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GENERATION-RECOMBINATION (GR)

= At equilibrium charge distributions: rfpﬁz n2 Lo ™7

vk

= When the system is perturbed, the system fries to restore itself
towards equilibrium through recombination-generation

= Steady-state recombination rate will be proportional to the
deviation from equilibrium, 8
. R (np-n?) thady’
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+ Recombination: process by which electrons and holes annihilate each other i.e. : electrons
occupy - through one or multiple steps - the empty state associated with a hole.
+ Energy released as- photon / phonon / kinetic energy of a carrier

F yZa » These recombination mechanisms are
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generation-recombination

Ky

\ reversible, i.e., carrier generation.
Z E A single expression can be used to describe
C
B

band-to-band  trap-assisted Auger\/
recombination recombination recombination
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Band-to-Band Recombination, i.e. direct thermal recombination, involves the electron
falling from an allowed conduction band state into a vacant valence band state. This
process is typically radiative. Eg Lasers, LEDs

&=

e
R=a(np-n7)="
T

l/p -
— /\\ : h l’\ﬂ V\\J +6MR
e Y 0 5
c -~ S
S hy 77 Q- 2, (esn @0
-~ X
eV A (ﬂ ISV T AR
- 7 2
. O 92
%Q l& \/,}vo(ﬂ/hi ,;5er
G e AN )
(Ener “  Real ~ A
gy, space e eal space 2
— % - -

SEMICONDUCTOR DEVICE MODELING AND SIMULATION




17-01-2023

1. Band-to-Band Recombination, i.e. direct thermal recombination, involves the electron
falling from an allowed conduction band state into a vacant valence band state. This
process is typically radiative. Eg Lasers, LEDs
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2. Recombination Involving Excitons (Coupled electron-hole pair, which moves
as a unit in response to applied forces): Exciton introduces a temporary
level into the band gap slightly above the valence band edge or slightly
below the conduction band edge. It give rise to subband-gap radiation,
usually at low temperatures and in Light Emitting Diodes (LEDs) containing
shallow-level isoelectronic centers, Organic Solar cells, CNTs, wires (1-D

systems) -
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3. Auger Recombination:

<

Energy space

X

C,.C,~107"cm®/s at 300K

3. Auger Recombination:

Energy space

X

C,.C,~107"cm®/s at 300K

a non-radiative process,

T ===
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a non-radiative process,
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on-r where band-to-band
recombination or trapping at a band gap center occurs simultaneously with
the collision between two like carriers. The surviving carrier takes away the
energy and thermally loses it. Dominates in highly doped ITI-Vs, concentrator
type solar cells, junction lasers, and LEDs. ~—
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where band-to-band
recombination or trapping at a band gap center occurs simultaneously with
the collision between two like carriers. The surviving carrier takes away the
energy and thermally loses it. Dominates in highly doped ITI-Vs, concentrator
type solar cells, junction lasers, and LEDs.
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introduced by certain impurity atoms or

annihilation of the electron-hole pair. This

introduced by certain impurity atoms or

annihilation of the electron-hole pair. This
radiative.
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4. R-G Center (indirect thermal) Recombination: R-G centers, energy levels (E;)

region of a semiconductor, act as intermediaries in the recombination
process. The capture of an electron and a hole at the same site leads to the

radiative. np-n’
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4. R-G Center (indirect thermal) Recombination: R-G centers, energy levels (Et)

region of a semiconductor, act as intermediaries in the recombination
process. The capture of an electron and a hole at the same site leads to the

=Ap<<p,=N

Depletion—n~ p~0

o) +7,(p)
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crystal defects into the midgap

process is char‘ac‘rer‘is’rically non-

crystal defects into the midgap

process is characteristically non-
- f‘,p:,”iz
Tp(n+n1)+z-n(p+ p)

-

s
- —
<

(ﬂﬂlm

p>>p,,N, L
<Znr e




17-01-2023

5. Recombination via Shallow Levels: Donor and acceptor
sites function R-G centers, extremely inefficient at
room temperature, in the recombination process. The
largest energy step is typically radiative.
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* Discussed various recombination processes
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GENERATION-RECOMBINATION

LECTURE: 45

L45 GENERATION AND RECOMBINATION

* Generation-Recombination mechanisms - derivation and measurements

dn _1dJ, e on

E_q dx T
dp_ 14, ~ dp
dt g dx T
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Luminescence™ - process of emitting light When electron-hole pairs are
generated or carriers are excited into higher energy levels from which they
fall to their equilibrium states.

