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Homojunction: the junction is between two regions of the same material
Heterojunction: the junction is between two different semiconductors

Approximations used in the step-junction model

1. The doping profile is a step function. On the n-type side, N', = Np— N4 and
IS constant.

On the p side, N'y = N4— N and is constant.

2. All impurities are ionized. Thus the equilibrium electron concentration on the
nsideisn,, = N'p .

The equilibrium hole concentration on the p side is p,o = N'4.

3. Impurity-induced band-gap narrowing effects are neglected.
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(b) (c)

(d) (e)

(a) The physical picture of a planar pn junction; (b) cross section through A-A’;

(c) schematic representation of the pn junction; (d) typical doping profile showing
a p-type substrate with implanted donors (the junction occurs where Np — Ny);
(e) the net doping concentration N — Nyfor this junction, and the step
approximation (dashed line). (xy= metallurgical junction)
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Ey E,qic Evac Eo
XSi CI)Sp XSi
dXsi | 9Psp 1 Xsi
Ecp —
Epp === = m e e e =
EVp EVTl

electrically neutral in every region

electron affinity : Xg;

work function ®: ® = E,,. — Er
o, # o,



1. Introduction [ITITITIT

. . . . 2. Crystal III1TTTTT1]
PN junctions (Qualitative) 3 Cubic Latices  CTTITIT)

5. Miller Indices [I1111




1. Introduction [ITITITIT

. . . . 2. Crystal III1TTTTT1]
PN junctions (Qualitative) 3 Cubic Latices  CTTITIT)

5. Miller Indices [I1111




1. Introduction [TTTTITTIT]

. . . . 2. Crystal OTTITTTTTT]
PN junctions (Qualitative) . Cuc Lot CrrrrT

5. Miller Indices [I1111

< Depletion region >

Iqui

dE S
Rememberd—; = 0 under equilibrium.

Band bending occurs around the metallurgical junction!
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< : —>
depletion region

\ = Jnarist Inaipy <=

ECp -
qVpi
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P

¥

. _ -
depletion region

/. 1 0 T

‘3
Im{> =
P ]pdrift
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The Depletion Approximation : Obtaining closed-form solutions for the
electrostatic variables

Charge Distribution : p=q(@—n+ Np— Ny

p=q(Np — Ny)

Note that
(1) —x, < x < x;, : p & n are negligible (~ € exist).
(2)x < —xporx=x,:p=0

14
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EC
\ 16] Vbi

1. Find the built-in potential V},; E; Er

2. Use the depletion approximation = p(x)
(depletion-layer widths x,,, x,, unknown) p

3. Integrate p(x) to find £(x) —Xp \

boundary conditions £(—x,) = 0,&E(x,) =0 l X
n

4. Integrate £(x) to obtain V(x)
boundary conditions V(—x,) = 0,V (x;) =V}, —qNy

5. For £(x) to be continuous at x = 0,
Njx, = Npx, > solve for x,, x,

15
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V L EC
qVpi = q¥s, T 4Ps, \ 1qul-
= (E; — Ep)p + (Er — Ey) R LU £
i — EFr)p F— Li)n Ey =~ ... vi¥sn. "

For non-degenerately doped material:

(Ei — Ep)p = kTln (3) = kTIn (ﬂ) )

n; n;

n Np q
(EF—Ei)n=kT1n ‘l’l_l = kT In Tl_l )

What shall we do for p* — n (or n* — p) junction?!?!?

+

p

nt:
E¢

(E; — EF)p — 7 (Ep — Ej)n =

Eg
2
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p
) e _p
—Xp X X €
1 —qNy Xn
p=—qNy -
3
—qN —qN
X E(x) = qA+C= qA(x+xp)
\/ € €
p=qNp -
N N
E(x) =qTD+C’—qTD(x—xn)

The electric field is continuousatx = 0

Charge neutrality condition as well!
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Electrostatic Potential in the oyl T

