations

— Drift vs. Diffusion

— Majority carriers vs. Minority carriers
— Direction of net current for e and h*?
— Net current?
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qVy = Epp — EFp

/-‘ P N 0O 0 0=

_ ” . — @ 0 ©

K | oo \ -
| ~

* Reverse biased (V,<0)
— Quasi-Fermi level locations
— Drift vs. Diffusion
— Majority carriers vs. Minority carriers
— Direction of net current for e- and h*?
— Net current?
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Qualitative Derivation

IN —
! =]
.—h- ..
____________ - Egq
R T E;
)
00 02 ~__ ‘
6 0 = «—O0
@]
fp——'b
>V,

D

« How would diode current (I) changes in response to applied bias (V4)?
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Qualitative Derivation

L\ . _4' -—@
~—@ | “—0

Figure 6.2 Composite energy-band/circuit diagram providing an overall view of carrier activity
inside a reverse-biased pn junction diode. The capacitor-like plates at the outer ends of the energy
band diagram schematically represent the chmic contacts to the diode.

 Beyond the depletion region

 R—G in Quasi-Neutral regions
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