Lk - Vo G AT

e
> Photoluminescence -carriers excited by photon absorption _
> fluorescence-fast luminescent processes (108 sec) ; >
> phosphorescence-slow (second or minutes) luminescent processes. {)W’MW N
phosphore <
> Cathodoluminescence - carriers created by high-energy electron
It Al

bombardment

> Electroluminescence - excitation occurs by electric current (eg LED)
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PROPERTIES OF GR PROCESS

« crystal momentum and energy is conserved

* Band-to-band recombination is much faster in direct gap
R semiconductors

—e——

renons) » R-G center process is important in indirect gap semiconductors

PR * Usually only dominant process matters
* band-to-band or R-G center recombination-generation usually

— I

dominant in low-field regions of a non-degenerately doped

semiconductor maintained at room temperature.
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MOMENTUM CONSIDERATION

Conser've Energy E,=hv e T

Conserve momentum — Ak = k ohoton = 21v/C = Eg/Rc

Ak ~ 6/um (Eg ~ 1.2 eV) « BZ 2n/a ~1/ A for a= 5 43 & Optical transitions
/amerflcal T RS -

/\? ’ Direct bandgap .

photons making vertical
transitions won't conserve \/
momentum for -

¢, | v’ indirect band-gaps (Si, Ge) €y
; v

ﬁ ot VMJL

Indirect bandgap
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MOMENTUM CONSIDERATION

Conserve momentum -

Ak = k phonon ~ 27T\’phonon/v

Indirect Band-gap nd
= Ephonon/hvsound ~ ZTE/C( [X

Atomic displacements are involved,
Wavelengths are Comparable

Conserve Energy
Ephonon = NVphonon™ 10-100 meV « E,
_ —

Eg for Si,

T brocess | VL= 8430 m/s along [100]
W?(fSTeZ gn/a ) viro(M25) = 15.5x10%2 Hz  T=300K
rap ~ €7/ G

http://www.ioffe.ru/SVA/NSM/Semicond/Si/mechanic.html
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OPTICAL ABSORPTION

» Relative transmission of the photons is observed. Used to measure band gap energy

\/L
> |, = photon beam of intensity (photons/cm?-s) LS o)
» A = photons of wavelength, selected by a monochromator re 7 ﬁ &)
. . . . WV~
» | = sample of thickness, a=absorption coefficient (cm) D A </
dl Sample L, L d
_al el g

o
Beam intensity at a

distance x from the

surface, I(x) = I, e
im0 E

Monochromator

PHOTOCONDUCTIVITY

» Excess electrons and holes creation = conductivity increases
"oles creat
> photoconductivity - if excess carriers due to optical luminescence

> every semiconductor device depends in some way on the
recombination of excess electrons and holes

Let us examine mechanisms by which excess electrons and holes
recombine

5// ne mt PN
-

o ptdny e p s UhIR) L 2,
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states (holes) in VB. (photon emission)
» Spontaneous process i.e. constant probability that an electron and a hole will
recombine, o,
» rate of decay of electrons at any time t, o

Y} N
Thermal — 7) /5, .
generation Recombination ‘ 2 ) (rp-r )
dn(r) b v

= a,n; — a,n(0)p(r)

-  — /

dt

pe— w{n

. . . — s
> dn(t), dp(t) = instantaneous excess carrier concentrations ’;: T

dén(1)
T a,n; —fr[”o + ‘?i?(f)][Po + ip_(f)]

_

Gn- 1

= ~a[(no + po)on(t) + (1))

SEMICONDUCTOR DEVICE MODELING AND SIMULATION

DIRECT RECOMBINATION

> Case: Low level injection (8n (t=0) <« py for p-type)

. .- don(1) Y &
> Equation simplifies to = —a,pon(t) - = e
dt - z= Ao
> SOIUTIOH, 6]/1(1‘) = Aneiarpﬂt = Aneir/rn
> Minority carrier lifetime, o
N -1 /4 n
Tn = (arPO) y/f -

|:| Sample

WO

Flash generator Filter

o

Photoconductive decay measurement Oscilloscope

SEMICONDUCTOR DEVICE MODELING AND SIMULATION
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QUASI FERMI-LEVEL

> At thermal equilibrium  g(7) = E{ﬁ = a,NnyPo i gt
g, - 2
> Light turned on (optical generation) -
8(T) + gop = ap = (g + 8n)(po + o) =) W
4—/%
“
> For low level excitation, — win + pen = 20 T
ow level B Tl PO = | o
> Excess carriers, on = 9op = @) D) J
b L4
on=r- and op =1 general expression Q W/
o P TrBon, ieng L
fa
wo*? = nie(f;n_Ei)/kT ng #n.° oy

0 Qp — nie(Ei_ip)/kT
\/

ONDUCTOR DEV ODELING AND SIMULATION

INDIRECT RECOMBINATION

1 =
William Shockley Robert N. Hall
=

Also called
Shockley-Read-Hall (SRH) Recombination

SEMICONDUCTOR DEVICE MODELING AND SIMULATION
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CAPTURE PROCESS

SEMICONDUCTOR DEVICE MODELING AND SIMULATION

Electronic transitions between a single-level R-G center and energy bands
- -y e - ‘E an an _l_c"lﬂ
, (/ﬂ( Py > T dtlp-¢  d|@ O @
—i— ( -1 — é —
n ne dp ap Ip
CV‘ 1 yan or or - —+ =
dtlr-c 4| O @
t/\/ “w
S 3 O ¢ mn_ vy “
@ ®) © @ T T T @lPr T el
T ——
Electron Electron Hole H_Ol? ™= T = CppPnr — €pPr
capture emission capture emussion t _—
* n; = number of filled (with electron) R-G centers cm ol = <.V
7,
* pr=number of empty R-G centers cm™ @//7 57
_ 3 - n + 1 (> Ew
* N; = Total number of R-G centers cm>® = "7 n
* c,= the electron capture coefficient(cm?/sec) <7
* ¢, = the electron emission coefficient (1/sec)

