Semiconductor Devices
Lecture 2, pn-Junction Diode
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Contact potential, in Equilibrium and
without applied voltage
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Contact potential, in Equilibrium and
without applied voltage
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Contact potential, in Equilibrium and
without applied voltage
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Contact potential, in Equilibrium and
without applied voltage




Contact potential, in Equilibrium and
without applied voltage

Problem o6
Caleulate the bult-m pofential for a silioon p-n junction with
N, = 10%em~and N = 10° em~ at 300K Gohs| T
Solution _O° AT
From Eq. 12 we obtain i: — gan
’ | | lo]SXlolS % 0.4 - ‘”')/
Vi = (00299) In = = 0755 _ LTS
(143 % 10%)° £ T
Also from Fig. 4 0.2
0 300K
i = £ 4| = 030V + 046V = 076v"
1%14 1019 1016 1017 1018
Na OR Np (cm™2)
&
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Space charge region, Electric Field

qAxpONa = qAanNd

Charge density d%(x) — g . N+ . =
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Space charge region, Electric Field
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Space charge region, Electric Field




Space charge region, depletion depth

—_ {2%(1\{, + N(,)T/2 - {ZeVO(l +L)r/2
L g \ NN, L9 \N N

_WN, W {ZGVO{ Ny }1/2
Xp0 = N,+ N, 1+ NJ/N, q LN,N,+ N;) What happened

with x ,, and x,,, if
_ WN, W { 26‘/0{ N, ] }1/2 N, or N, is large?
0 =N+ N, 1+ NyN, )
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Current-Voltage characteristic

(a) E

cp ) .
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Vp Y (1) Hole diffusion (3) Electron diffusion
(2) Hole drift (4) Electron drift “
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Current-Voltage Characteristic
(b)

Forward bias

l q(Vo — V_[)
(V= k)

, m==== Forward biased junction:
Vs —/ e .
i Diffusion current increase.
| The drift currents are almost
constant

& - Particle Current
flow

)| —— [— |(1) Hole diffusion

| - - (2) Hole drift
(Vo — Vr)
I S N
. 7 ) B g (3) Electron diffusion
o S s (4) Electron drift

N

&

Mittuniversitetet
MID SWEDEN UNIVERSITY




Current-Voltage Characteristic

(c)
Reverse bias T
(V P VI)
Reverse biased junction:
Yr Diffusion current decrease.

GIII .
[ The drift currents are almost

constant

Particle Current
flow
) e o (1) Hole diffusion
’ | (2) Hole drift
) w e (3) Electron diffusion
i i (4) Electron drift
)
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Current-Voltage Characteristic,
forward bias junctions

A |
\ 1(Vo=Vy
B ;j”_ r El'.'ﬂ
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Current-Voltage Characteristic

I=1I(gen.)l(e?kT —1)

1‘ I(gen.)

1 (diff.)

Generation of charge carrier in the
depletion region as well as charges
diffuse into the junction, swept through
the depletion layer by the electric field,
result into a leakage current of the
device
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Current-Voltage Characteristic,
injection of minority carrier (forward

bias)
Pp gV o/ kT 1) Contact potential caused by a different
'FT” - € concentration across the junction
p(— xpﬂ) _ alVo VKT 2) With bias applied
P_(_xnﬂ)

1/2 gives |~ (;”0) = ¢V

n
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Current-Voltage Characteristic,
injection of minority carrier (forward
b i a2 s) Subtracting equilibrium

hole and electron conc.

Apn ( nO) o pn pn(qu/kT B 1)

An, = n(— xpo) — A, = n,,(e"v/“

1) |
)
‘iSn(x,,) = An,,e""//l' = np(eqv/"’ = l)e_“"’/l“" L =./D,,

Sp(x") = Apne“lr 7= Pn ( (IV/AT l)e 't”'/L”]

_'\‘P 0 0 X0

n(xp) p(xn)

n,+ An,
dn(x,) = An,ep'tn

d,(x,) =Ap, e *n'Lp
__________ pXrn n

o —— — —— —— —

X
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Current-Voltage Characteristic,

injection of minority carrier (forward
bias)

Hole diffusion current at point x|

- Dp —pl, Dp
- qu App,e™=r = g A L—Bp(x,,)

P
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Current-Voltage Characteristic, the
diode equation.

Total current at x,=x,=0
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Current-Voltage Characteristic, the
diode equation.

Reversed bias!

D,
L,

D _
I = qA(—Epn g np>(e VAT — 1)

L,

Increasing Jr gives:

Shockley Equation

Good agreement for Ge. Bad for
Si
&




Current-Voltage Characteristic, the
diode equation.

