' LECTURE 14

-Breakdown Mechanism



Topics to be covered

e Breakdown Mechanism



PN-junctions - General Consideration:

PN-junction is a device.

Based on the , PN-junctions can be
separated into two major categories:

- step junctions
- linearly-graded junctions

ND—NA] Np — Na
aX

p-side ‘ n-side p-side n-side

Step junction Linearly-graded junction
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(c) Depletion region width:

= Solve using depletion charge
approximation, subject to the following boundary condi-
tions: V(=xp) =0, V() =Vpi, E(=Xx,)=E(xp)=0

aN A 2
Vi, (X) = X+ X
p( ) 2k380< p)
N
Vi (X) =— D (Xn — X)2 + V),
=» Use the continuity of the two solutions at x=0, and

charge neutrality, to obtain the expression for the depletion
region width W:

Xn +Xp =W |
V,(0) =V, (0) >_>W:\/ZKS,So(N/wND)Vbi
NAXp:NDXn qNAND



(d) Maximum electric field:

The maximum electric field, which occurs at the
metallurgical junction, Is given by:
dv|  gNANpW

E-_2v _
e dX [x—o Ks€g(Na +Np)

(e) Carrier concentration variation:

N =Np=10"Pcm™
Wcalc =1.23 pum
Emax(DC) =9.36 kV /cm

Emax(sim) =8.93kV /cm
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(f) Analytical vs. numerical data

N,=Np= 10 em™
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N, = 10"%em ™3, Np = 108 em™
Wcalc =0.328 un, Emax(DC) =49.53 kV/cm, Emax(sim) =67 kV /cm
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(g) Depletion layer capacitance:

=» Consider a p*n, or one-sided junction, for which:
W :\/ZKSSO(Vbi $V)
aNp
=» The depletion layer capacitance is calculated using:
_ dQC _ qNDdW :\/qNDkSSO N 1 _ 2(\/b| $V)
2(Vpi FV) €% dNpkseg
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(a) Depletion layer width: W :[kagogbi +V)}

: - aw ?
(c) Maximum electric field: Epay = A

1/3
qakfa%
)

d) Depletion layer capacitance: C=
( ) P y P {12(Vbi +V

Based on accurate numerical simulations, the depletion
layer capacitance can be more accurately calculated if V,;
Is replaced by the gradient voltage V:

2
Vg _ gVT In d kSS%VT
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(2) ldeal Current-Voltage Characteristics:

Assumptions:

o Abrupt depletion layer approximation

e Low-level injection = injected minority carrier density
much smaller than the majority carrier density

e No generation-recombination within the space-charge region
(SCR)

(@) Depletion layer:

W
Ec ;
qvl\ np = ”12 exp(V/VT)
e, t Er, np(—xp):npo exp(V/VT)
X, x



(b) Quasi-neutral regions:

» Using minority carrier continuity equations, one arrives at
the following expressions for the excess hole and electron
densities in the quasi-neutral regions:

V IV —(X=xy)/L

Apn(x) — pnO(e ! —1)9 P

AN (x) = oo (e’ VT — 1))
n,(X) 1 Py (X)

/

Reverse bias




o Corresponding minority-carriers diffusion current densities
are:

n°f (X) = ab, pno( V IVy 16 —(x—xn)/LID

Lp
diff ADnNpo , v v (x+x,)/ L,
‘Jn (X) = (e T —l)e P
n
Shockley model
Jiot = Slff(x )+Jd'ff( Xp)
majority J 5" + 35" majorltde'ff g drift
\l/ ‘JtOt 1 J/
minority J &' }nonty Jg diff
>/ o
B Xp Xn




(c) Total current density:

e Total current equals the sum of the minority carrier diffu-
sion currents defined at the edges of the SCR:

d ff diff |
Lot = ! (X,)+ I (_Xp) GaAs
D D.n
:qA£ o Pno L on pOj(eV/VT _1)
L, L,

e Reverse saturation current .

I :Q{Dppno+Dnnpoj:QAn?£ i + D; j
S I
L, L LoNp  LyN4




(d) Origin of the current flow:

E ' : Fn

IS
due to minority carriers being
collected over a distance on
the order of the diffusion
length.



(e) Majority carriers current:

o Consider a forward-biased diode under low-level injection

conditions:
Quasi-neutrality requires:

N.(X
__________ ) ANy () ~ Ap, (X)
o This leads to:

P, (X) - D. 4
. Prg i (X):_D_nJSﬁf )
X P

« Total hole current in the quasi-neutral regions:



e Electron drift current in the quasi-neutral region:

Iy =3, + [D“ —1}] (%), E(x)=
P

1
an(x)u,

3] giff (x)

Jrc]iiff(x)_|_J giff(x) d




(f) Limitations of the Shockley model:

e The simplified Shockley mode
characteristics of Ge diodes at

e For Si and Ge diodes, one need

accurately describes IV-
OW current densities.

s to take Into account several

Important non-ideal effects, such as:

>
depletion region.

of carriers within the

> due to voltage drop in the quasi-

neutral regions.