17-01-2023

14



17-01-2023

CAPTURE RATE

dn/dt = # of electron in small volume x relative cross v

section of empty traps / time /

Thermal velocity, vy, = /3kT/m*~ 107%at 300 K
et P )"
Volume = Av,,t, 3"

s
fractional area for capture = prAag, v, t/A

dn _{Arpa}“

on
prob of capture/sec = p10,V;,=C,pt dt Axt
= _qu I n (1.:.' = Jnvr}:

—_— =

o

—_—

Assumption: these c's don't change under bias Janun ow i ¥ o

SEMICONDUCTOR DEVICE MODELING AND SIMULATION

« Under equilibrium: . @
T i i E,
* self balancing of each fundamental process w N e
' ach circled pair of
e ry=0andr,=0 i i T’ processes self-balances.
e PT/_ = N m .
€00~ CnoP oMo/ N0~ Cnol =) - )
* € CpolitoP/Pro=CpoP1 = 2100 _ Ne = o oy = My o e ——

—

g .. Mo Ny LGY) . .
* Assuming emission and capture coetticient remain approximately equal to their
equilibrium value

on

* e, =e,=CoN =CNy W= =5, = t(Mpr —nyn7) R
© e e, =CoPpp = C P 2 h'/f
p po ~ “poM1 pM1 Tp=_E=Cp(pnT_p1pT) N
* ny=n, exp( (E-E;)/KT) g 5 ,41/m -
. R
* For nondegenerate semiconductor % (2 )
. = + o =E.+ 1 = !
np/Np = 1/(1 exp(&rEF)/ KT, E;’=E#kTIngrand gy is dWctor

exp((Er’-E;)/kT) and p; = n; exp((E; - E;")/KT)

SEMICONDUCTOR DEVICE MODELING AND SIMULATION
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» Under steady state: status quo is maintained by trade-off b/w processes
(Assume emission and capture coefficient ~ equilibrium value)
*Iry—Tr |
A ._L_P.—:—-» ® oI E
] ! ©
1 I
cnNTn+cpNpy . o
*Nr = i 1
= cn(ndng)+ep(p+p:) : !
.2 : ' E
np—m; -t O ﬁ_o v
Tp (n+nq)+1n(p+p1) I Ax ]
—_— = ' \
1 1 . N
* Tp=; and Tp=_——are hole and electron minority carrier lifetimes
pNT niNT 3
2 {«¥'(/\> 5@ ™ Ne s - et
o R=  — v
¢ /@ ( nsk n) Qﬂ

!

SEMICONDUCTOR DEVICE MODELING AND SIMULATION

GR STATISTICS — TYPICAL VALUES

NT E-_r\ GN GP SN SP

— - i -

Material| [cm3] [eV] [m2] [m2] [m/s] [m/s]

—

Si,Ge | 1e13 00 le-15 le-15 00 0.0

—_

ITI-Vs | 2el6 04 le-14 1e-13 00 0.0

.

SEMICONDUCTOR DEVICE MODELING AND SIMULATION
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MINORITY CARRIER LIFETIME

* The R-G centers are typically impurities that were unintentionally incorporated into the
lattice during growth or processing

* Lifetime is decreased by adding impurities (Au to Si)

* Lifetime is increased by gettering impurities

* diffuse phosphorous into the back side of an Si device in order to trap impurities and increase

the lifetimes -
A I

Table 5.1 Observed Carricr Lifetimes in Si (300 °K). <

Lifetime Range Result-Reference Device Smn.-turc_
107=10"? sec 70 = 2 msec  (10] Gettered Metal /Si0,/Si
- (MOS) capacitors
OS) capacitor
10°%-107 sec T, =23.5 .u\cc“” pn-junction devices
7, = 1.5 usec
107%-107" sec 7o = 0.75 psec | Au-diffused pn-junction
1, = 0.25 mcc' 1 devices
’ ] - = —t

SEMICONDUCTOR DEVICE MODELING AND SIMULATION

* Low level injection:

* changes in the carrier concentrations are much less than the majority carrier concentration
under equilibrium conditions

* An=n-njand Ap=p-p,
* An, Ap << n, (n-type material), An, Ap << p, (p-type material)

* Assumptions about the R-G center parameters
* R-G centers introduce E;’ level close to midgap =» n; ~p,~n;,,
* R-G center concentration is sufficiently low =» An ~ Ap
* 1, and 1, are taken to differ by no more than a few orders of magnitude