3. Cubic Lattices [III1111

| Deplehon Layer : I(\)/Itlllqlz: Indices %
' p i
: +C[NB\ d_V — —&
—¥p . X dx
s n
| R
\/ —Xp <x<O0:
—qNy
v E(x) = . (x + xp)
| vl T N N
i | Ve _ 4% 2 _ 4 2
/ - V(x) P (x+x,) +C > (x +xp)
Wp
0<x<x,
qN
E(x) = = (xa — %)
qNp , qNp
V(x)=—2—6(xn—x)2+C =Vbl_2_e_(xn_x)2
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qN4 2
—x, < x < 0: Vix) = Z_E(x +xp)

N
0 <X <At V() = Vg = L (g = )’
(
2€.Vpi N
_qNg , qNp X, = Sbl( 2 )
V(o) = e X = Vbi — 5 *n n qg \Np(N,+ Np)
= 1
Xy Ny = x,Np ) . 2€5Vp; Np
\ P q \Ng(Ny+ Np)
Summing, we have:
2¢eVi (1 1
W ju— —
Xp T Xn ) q (ND +NA>
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If Ny, » Npasinapt —n junction:

. 2¢ Vo
W = ZESVbl<1+1> S W = €s blzxn
q \Np Ny

XpNg =xy,Np - x,<Lxp —x,=0

Note:

E- kT N
Vbi = —G + — ln—D
2qg q n

20
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Ap* —n junction has Ny = 10%2° cm™3 and Np = 10Y7cm™3. What is

a) its built in potential, Vy; = E + k_T ln& ~ 1V
2q q n
2€. V. 2X12x885x10"14x1
b) W, W =~ s bt = = 0.12um
\ qNp 1.6 X 101% x 1017

c) x,, , and Xn, = W = 0.12um

N o
4% X =0 = 12 X107 um = 124~ 0

21
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Negligible voltage drop
(Ohmic contact)

< depletion region

> |

IV, dropped here

1) Low level injection
2) Zero voltage drop (€ = 0)

will apply continuity
equation in this region

l

Since (€ = 0) may apply
minority carrier diffusion
equations

Note: /4 should be significantly smaller than V,;(Otherwise, we cannot assume low-level injection)

22
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Va>0Va=0Vs<0 Energy Band Diagram

n 1) The Fermi level is omitted from the depletion
region because the device is no longer in
equilibrium: We need the quasi Fermi energy level.

2) Efp - Efn = _qVA

+gN P

N | x
: —qN,i
€ x

RO RN @ 5 T,
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Now as we assumed all voltage drop is in the depletion region
(Note that VA < Vbi)

2e.(Vy; =V 1 1
Xn"‘xp:W:\/ S( bc; A)(ND-I_NA)

24
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The junction width for one-sided step junctions in silicon as a function of junction
voltage with the doping on the lightly doped side as a parameter.

© 10 r- T
E ....................
3‘ .........................
E= 1014 e
5 | e e
; ..................................................
§1 T
3 L0 ™
s | T
v e e
m) 1016 .................................................................

0.1 L~ 1017 e

""""" 1018
I | -~
ot 1 V=V — V() 10
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Junction width for a one-sided junction is plotted as a function of doping on the
lightly doped side for three different operating voltages.
A
10 |
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|-V Characteristic (assumptions) dOher  CIIO

Assumption :

1) low-level injection: n,, K p,~Ny(or An K p,, p~py in p-type)
Pn L ny,~Np(or Ap K ng, n~ng in n-type)

2) In the bulk, n,~ny,o = Np , pp~Ppo = Na

3) For minority carriers Jgrirr < Jaifs in quasi-neutral region

4) Nondegenerately doped step junction

5) Long-base diode in 1-D (both sides of quasi-neutral regions are much longer than
their minority carrier diffusion lengths, L, or L,)

6) No Generation/Recombination in depletion region
7) Steady state d/dt =0
8) Gopt =0

27
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Game plan:

i) continuity equations for minority carriers

BAnp 19/, Anp

ot q 0x Tn+(‘1t

dAp, 19], Ap,
=-———-——+ 3%
dt qox T, v

ii) minority carrier current densities in the quasi-neutral region

dp dp
I ]pdrlft ]pdlff = qply 5 9Dy, —— dx — quE
dn dn

] ]ndrlft +]ndlff = qUULELT an dx ana
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d*An, _ An,

— L —x/L L, =/ Dyt
Steady-State solution is: ~7 7 - An, = Ae*/In 4+ Be=*/In (Ln nTn)

Dnty diode is long enough!