The current 1s constant
through the component

The doping affect the
injection

The p-doping is higher
than the n-doping which
gives a bigger hole
Injection

Iu(xn]

AD x
!P{xn] - qf_rp ’ "-‘-‘tp”e JWILP

f'”(x”) =1- "p(xn)

~
~ IP(}.‘“]
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Current-Voltage Characteristic,
reverse biased junction

Ap, = pn(eq(-"vr)r’” - 1) > —p, forV, > kT/q

gV/kT __ 1)

Apn - p(an) — Pn T pn(e

p 0 0 Xn “
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Current-Voltage Characteristic,
reverse biased junction

g(Ve+V)
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Current-Voltage Characteristic, 2
order effect

1. Generation and recombination in the depletion volume
2. Ohmic losses
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Current-Voltage Characteristic, 2
order effect

R, — Electron capture

& | R, —Hole capture
: G, — Electron generation

. G,— Hole generation
E(? \ —

Reverse current ‘
E coooooooi

E E.
r Ji-‘El.' GJ’F
- (=]
(a) E,— .
G, |R ng E R,
EFp E, E, ]
E, §
(a) (b)

Recombination center in the bandgap.
In reverse bias mode the center act as
a generations center, which affect the
leakage current. (b)

Thermal generation of
carrier in neutral
region (a)
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Current-Voltage Characteristic, 2
order effect

The diode equation is modified to take care of the effect of recombination. An ideality factor n
with a value from 1 to 2, is therefore introduced. 1 is pure diffusion and 2 is pure recombination.
A real diode is somewhere in-between.

J = Iﬂu(EqV/nkT _ 1)

|, is modified to better explain the current when recombination/generation center affect the
leakage current.

Minority carrier lifetime in
neutral n-doped region

Generation life-time 1n
depletion region
. (p™n-diode) Mittuniversitetet
MID SWEDEN UNIVERSITY




Ohmic losses

V=V, — I[RF(D + RH(D]

V., v
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Depletion layer capacitance

@ Def. of Capacitance
dV

q

+ 112 .
W = [Z_GVO( N(}VTN(!> ] (equilibrium)
a'Vd

Vo=V + Np\ V2
W = [26( Oq )(va, o ’ﬂ (with bias)
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Depletion layer capacitance

10| = gAx,oN,; = gAx N, Equal amount of charge on
| ‘ . cach side, opposite charge
= No o, o Propagation of depletion
0T NNy N + N d region caused by the doping

Ncllva . NdNa :ll/z
lQ| - q Nd + NaW - A[z(IE(‘/O V)Nd g 3 Na
Differentiation gives the
- N,N, 2 junction capacitance. The
C; = I [ ° ] capacitance is voltage
d ld(Vo V) 2l(M—V) N; + N, P =

dependent and decrease with
Increased reverse bias

1/2
G = & A{ g NalNo ] "~ €4 1 [Can be written as a simple
. 2¢(Vo = V) Na+ N, W plate capacitor etet




Depletion layer capacitance

J C_‘ 0 _| At Nl i
I ld(Ve — V)| “2l(Vb— V) N; + N,

Xo=W W

% p*n-diod

(a) 0 x

-
, N.>>N,

_A[ 2qe
Jj 2|1V, —

12
N for p*-n
V d:l P

Ll
/.

Reverse Forward voltage

(b)
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Diffusion capacitance

Long diodes, The diode 1s longer than the diffusion length for the
minority carrier, no contribution to the capacitance

Short diodes, the most silicon diodes behave as short diodes

140

i 1 T d 2
120 — C. = Qp_l q A qV [kT
N " = CPn€
‘E_ 100 = N,=N;= 106 em—3 _ dv 3 kT
B
g, b p— Short diode N
3 60} |
_-% — — Long diode
g 40 - -
=
A - Storage
B TP S ot e e e s —— length
A ol ]
—40 ]
0.4 0.5 0.6 0.7 0.8
Applied bias (V) “
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Transient Behavior

e ok Injection of minority
| é o B carrier, when the diode is
R I . .
®) ; : forward biased. p'n-diode
o
l— [ —p

(b)

/” o —
-~ -
W -
-
-
L
“Pn
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Transient Behavior

i(t)
Iy
=== Reverse saturation
current /
j ) .
{ ! |
|
|
|
- Y
!
, ‘\ v goes 1o zero :
g > - -1 |
(c) : s |
| N '
v (1) , =
| —i
¥ ——
[
(d)
-E| —

After injection of carrier,
the diode 1s reversed biased.

The diode conduct until all
injected carrier have
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Junction Breakdown

I o/ener breakdown

* Avalanche breakdown

Forward
Vi, current

o, v

Reverse saturation
current

™

l Reverse breakdown

current
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Junction Breakdown, zener

i Lk n and p are doped
I high, which result 1n
tunneling through the
potential barrier
( v
Negative temp. coeff
. Vb \\T /

(a) (b) (c)
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Junction Breakdown, Avalanche

(a)

An electron 1s accelerated 1n a high electric
Field , which gives impact 1onization. Positive

temp coeff.
@
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Junction Breakdown, PIN-diode
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Fig. 27 Breakdown voltage for p'-#-n' and p'-r-n"* junctions. W is the thickness of
the lightly doped p-type (=) or the lightly doped n-type (») region.
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Junction Breakdown, avalanche

surface

INSULATING
LAYER

{a)

(b)

CYLINDRICAL
REGION (C)

PLANE REGION
SPHERICAL REGION (S)

BREAKDOWN VOLTAGE vglv)

Fig. 28 (a) Planar diffusion process that forms junction curvature near the edge of the dif-
fusion mask, where ry is the radius of curvature. (b) Formation of cylindrical and spherical

regions by diffusion through a rectangular mask.
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Junction Breakdown, avalanche in
surface

High Electric Field

Low doped n
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