* Low level injection

(ng + An)(py + Ap) — n?
* R = An/t, (p-type); R = Ap/t, (n-type); R=
' = An/z, (p-type) p/t, (n-type) To(no + An + ny) + 7o(po + Ap + py)

injection
1, +1,) where An, Ap >>n, or p,

SEMICONDUCTOR DEVICE MODELING AND SIMULATION
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RG DEPLTION AND CAPTURE CROSS-SECTION

* Electrostatic depletion region:
* n, p <« [Ny-N,4|, does not imply carrier deficit

« System in equilibrium = n=n,, p = p, and np=n;?
* R-G depletion defined as :
« semiconductor volume where n « n,and p « p;
* np « np; = n2, deficit of carriers
2

—-n; n; . , .
. e —— S G ——— =T+ E'=E
R P . where =T, +1, if , i

SEMICONDUCTOR DEVICE MODELING AND SIMULATION

SURFACE RECOMBINATION

* Lattice periodicity broken at surface/interface - mid-gap E levels

* Carriers generated-recombined per unit area

* Processes and descriptions analogous to bulk R-G using surface
parameters

Theory (Rakshit/Liang/Ghosh/
Hersam/Datta, PRB 2005)

‘ } Surface . “s’
) Bulk DOS ﬁﬁl S;

i
H Iy-’

Dangling bonds
AN

[111]

o
wn

[T

e’

DOS (/eV/atom)
o o o o
ny

%)

i
nfii\/"’
i

r Bulk Surface DOS

7 -6 5 -4 -3
EfeV)
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Surface

SURFACE RECOMBINATION

* For a single energy level surface state:

rN :Cn(an_nTn1) rNs =Cns(stns _nTsn1s)
rP :Cp(nTp_ pT p1) r-Ps :Cps(nsT ps - stp1s)
n1 — nie(E';'_Ei)/kT nls — nie(EIT_Ei)/kT
p1 — pie(Ei_ET)/kT pls = ple(El_Err)/kT

2
nsps — Ny

np —n?
R = ! ‘ R =
T, (N+n)+1,(p+py) 1

1
—(n n »
Sp( s+ 1s)+sn(ps+p1s)

Surface recombination velocities S, =C, N, ands, =c N

SEMICONDUCTOR DEVICE MODELING AND SIMULATION

MULTI-LEVEL (MORE REALISTIC)

D:1(E) - density of interface traps (per unit area-energy)
D:(E)dE - density of IT between E and E+dE (replaces N,)

E 2
c n — N
R=[ sPs ~ N, D, (E)dE
N 7(”5 + n1s ) + 7(p5 + p1s)

Cps Cns

Electron Electron

[ capture emission

E, i E.
y, 5

Surface

é A\l EV
Hole Hole
capture emission
(a) Capture (b) Emission

SEMICONDUCTOR DEVICE MODELING AND SIMULATION
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* Discussed optical absorption, surface recombination and derived SRH recombination

SEMICONDUCTOR DEVICE MODELING AND SIMULATION
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SOLUTION TO DD EQUATIONS

LECTURE: 46

e§) =3
Poisson equation —";. /U? Carrier density equations
v
dy p q 4 E: -E q-(y - (Dn) _ V.
0 = A (PN =Ny > n=n.exp(——" o )= exp(—— 02 T )= n..exp(VT>
d edz//J C R E —E a(e, —¥) v
=—p=- -n+N —N =n. —__"F)y—n. TP "y _n. _
dx( 5 )= P=a(p-n+Ns-N;) P=nexp(=) ) =Mexp(— ) =nexp(-y )
Continuity equations current density equations W f/ n
/
@=1%+Gn_Rn A 3 :_qn g +qD, @ “/m/,;
_(?t q o @ ' a ox Y7 95‘?: n &
op__14, <4 - a op "'a 8
—=———, +G,-R Jp=—0qp W—CID - x ¢
ot q ox qp,/f P ’upax P ox LV
— /
st sy
s ) ) e —— —— E'Tb/v - =
np—n; np-n 1 €
R=R =R, = - ey, ey
H(NEN)+7,(p+ ) N+ p+2n,cosh| —=——° ‘
A ks T
SEMICONDUCTOR DEVICE MODELING AND SIMULATION
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PROBLEM

Consider a P-N junctions with uniform cross-section so that the problem is one dimensional

\4\ L‘f:_\&/fl'g\age V is applied across the two ends. n }exp( EFkBTEI )= ni'eXp(q'(‘/I:BT%))
M ] E -E q-(p, —¥)
- u =n,.exp(——5) =n..exp(—L——
at = p = n;.exp( T ) =n;.exp( T )

] — — H Be? ™ L ¢r\

N ] e 2 7T

na ] Unknowns:

X=0 X=L ney

- —= OR
Y, 9, 9,

Ve

SEMICONDUCTOR DEVICE MODELING AND SIMULATION

BOUNDARY CONDITIONS

Consider a P-N junctions with uniform cross-section so that the problem is one dimensional