> at large reverse biases due to tun-
neling and impact ionization effects.



(3) Generation and Recombination Currents

J

SCr

« Continuity equation for holes:

0J
P__1% +G,—-R
ot q ox S
 Steady-state and no light genera-

tion process:op/ot=0,G, =0

e Space-charge region recombination current:

Xn Xn
| dJ (%) =J 5 (Xp) = I, (=%,) =—0 | R pdx
~Xp ~p
Xn
Joor =0 | deX



Reverse-bias conditions:

e Concentrations n and p are negligible in the depletion
region:

2

—N; n. E, - E E.—E
R~ | =——, 14 :rpexp[t 'j+rnexp[' tj
TN+ TPy Tg kg T kg T

e Space-charge region current is actually generation current:

gn;W gn;W
Jsor =—Jgen =~ | —> Jgen = | OC\/;bi -V
tg Y9
e Total reverse-saturation current:
VIV
3 =3, -1 3 0+ I gen)



e Generation current dominates when n; is small, which is
always the case for Si and GaAs diodes.

t1 (log-scale) Ec -

> E
AJ V (log-scale) g7
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Al W

gen

Generated carriers are
swept away from the
depletion region.

IVV-characteristics
under reverse bias conditions



Forward-bias conditions:

e Concentrations n and p are large in the depletion region:

ni2 (ev Ny —1)

t,(n+ny)+7,(p+pp)
e Condition for maximum recombination rate:

V [2V.
n=p=ne 7
2 VIV
5. hie oo vz _
max ~ = € » Tree = Tp T T
Tp+PTy  Trec

V IV
np:nize " >R=

e Estimate of the recombination current:

gmax _ gn;W oV /2Vr
scr

Trec



e Exact expression for the recombination current:

N v /av m, 1 gN p (2Vpin =V
'Jscr:q—le T (D:\[VT’ Enp:\/ D(k bin )
Trec 2 Epp s€0

e Corrections to the model:
_gn@ oV /mVy
T

J

SCr
rec

e Total forward current:

V IV ani® v /myv V /nV
J :Js(e T _1)+—Ie T = S,Eff (e T _1)

Trec

n — Ideality factor. Deviations of 1 from unity represent
an important measure for the recombination current.



Importance of recombination effects:
Low voltages, small n; —»

Large voltages —
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(4) Breakdown Mechanisms

e Junction breakdown can be due to:

tunneling breakdown
avalanche breakdown

e One can determine which mechanism is responsible for the
breakdown based on the value of the breakdown voltage
Vigp:

Vip <4E(/q tunneling breakdown
Vgp > 6E,/q avalanche breakdown

4E4/lq < Vpp <BE/Q both tunneling and
avalanche mechanisms are responsible



Tunneling breakdown:

e Tunneling breakdown occurs in heavily-doped pn-junctions
In which the depletion region width W is about 10 nm.




Ec

 Tunneling current (obtained by
using WKB approximation):

B x/2m*q3FchAexp{ 4\/2m*ES’/2]

|, =
t 47'[27’22Eé/2 thFcr

F.. & average electric field in
the junction

e The for
tunneling breakdown, Vgg, IS
estimated from:

« With T4, E;NV and I .



Avalanche breakdown:

e Most important mechanism in junction breakdown, I.e. it
Imposes an upper limit on the reverse bias for most diodes.

e Impact ionization Is characterized by and
, defined as probabilities for impact ionization per unit
length, 1.e. how many electron-hole pairs have been
generated per particle per unit length:

E, j
Ak,

- E; & critical energy for impact ionization to occur
- F.. > critical electric field
- A 2 mean-free path for carriers




Avalanche mechanism:

Generation of the excess electron-hole

pairs is due to impact ionization. Expanded view of the

depletion region



e Description of the avalanche process:
dJ, _ dJ

: : —ns0,—"<0
‘]n ‘]n +aandX dx dx
‘ dx . ] dJ, dJ 5
Jp +o,Jd,dx ) T
U
J=J,+J,=const.
] - . d X Multiplication factors for
- dx electrons and holes:

Jy+opddxf Jy \ I, W) " J,(0)

L0 TP I,W)




« Breakdown voltage =» voltage for which the multiplication
rates M, and M, become Infinite. For this purpose, one
needs to express M, and M, in terms of o, and a;:

\

(dJ,

dx
dJ 5

| dx

=o,Jd, +ocpJp

J

=—0pd, —a,

P

i

1 W —j(ocn—ocp)dx'
1-—=Ja,e dx

I\/In 0

1 W —j(ocn—ocp)dx'
1-——=Joaye?’ dx

My o



Limiting cases:

0Ly =0L,

-

(semiconductor with equal 1onization rates):

W
1—i: o, dx—> M, = Wl

0 1- [a,0x
0

W 1
1- = =Joa,dX>M, =
0

P 1- Jo,dx
0

o, >>au, (Impact ionization dominated by one carrier):

W
IOLndX W

M, =g’ ~1+ [a,0x
0



Breakdown voltages:

 For one sided junction we can
make the following

appronaiWq:+Wp ~W,
p* "
. VoIta_gLe drop across the dlepletlon
Y \&/n-sill F W
W, W Gotor} b hé/p-sivlgp ~
t— F(x) gN W K e
— Frax . RA@XImW%IECt?I\fﬂ[DGIﬂZqNO Finex

* Empirical gx the
Dfeaka ni\?gjtag@g@j



> X

» Extension of the n-layer large:

1
VB 2 I:mame
 Extension of the n-layer small:
1 1
V 2 I:mame 2 I:1(Wm _Wl)

 Final expression for the punch-
through voltage Vp:
Wi Wi
Vp=Vpp 7| 2—
W, W

m



e Doping-dependence of the breakdown voltage Vgp:

<
8]

Log-scale ©

Tunneling breakdown

Np

Log-scale
e Temperature dependence:
As temperature increases, lattice scattering increases which

makes impact ionization less probable. As a result of this,
the breakdown voltage increases.



e Plane junction:

e Planar junction:

T

Maximum electric field:

E Q agNpW
max Kk en k.g
s¢0 s¢0

Maximum electric field:

gN W W
Frax = K . [1"'2',}
s€0 J




(5) AC-Analysis and Diode Switching

e This is capacitance related to the change of the minority
carriers. It Is important (even becomes dominant) under
forward bias conditions.

o The diffusion capacitance Is obtained from the device
Impedance, and using the continuity equation for minority

carriers: dAp, 5 dzApn AD

n

dt P dx2 Th
e Applied voltages, currents and solution for Ap,,:
V(1) =V, +V,e', Vv, <<V,

1) = lot
I() = Jg+ 3,6, 3, << gy PaOD = Pas(X) P (X)e



e Equation for p,,(x):
2 - 2
d” P _1+ ot 0 (0 =0 d“Ppy  Ppa(X) o

2 2 2
dx DA dx L'y

e Boundary conditions:
pn (Oo1t) — pnO — pnl(oo) — 0

V, +V,e'™ oV, (V
Py (0,1) = Prg eer[ . le j—> P2 (0) = \”/i 16’(‘{\/?)

 Final expression for p,,(x):




o Small-signal hole current:

AgD \Y; V
dx |, o LoV Vs

o Low-frequency limit for the admittance Y:

AgD
= a ppnO exp(v ](1+1|(0ij Gd -I—i(DCdif
Ly Vi 2
A D V0/VT
Gy = 12p Pro exp Vo |_ls8 9 Forward current
Ly Vy Vi Vi dV
1 AgD Vo) 11
dif = P TpeXp| 2= Tp
2 LpVp Vi ) 2V;

e RC-constant:

T
ReCait = -



e Equivalent circuit model for forward bias:

(:depl||

| |
C it | |

e Bias dependence:

RS LS
Cif

(:depl




o [For switching applications, the transition from forward bias
to reverse bias must be nearly abrupt and the transit time

short.

 Diode turn-on and turn-off characteristics can be obtained
from the solution of the continuity equations:

GJ
dAp, _ 1o, 5 1 1%p Ap,
dt g b P g ax T,
\
aQy Qp L

B (t)———)l(t)~l (t) =

dt T, T,

. I



Diode turn-on:

e For t<0, the switch iIs open, and
the excess hole charge Is:

Q,(t<0)=Q,(07)=0

\
e At t=0, the switch closes, and %

we have the following boundary
condition:

Q,(07) =Q,(0%) =0

e Final expression for the excess hole charge:
—t/ —t/
Qp(t):A+BetTp=rplF[1—e ﬂ




o Graphical representation:
Qp ()1 Pn (X,1) 1

flope almost constant

thF ________ )

Prof---—-—~

| > 1

o Steady state value for the bias across the diode:

Ap, (X) = pno(e a VT 1)9 ¥ —>Qp =Adpyolple ( alVT —1]
\

V, =V |n(1+'Fj
IS



Diode turn-off:

e For t<0, the switch is In position
1, and a steady-state situation Is
established:

| zV—F
FTR

o At t=0, the switch I1s moved to
position 2, and up until time t=t,
we have:

P,(0,t)=p,o—>V, =0

e The current through the diode
until time t; Is: Vi
IR N —
R

I

11
13




To solve exactly this problem and find diode switching time,
IS a rather difficult task. To simplify the problem, we make
the crucial assumption that I, remains constant even beyond
{

The differential equation to be solved and the initial
condition are, thus, of the form:

dQ, Q _
“lp= 0 Qp07)=Qp(07) =1yl
This gives the following final solution:

p
Qpt)=—tplg+1,(Ig +1g)e

—t/rp

Diode switching time:

|
Qp(ty)=0—t,, =1, In(l+ I:j



o Graphical representation:

AOTE
P (X,t) 1 Slope almost
/ constant

RV B -
~
pnO —————————— - |
t—)trr X F

o

_O.:I.IR_____i ______ I

t. — switching time
t. — reverse recovery time
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