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3 3 = fed . . 3 = (=
pn Junction b Built-in Voltage bt
] P—type in contact with n—type m At pn junction, free electrons from n-side recombine "=
i I B ] ) with free holes from p-side. AL
m Basic building blocks of semiconductor devices m Depletion region has no electrons or holes, but has —fzi: :3 B
> Diodes fixed (immobile) charges from donor and acceptor ions SSALIL]L JEhb
> Bipolar junction transistors (BJT) m The fixed charges establish an electric field, and create “
> Metal-oxide-semiconductor field effect transistors (MOSFET) a potential difference between p and n-sides. : T
Metal contact Metal contact Vo = Vpln <N n [ZVD> £ volufe Vo .
i
e n-type m This potential is called built-in potential Pl (3) pprjusction w.m(b]zm biss. (b) Potential
o— silicon silicon [l distribution along an axis perpendicular to the junction.
Al Cathode > V7 thermal voltage (= 26 mV at room temp)
> N, acceptor concentration on p-side
Fig. Simplified physical structure of the pn junction. > Np: donor concentration on n-side
TR > n;: intrinsic carrier concentration (=1.5x10'° cm-3 at room temp) o
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Electrostatic Analysis of pn Junction =W hes
— Gauss’ s Law: The net electric flux through any closed surface
! S is equal to 1/& times the net electric charge within that closed
—: surface

—qANy, —x, <x <0

qANp, 0<x <x,

Gauss Law: § £ - dA = g, where & = 11.7¢,, &, = 8.854 x 10~ *F/cm
5

In one dimension:

Charge density: g(x) = {

E(x)A— E(—xp)A = M

S
E(—x,) = 0 (in charge neutral region, N, = p)

10 1= davy —aNa(x + x
w, e <0
E(x) = o
Np(x — x,
M’ 0<x<x,
&

Note: Nyx, = Npx,(charge equality)
Maximum electrical field occurs at x = 0 (junction)
_ _qNAxp _ _qNDxn

: Emax =
©. Es s
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—qNy(x + x,
w, _ P
E(x) = s
Np(x — x.
W =%n)
s

V(x)=— J.x E(x")dx'
—xp

aMy

(x ar x,,)z, —xp <x<0

ey 2¢&g

4 (Nx2 2y
2 (Nax2 + Npx2) 2 (x—x)%,  0<x<ux,

V(xp) = Zi%(NAXzZ) +Npxf) =V, *

Np

- Na
" Na+Np

W, x, =
PO T Ng+Np

Xp
Insert into *, solve W:

w= [2(>+21)V, Depletion region width
Np

a \Ng 6/15
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Depletion Width Under Bias

V is the applied voltage to the pn junction,
it is positive for forward bias and negative for reverse bias.
Depletion width is widened in reverse bias

Ve 2
| \

- >
«— ~

(©) Forward bias

() Open-cireuit (b) Reverse bias

(equilbrium)

(a) equilibrium; (b) reverse bias; (©) forward bias
Fig. The pn junction in:
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Current-Voltage (I-V) Characteristics
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p region

APy Under forward bias, minority carriers at the edge
I
Djl’:;:’“*‘ ) zrogkn of the depletion region is boosted up by e"/V7

times.

Excess
conceptration

Excess concentration = pyo(e"/VT — 1)