4 >X

X”< * . >X’
An,(x'") = A'e™*""/n Ap,(x") = A'e™*"/Lv
Any, (") = Ay (—x,)e =" In App(x') = Apy(xn)e ™" /17
dn dp
. ]n_anE ]p__qua )
12 q —XxI / q —x/
Jn(x") = == Ay (—xp)e ™"/t Jp(x') = T Bpn(an)e ™/t

N
] F ]n(O”) + ]p (0’)

Jn(x")
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VA ._ p _xn
<,‘:’_II ‘ /’\ ‘ >x x’> —t
J F J.(0") +J,(0")
" an —x11/L / qu —x!/L
Jn(x™) = L_Anp(_xp)e nod : ]p(x ) = L_Apn(xn)e p
" Jn(x™y S N\Ur@) 7 N
: l). : D %
144 I/ q q
J = 1o (0") + ], (0") = = Any,(—xp) + = Apy (x,)
Ly L,
Now! we need to find An,(—x,) and Ap,, (x,,) vs V ND NA
KT n, kT KT (e s KT £P(—x):
VZ — Vl - —ln—2 - _ln& - VO -V = ln""'(--n')“"= ] .._"""""'"""""_p( p')"
q ng q P q n(=xp) q p()
v = L Nall n(—xp) = nyo /"7
07 g Tz T qV /kT
! p(xn) =pPpo €
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V, e—P —x,,

144

nnO
p(x) = ppoe?V/*T

—— Do

E—— ’
L, reverse

"L X

31
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D, D
] = Jn(0") + 1 (0 = T2 Ay () + 12 4py )
n p

_ k . _ 2
n(—x,) = nyo ek 5 Any(—x,) =n—nye = nye(e?/kT = 1) ; nyy =nZ/N,

p(xn) = Pno edV/kT ) Apn(xn) = P — Pno = Pno (qu/kT - 1) y Pno = niz/ND

D D
J=4q (L—"npo +L—”pno) (/KT - 1) I=4]
n p

_ D" niz D n qV /KT __ _ qV /KT _
I_qA<LnNA+L ND)(e 1) I(e 1)

D

= qA
lo qn Tn TpND
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D, n? D, ng
I =qA W/KT — 1) = Iy(e?V/kT — 1
1 (Ln N, L, Np (e ) =lo(e )

asymmetrically doped junction

I ADP n;

If p* — n diode (N, > Np), then 0~ dq EN_D
+ . Dn nlz

If n™ — p diode (Np > N4), then Iy = qA——
Ln NA

That is, one has to consider only the lightly doped side of such junction in
working out the diode |-V characteristics.
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V=0 ]ndri t\
Ecp

V>0

34
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The minority carrier concentrations on either side of the junction under forward bias

Pn(x) = Apnp(x) + Pro

35
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p(xn) = pno e1V/KT In general: Ap,(x,t)

N\ Apn(x') = Apy () ™/t 0bpn __ 10/p _APn
ot qox T,
0(qAApn) 0y qALpn
= —A———
L i, Pno dat ox Ty
p i 00 ] J(o0) i 00
| > _
L, 3 qA J Ap,dx| = —A j dj, — Tp qA J Ap,dx
Xn i J(xn) i Xn

N -
) g

) N d Qr
WD A EQP =A]p(xn)_g
Steady state: % =0 d _ (xn) ) &
Qr Qp Ip
I,(x,) = = similarly  I,(—x,) = .

p
37



1. Introduction [ITITITIT

2. Crystal III1TTTTT1]
3. Cubic Lattices [III1111
4., Other o

5. Miller Indices [I1111

38



1. Introduction [ITITITIT

o o 2. Crystal I
Deviations from Ideal |-V 3. Cubic Lattices CCTTTIT]
4. Other o
5. Miller Indices [OI111
V |
a ° Thermal log 1 o axoP
---------------- - generation in the s AR
depletion region high level injection ,/
{ slop=q/2kT I 2
. Avalanche or Zener Bulk
process ohmic
Ideal drop
) B slop=q /kT,