Let voItag’e Vis applied across the two ends.
v j‘f",f,h

d _ p_ 1 .
X =—==——(p-n+C ,C=N+—N
- «q dx2 - g(p ) D A

le—

X,
S
-« <

Ohmic contact at x=0 and x=L =» space charge should be zero

A, o <
%

\
* Physical boundary: contact and interface to insulator

o
* Ohmic-no potential drop Var =¥ ~¥uun o Artificial boundaries P
* Schottky Ve =¥ = Vouin-in +¥/sovoty_sarrer * To separate neighboring devices £ 0
* Interface to Insulating material ; * To simplify numerical solution _gp/—
P p

oyl oy 94, N P

—_— —& .= = Q. - = —_— 6n
Tonle ™ on | (ﬁ‘ t Cm Tor 1= on_

— y et P
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BOUNDARY CONDITIONS

Consider a P-N junctions with uniform cross-section so that the problem is one dimensional
Let voltage V is applied across the two ends.
n

n

d? PN
¢ d):/2/=—§=—g(p—n+c),C=ND—NA

Ohmic contact at x=0 and x=L =» space charge should be zero
'nhmic contact

Lot %

%7

> <
'l

CO+pO-NO=0  CL)+p(L)-n(L)=0
T p(0)xn(0) =n/ p(L)xn(L)=n]
3 p(o):—Ci,/(; +4n; &):CiJCz +4n;
" 2 n?
- 0)= i L)= i
A" 000 PO=10

SEMICONDUCTOR DEVICE MODELING AND SIMULATION

BOUNDARY CONDITIONS

Consider a P-N junctions with uniform cross-section so that the problem is one dimensional
Let voltage V is appIied?Bg,oss the two ends.

2

2
d W——E:—g(p—m-c), C=N:-N;

257
> e
N /”‘@ 0
— i Ohmic contact at x=0 and x=L =» space charge should be zero
1
X=0 ” C(0)+p(0)—n(0)=0 C(L)+pL)-n(L)=0
p(0)xn(0)=n? p(L)xn(L)=n?
v )’1 kT 0) ] A% kT [nw]”
v (0) =v(—81n{p( ) 1" e 1//(L)=0+Bln{n( )}
Wﬁuﬂkin q n, L N
Viitiin =¥ =@, OF ¥ =, . Er =-0¢,(0)=-qp,(0)=-qV Er =—0¢,(L)=—-0¢,(L)=-9.0
s /-/\]a'p'\ - Pe /\
\\Jc.') ‘\_\)(V" _70 L—\ "’"__’::r:L(F- ').Vo et __ 7 -
: i = < -
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a¥ a

Poisson equation 6 ° n=n,.exp( FkT —£—)=n, eXp(q(ylz T%))

c B < Kgl

dv __p_ ¢ - 5 E -E q-(p, — )
[ =L =_(p-n+N;-N N -n By p

o . /(p_,o_ ) p=nexp(Cl ) =nep )

—_— A
d y

T 0) -2 () rp (%) 4@ (0)-v(x) o (x)-e,(x), Cx)
h ) kgT n;

nq L_’__(_//_‘X_)_Z_J/J B .
& -°
dofﬂ" _ o ¢—‘ﬁ
we Vw984 V"y_/"//_

calin 2&1.—1 —27\- v (i 1 - = -\ = .
Scaling 1 l//(l ) l//(l)+‘//(|+ )——eXP@p(l)——V_/_(l))+exp(_l//{\£|)—¢n(|))—§(_|)=0

Discretization

G

SEMICONDUCTOR DEVICE MODELING AND SIMULATION

\\
current density equations ©n
Toi+1/2) p(|)+p(|+1) PRIRTE AU (,+1/2)p(n+1) p()
2 \ ) h
Jo__ % on e, (i +1/2) p(i)+p(i+1); - L du (l
Jn = qng, +an x » - _ p . p() 2p( )[l//(|+1)—(//(|)] P [p(|+1) p(l)]
=, a(// ap “/\
Jp=— —-qD, == = e, (I =1/2) p(i-1)+ p(i qu(ll2)
- S T e B OS]
M, (M =1 [ oo
"th—l) [E+W(N 1) - V(N)} ELE_/IH ---! ~
i, (M —=1) on_1dJ,
Z (N -1 N +G,-R, — - L
e ) ) aqax 2> 55
o | o & , P
W(N} WN+'|) —*F4+G -R
Tanm) Lo a qgox " O° \q r=b
M \ . Uy =Y (N
+M{ww)—m~+n—g}n(N+u' (@4\/7 -t A+ g
2h(M) 4 4\[1,‘,1,"\“0-‘) — QL = (Ra)
=h (N)[G(N)-U(N)] -
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- oy an
Jn =—qnu, —+09D, —
Q#na q " ox
op