_X—Xn
Pn(x) = pro + Pno(€”/'7 = 1) -

’ Ly: hole diffusion length in n-type

Thermal equilibrium

o+
1
|
1
1
L
X

s Hole diffusion current density on n-side
E g
i carrier distrib a forws : o N, >> N, dpn(x) D,
Fig. M in a forward-biased pn junction. Suppose N, >> N, . n = =0 V/Vr _
Jptn) = =qDp = a7, pole”/r ~1)
X=Xpn
—P=AL 8/15
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Continued Sl I-V Curve Sl
Similarly, electron diffusion current density in p-side i R J
WA everse
dny, (x D.
e - |Deptetion=>1 e Jn(=x,) = —qD, p(*) = g2 ny(eV/'T — 1) Breakdown
[ egion - ——pen) dx | _ Ln
I I Total current:
! 1 Excess a i
] i concepration vz
A | 1= 40y + 1) = A (47200 + 4720 ) (€77 = 1) ~ ; v
I I D n J
)~ 1 D D, /)T R 4
n(x) i Pt - = Agn} [ —2-+ (ev/'r —1) Is
i | LoNp ' LN,
I | Thermal equilibrium
I 1| ! value Thus,
s Jr,,/ L J > =1, (eV Ir _ 1) Fig. pn junction /- characteristic.
Where, =T (e" IV _ 1) rFeigg;ml;V characteristic of the pn junction with breakdown
D D,
= Aqniz( P4 ) D D,
L,Np LN, I. = Agn? p
pVD niVa s qn; LpND G LN,
—P=AL 9/15 1015
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Depletion Capacitance (mainly reverse bias)

If V = -Vp, junction area A

Total charge in depletion region, At zero bias, Vz =0,

Ny
. Qj = AqNpxy, = AqQNp ———W o= a B9 Nalp ) 1
Slope = C; Ny + Np o 2 \Na+Np/ \JVy
2 1 1 3
w= <5 (N_ + N_> (Vo + V) Therefore at V = -Vq
Bias point q A P Bias point C] = —CI
V1+VR/Vy

As bias voltage change, junction charge change.

This is a nonlinear capacitor.
The capacitance is

Charge stored in depletion layer, Qs
Charge stored in depletion layer, Qs

i
|
}
I
i This is a variable capacitor, controlled by voltage!
|
I
i

In comparison, for a linear capacitor:

0 [Z Reverse voltage, V; 0 v
[ ge, Vi dQ' N,N 2 1 1 d (o) Reverse voltage, Vy
'alNp Es —p
G=-2=dg—— | = —+— )= +V
FV:g Charge stored on cither side of the depletion layer as a function of T AR q Ny+Np | q \Ny Np/)dV (o +Ve) l;;g Charge stored on cither side of the depletion layer as a function of Clis alcon=iants v
e
=
2 \Na+Np) \[(Vy + Vi)
Note:
=&
G =%
=A== 1115 12/15

ENeFSHERBTAS




bW HBERF

ShanghaiTech University

Diffusion Capacitance (forward bias)

Extra minority carriers stored CASAGieR e ealundern Colcuve

outside junction under forward bias _x—xy
Excress concentration = pno(ev/VT = 1) ce b

< [Depletio
region

pregion nregion

@ X—Xn
Q= Aqf Pno (eV/VT - 1) e v odx
Xn

concentration

U
Excess Qp = AqLppno(e¥/'r — 1) = D—le =l

7, has unit of time, its physical meaning is

%)=~ o iar [ifeti
By oo . _ Minority carrier lifetime:
2
i 2 s
= g Dy
Average time it takes for a hole injected into n region
—P=AL to recombine with a majority electron. 13115
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pregion

APw Ny

nregion

Excess
conceptration

Thermal equilibrium
value

Similarly, @, = I,

Total charge stored: Q = 7,1, + Tl = 77l
Where, 77 is the mean transit time.

These stored charges correspond to another
nonlinear capacitor called diffusion capacitance

_dQ_d@D) _ d
ATy T Tav  Tay
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Summary of pn Junction

Anode Cathode Built-in potential: V, = VT1n<N‘:§D)
P Depletion Width: W = |25 (--+-2) (v, - 1)
+ 5 - [ q \Ng  Np/ ~°
Vi <
Forward bias
I-V curve: I = I;(e"/VT — 1)
. . . R L3 ‘[_T
Diffusion capacitance: C; = (VT)I
{ .
X 0 v Reverse Bias
L Negligible current, I = —I;
i i o —_ Cio
Depletion capacitance: ¢; = T
=A== 15/15
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