Diode in break down has application! Diffusion current

slop=q/

g Jg Thermal recombination
in the depletion region

Va

39
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occurs when the minority carriers that cross the
depletion region under the influence of the
electric field gain sufficient kinetic energy to be
able to break covalent bands in atoms with
which they collide.

multiplication factor :

I 1
— Ut _ T (3<m<6)
lin 1 — (L)
VBR

|8max| —

2q(Vy; =Vy) [ 1 N 1
€s ND NA
N, + Np
N4Np

|Emax| = cte = Vpr X

40
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2W
T~ exp[—T\/Zm(U —E)] ForU>»E

For non-degenerately doped material:

Ny, Ny 7 = WN =T/

41
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i : T =an
Reminderl.: ' ' 22? Thermal equilibrium r, = g;
gi = ain;
Reminder 2: Ppor
: "no
n(—xp) = npoeqv/kT§ s = Ppoe?V/*T
' p
Mo | / . no
F——— * . >
Ly L, X
In depletion region: np < nl-z —»r<g Generation > Recombination
Xn
E i
c I = —qA de=—qA2—W
To
E — 1 _xp
E)

. e _1
Effective carrier life time 7o = E(Tn + Tp)

- — -

I =1y(e?/*T —1) + I,
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- : ;= a;n
Reminderl: ' ' 129 Thermal equilibrium r, = g;
gi = qin;
Reminder 2: Ppo
Npo .
Ly forward 'Ly 4
In depletion region: np > nl-z —1r>g Recombination > Generation
Ip = gA—- LW (eav/2kT _ 1)

ZTO

I =1(e?/*T — 1) + I

- 43



1. Introduction [ITITITIT

o o o 2. Crystal IIIIIIII1
High Level Injection 3. Cubsic Lattices [TTTIIT]
4. Other o1
5. Miller Indices [TTT11
Low level injection A All of the relations was based
Do : P on the low level injection
: n,, condition as:
o) = v/kT
n(=xp) = npoe? wn) = Pnoe?V/KT n, +on, < p,
nnn I% | 5--"---.--"-.:.- pn0> pn + 6pn << nn
1 |
Ln Ly x Minority << Majority

In High level injection condition we should add recombination current to the continuity
equations for the minority carriers, result will be as: ] eqv/ZkT

High level injection

/ np
ppO ................. . \
FN(rrees eI Nno
n(—xp) = npoe?”’% - p(xn) = proe®”/ 7
................... -.pno
N0 : )\ i . _ S

g - 44
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We assumed that the electric field outside
the depletion region is zero; which means
as semiconductor is treated as a
perfect(ideal) conductor.

But actually the conductivity is limited to

o = q(upn + uyp)

Hence the “ohmic voltage drop” outside
depletion region becomes considerable
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I = Iy(edV/MKT — 1)

I
A
100mA _ n=1 | | n=1 Series
MIHQFItV ~._ Resistance
Carrier Limitations
1mA — «— Diffusion
Ge
10uA + . =
GaAs
100nA -
Recombination
Current
0 0.2 0.4 0.6 0.8 1.0

10
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A small ac signal (v,) is superimposed on the DC bias.
This results in ac current (i). Then, admittance Y is given by

i
Y=G+jwlC =—
Vg

47
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4. Other 11Tl
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Gy Y = Gy + joC; C; : Junction (depletion layer) capacitance

| Go: Reverse bias conductance
B4
2y A pn junction under reverse bias behaves like a capacitor.

Such capacitors are used in ICs as voltage-controlled capacitors.

W = ZES(Vbi_VA)<1 N 1)
q Np Ny

7 where
VA> / 2e;Vy; (1 1
— 1 Cio = €A
Vo o = J 7 \N, N,

_ Cjo {m = 1/2 step junction
J (1 _ Q)m m = 1/3 linear junction
Vo

v C-V curve is very useful for
A characterization of the devices
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Reverse Bias Admittance - 2.Cystal  CCCCOOOOID
. . 3. Cubic Lattices [ITITT1T1]
. Characterization c. Willer Indices  CECT

C-V data from a pn junction is routinely used to determine the doping profile on the
lightly doped side of the junction.