Jp:—qpﬂp——qD o

Jn(i+1/2)=E[An(i+1)+/’-\z_n(i)]

y(i+D -y
A =D(i+1/2)B( T /g )=y (i+

y(i)—y(i+1)
A, =D(i+1/2)B( T/ )=

DISCRETIZE EQUATIONS

current density equations- Scharfetter-Gummel Discretization

gr, = Laap, pFw=¥) | p ¥y
v, v,
s p(i+D) -y ()
@iy -1 = C &
#p(|+1/2) l//(l)_‘//(l-'—l)

exp(q(y () —y (i +1))/kgT)~1
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DISCRETIZE EQUATIONS
Continuity equations E. —E, q(w -o,) B \Vj
(in:la\]n n=n.exp(——— T )=n,. exp(T)—ni.exp(w)
ot g ox 9.9, ) v
p=n;.exp( Bk n,.exp(—*——=) = n.exp(-—-)
@:_1%4_@ _R ) kT V;
o4 qgox PO°
13 (+1/2)-3 (i-1/2) _ . _ Dy, zB_‘P Dl g ‘P-.1 Dy ¥ =¥
B0 R0 =0 T e o e )
13,G+1/2)-3,(G-1/2) . L Dlz p ¥ =¥, _¢o
a Q) +G(i)-R(i)=0 e ( v ;. =G,
s =
D.FL.-'E le _qJ. 1 D,-'Dl.-'z ‘Pa 1 _le Dﬁl:z i+l _.P.
—lzp -, B B
) o B P el g B 7 )+— o B( v )]
B(x)=
x)== D:E] : p¥ ‘P”] —
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NUMERICAL SOLUTION APPROACH

. A ¥ b
* Poisson solvers: J//b—
* Direct U1
* Gaussian Elimination Ty
* LU decomposition %
* lterative v

* Mesh Relaxation Methods
* Jacobi, Gauss-Seidel, Successive olc-:'_r-ie_@(a_tion
* Advanced Iterative Solvers
¢ ILU, Stone’s strongly implicit method, Conjugate gradient methods and Multigrid methods
* Solution Procedures:
* Gummel’s Approach — when the constitutive equations are weekly coupled
* Newton’s Method — when the constitutive equations are strWd
« Gummel/Newton — more efficient approach

SEMICONDUCTOR DEVICE MODELING AND SIMULATION

* Discussed technique to solving DD equations
» discretization of the semiconductor equations yields a large system of nonlinear algebraic equations
* Incase of DD there are three equations (one Poisson and two continuity equations)
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ik 17§

~-w-

/3 SOLUTION TO NONLINEAR
m ALGEBRAIC EQUATIONS

LECTURE: 47




Consider set of three equations (;QI'IW“‘"
F] (lﬁ, Ds Q) b,w-“"/ <
F(bi? = F(‘//s n, p) = Fz(l//,n, p) _— 4
F@,n,p)

i

v
Set of unknowns Wz{“}
-

only iterative methods are applicable for the solution of systems of nonlinear algebraic equations
————— . _’/—

ITERATIVE (NEWTON) METHODS

Let us solve algebraic equation f(x)=0 with initial guess x°
—_—

Let us x(1 is kth estimate. (),/%
X2 js K+1%t estimate, can be evaluated as %
fon

fxXy o ﬁff

x@ — O _ - .
of (xY/ ox 4

SEMICONDUCTOR DEVICE MODELING AND SIMULATION
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Let us solve algebraic equation f(x)=0 with initial guess x°

3
Let us xM) is kth estimate. /fm
X2 js K+1st estimate, can be evaluated as foe
0 = ¢
K@ = O _ f(x7) s J;U y=fx)
c——  of (x)/ox [ = &
|| s X

The idea behind Newton’s method is that the tangent line is close
to the curve and so its x-intercept is close to the x-intercept of () f (x(k))

the curTe_(r_= root) - of (X(k))/aX

of (x“)/ox . ox™ = £ (x)
4

SEMICONDUCTOR DEVICE MODELING AND SIMULATION

ITERATIVE (NEWTON) METHOD THEORY

Assume that a solution w* exists for the system of equations and there exists a neighbourhood of w* within

which no other solution exists & ) 6‘
L , B {' ¥,n) = mejffﬂh,
Y

All iterative methods are based on a fixpoint equation /W =M (W)
fi t ti d directly for iterati k+1 k
:pzmgeqr:;mn is used directly omerazrlw( DM (W( ))) Z ]/uhkmu\u
w ke — M (W(k)) = w® = lB(W(kQ_I.Fiw(k)) w, e M (W)
¢ « _ _ k
M '(w)=1—(B(w)").F(w)-B(w)".F'(w [7“]
()= 1= (B(w)™)F (W)~ Bw) ™ F (w) I X:

requirements on B(w) such that the iterative scheme converges. variety of

operators B(w) exists to satisfy the equation - - -
MW =1 -BWHLFI(wW  foy ==
The classical Newton method is defined by XJ | (F - ;w_.
Bwh=F(wH M7 F
N