4 2
Slope= — B
Cj _ ESA _ 4 ESC[NB / A qNBES 1/Cj2[F—2]
w 2(Vpi = Va)
-1
1 _ 2 v v
| A%
>
~10 -5 0 \

Intercept=Vp;

If the doping on the lightly doped side is uniform, a plot of 1/Cj2 versus V,
should be a straight line with a slope inversely proportional to Nz and an
extrapolated 1/Cj2 = 0 intercept equal to V};.

49
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_%af" Y =Gy + jwC

[ — NN

C; : Junction (depletion layer) capacitance
Go: Reverse bias conductance

l dl

— iqu/kT
Uy dV

kT G, -1,

GO= =IO

Hence, in reverse bias, ideally

I"’IO - GONO

50
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Forward Bias Admittance 3 CublcLattices  CCTTIT]
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Gp R,: ohmic (physical) resistance
A R, C; : Junction capacitance
' Z—N— Gp: diffusion conductance Function of bias
| J Cp: diffusion capacitance } point and frequency
T CD
<>
V

Pn(x) = pu(x,t)
Apn(x,t) = Apr (%) + Dp(x, t)

Dno€ q(V+v)/kT

N 0Ap, _  9*Ap, Apy
P ot P 0x? Tp

( 0%Ap.. Ap,

0 = p, LhPn_ APy

S < 0x? Ty

4 ) ] — —_— —_—

Xn Lp X apn _ D azpn B p_n

\ ot p 0x? Tp
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0p, 0D, Dn _ .
a_g‘ =D, - 2" n Phasor representation D, (x, t) = p,e/®t

X T

p
2~ =~ : N L2

d Pn _ DPn (1+]pr): Pn where L>;92= p

dx2 D,T, L}}z 1+ jwt,

Pn(x) = Ke*/'» + Bye /1

qvu

B., = qV/kT 1~

_ V+v) /KT V/kT qu(t) ~ P2 = Pno® kT
pn(O:t) —pnoeq( )/ zpn q / (1+

kT
one-sided diode
dpn DP V/kT qv
= —qAD = qA— Ppoe? " —
P dx o L, " kT
L q D, D,
Y == =A@ Pno) e?/F = A(q—Jl + jwTyPno) e /KT
v kTN En kT2 Ly e

Ref Y=G 'Im{ }=aC
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Im{Y} gA D
b= w-0: Gozﬁ(qL_SPno)qu/kT
G = Re{Y}

Y=GO\/1 + jor,

Cp(w - 0) = 2GoT,

>

normalized
admittance
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Turn-off transient t. : storage time
I, I _ t, : recovery time
vi
RF RR + _ VF
i @ t = 0 (VF > VA) — IF = (aS VA < 07V)
D Uy RF
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pn Junction Transient Response . Cuc Lot Crrrn
5: Miller Indices [I1111
charge control for p+n diode dQ,(t) o 0, (t)
dt Ty
for 0<t<t,: i(t)=—
Q (t5)=0
dQ,(t) 0,0 [ de,® [ (. %O
at kT 7 j Q() R
P Qp(0+) IR p 0 P
Butfor t =07
dQ Q,(07) _ _
o =0T 2 G0 =000 =k,

I
ts —Tp1n<1+ F)
Ip

[N, Ip 7=t N
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Turn-on transient

ALt
2 dQp (1) Qp(t)
Ir = I —
dt Ty
t
> Qp(t) = IrTp(1 — e™/7P)
ANV
! T Pn(x',t) = proe?/KTe™/tv
t
>
A Qp(t) = Ipt, (1 — /™) = qApnoLp(e®/*T 1)

kT IpT, (1 — e—t/fp)>
v(t) =— In (1 +
q qApnoLp

If we define tony (v: 0+ 0.9v,)

Tr N, I N = toy N
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