SEMICONDUCTOR DEVICE MODELING AND SIMULATION
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0
14 k+1 k
Initial guess W’ =| n° Correction for k" iteration Su = w Vr:kH vr:k
— = —_ = —
p’ - pk! pX
A
Extending idea to higher dimensions 2 F Sh o+ ?/F’Jzy - — F, et n ¢
Newton’s method at the k" step D/F/ LY+ Ba or —
9 -, R Bfiare "
P oF  oF  oF N oy -5
\ —_— —_— _— Z -
,0/1// on _op Syt F ", n*, pb) L(Dn/oﬂ
oY 5 > /
A g bl I e
3 oy on op | ok ! k’ k’ k
J F ,n%,
%“V %, o, oF |\2P (0, p)
on

SEMICONDUCTOR DEVICE MODELING AND SIMULATION

BLOCK-NEWTON METHOD

1Cg--r .6()- N¥Ao
block iteration scheme (iteration index m) for the solution of the k-th Newton step
Yy " ) Yo
o o R R
0 mzl on 0
a:f sy F.(w*,n", pb) alf
6—2 lonf | =—| R0, pY -0 6—;
178
§pk F}(l//kanka pk)
F R R 0 0
vV
dw on  op 8/

coefficient matrix is block lower triangular, one can decouple the system
into three linear systems which can be solved sequentially

N~ P(v-')
/

SEMICONDUCTOR DEVICE MODELING AND SIMULATION
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SOR BLOCK-NEWTON METHOD {30}

¢ (gMMvE Y e e

block iteration scheme (iteration index m) for the solution of the k-th Newton step

Foo o) o OF oY
ZIZ/ oF sy Y AN i ;E o
—2 =2 0 |.|én" | =-o FEwnp)|-0|0 0 —2|.|on*
dy  on S5pk = F(w*,n", p“) - op 5p"
o R W) o 0o
oy on  op o
Y
w is relaxation parameter. aFlk ksl ¢ Kok km ok km

Rl WY =—w.F N +on ™ p“+o

o 7 l_ﬁl(w p +op™T)

an ‘ km+1 __ k km+1 .k k km

an on™ =—w.F (" +5py™,n", p"+5p™)

8F3k 5 km+1 _ k km-+1 k km-+1 k

— op"" =—w.F (" +oy™,n" +on"", pY)

ap

SEMICONDUCTOR DEVICE MODELING AND SIMULATION

DIRECT METHOD

Direct methods are used forWdces. All direct methods for the solution of sparse systems of linear
equations are based on variants of Gaussian elimination

AX — b All methods factorization the coefficient matrix A to the form:

P and Q are permutation matrices

L and U is a lower and an upper triangular matrices Voo’
_— 7

For symmetrical coefficient matrix A :

P.AP" =LD.L

D is a diagonal matrix

SEMICONDUCTOR DEVICE MODELING AND SIMULATION
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GAUSS ELIMINATION-EXAMPLE \
Matlab Program to solve Ax=b using Gaussian Elimination -
I 2 -1 X 3 method X =
o P i PV S 3
2 1 21x |=| 3 clear; clc; close all am 4L My =3
’ A=[12:1:21:2;311; S ey 3
-3 1 1||x| [-6] b=[33-61; L= L
_— F— o _n=3; %size of egns Oj P ]1'1 -1 2
) ?(=zeros§n!1[;——"'_"*/" ['; %‘ 1 _:[ 2t ;li- X ) =M
x(n) = M(n,n+1)/M(n,n); < N/&‘bﬁ) if det(A)==0 L - - ederew fow
forp=n-1:-1:1 w disp('Solution does not exist ') < G Sperrhed
x(p) = M(p,n+1)/M(p,p) return CO\ -
forr=p+1:n end
x(p) = x(p)-x(r)*M(p,r)/M(p,p); M=[A b Py R ol A o P
o ORI D, ey M) =M () =M @) *M (DM (L)
end @9 /4% for j=(i+1) : n
x WS M(i,:)=M(i,2)-M(i,2)* (MU, 1)/MG,); ——
W end .
end N
X(P)=M(p,n+1)/M(p,p)— D> Xx(N*M(p,r)/M(p,p)
r=p+l1
SEMICONDUCTOR DEVICE MODELING AND SIMULATION

* Discussed Newton based iterative solving methods and direct method for sparse matrices
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i~ NPTEL ONLINE CERTIFICATION COURSE

SEMICONDUCTOR DEVICE
MODELING AND SIMULATION

PROF. VIVEK DIXIT
Department of Electronics and Electrical Communication
Engineering
Indian Institute of Technology Kharagpur

PROBLEM SESSION-7

LECTURE-48

e
X ne
Show that for a degenerate semiconductor relation between the diffusion U I3 Lg“"'
coefficient D and the mobility p is given b " @
yHisg " Y oo ez %4)}* \< )
D,_1 dE — 52w o 5. VT 00
—_—— \s\; /E\ -~
LT I
rd Dr\ —
This relation reduces to the simpler Einstein relation if the material is n P 4 2 o ‘L/ e ol
nondegenerate, i.e. Boltzmann statistics is used 6 \/L g
o, kT -
o -

SEMICONDUCTOR DEVICE MODELING AND SIMULATION
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Equating D,/ u, :—nEe/(qun)

For isothermal solid with parabolic band structure, Force = - dE/dx
D/u=(n/q) dE,/dn = (1/q) dE,/d(In n)

For non-degenerate semiconductors, n = n; exp((E-E,)/kT)
d(Inn)/dE. = 1/kT
D/u=kT/q

SEMICONDUCTOR DEVICE MODELING AND SIMULATION

PROBLEM-2

The Hall effect can be used to determine the type of carriers present in a material. Show that the Hall
constant R is given by o ] T _ L paA

_qni o/ gy +1 - e Tty

o . _ ) . MM
for an intrinsic semiconductor, where niis the intrinsic carrier concentration and’m.and m,are the electron
and hole mobilities.

SEMICONDUCTOR DEVICE MODELING AND SIMULATION




concentration and mobility
SEMICONDUCTOR DEVICE MODELING AND SIMULATION

PROBLEM-2: Recall Hall Effect

e( pu, +n, )2

e r>(Ppa)® T SV (Mpu, )

1 5.45'7 (f

(

+ accurate expression including Hall scattering

. and r, using (J yzreepvhy+r_'benvey=0), )
b L~ M v A,
RH:r.f_rP_re ”’ /1/4 \Jh,,.///“c &,
e(p + bn)?

DEVICE MODELING AND SIMULATION

PROBLEM-2: Recall Hall Effect
Me material) F3 q;:g ch?g: ffalzw?f) q;fz
= (€ + v X B) (Lorentz force) pra= 2 Rt Veoll
. Net force in y-axis: F, = (1(& v,B,) » PO —em) = =7 =
§ n M/c's } p= 7= /o _ Ry
«  Ocurrentin y-direction E 3 "o wD) P Nepp
« D E =B e Ty
©&E (3x7qpo) B,=Ry B, 4, t _rn
£rr © =5
. Hall voltage J = el
® VAB = gyW fll,
Hall coefficient 7 B o / ~
- - TN o #'
R.=¢& /J B, = 1/gp, g7 O O % /
— - |
f( Vg < O for n-type —
Ry and p yield majority carrier

« Hall effect (gener'al) ® ) e
=t =, - '/)"/';
. —F e +€V ev,, /u / GB—PM vﬂ‘_ﬁ x ?
T 'Emlhy“env -0, 7‘/@7 ‘61&- g, Verat
. Jev +envz;_.__)< + - - 4
. RFE/TB Lo l OF
P, —npL; por = I-
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PROBLEM-3: Include Hall Scattering effect

R = P, — i, General expression including Hall scattering factor r,
e(pu, + ”ﬁfe)z and ry, using (J,=r.epv, +ryenv,,=0), rap — reb?n
e, > - e(p+bn)’
©ryE(rery)= H/H/ Hc= ((:T;%‘ M Zf_‘s P
zZ

* Hall mobility, 4= ry p(~drift mobility) 4, z

«  For semiconductor with spherical constant-energy surfaces, t,, x E~/2 for phonon
scattering and t,,, x E~3/2 for ionized impurity scattering '
o) E oo E
© (= Js _T’,_’,‘IE3/Zexp (—k—T) dE/ [, E®/*exp (—k—T) dE
. r,=31/8=1.18 for phonon scattering and r,=3151/512=1.93 for ionized impurity scattering.
+  Magnetoresistance effect: under strong magnetic field significant increase in resistivity is

observed due to carriers traveling in a path That deviates from the applied electric field.

SEMICONDUCTOR DEVICE MODELING AND SIMULATION

PROBLEM-4

o'u & .
Solve poisson equation 2D : —[axlj-#ayl:J =20cos(37x)xsin(27y) for w
|9
@ i
Dirichlet boundary (lext and right edge) + 7> l : 4

u(x=0)=0

(x=0) M g initialize V F
u(x=1=¢1 ™ V(1:Nx, 1:Ny)=0.0; ] L

Neumann boundary for y-axisa;a_lf -0 %% f(1:Nx,1:Ny)=0.0; D |
(upper and lower edge) on (7' 9 7;"

for i=1:Nx, Wy

%--Defi thT h for =L,

I\e_lmi_e—& f(i,j)=20*cos(3*pi*(xa+(i-1)*dx)) *sin(2*pi*(ya+(j-1) *dy));
— oop=1; _— T T e
S end M

T\y N=20; Nx=N; Ny=N; End !

Xxa=0; xb=1; ya=0; yb=1; -’?%JB‘oundary conditions

dx=(xb-xa)/(Nx-1); V(1,:)=0; \/

dy=(yb-ya)/(Ny-1); V(Nx,:)=1; %% Dirichlet in x

%% since dx = dy we can use h = dx = dy MNeumann ny

h=dx; —
M=400; % maximum iteration value

SEMICONDUCTOR DEVICE MODELING AND SIMULATION
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PROBLEM-4

cos(pi/Nx)+cos(pi/Ny); % Converging

ing Term
— o ee =

j=Ny;

count=0; for i=2:Nx-1

loop=1; Residue=w.*(0.25.*(V(i-1,j)+V(i+1,j)+2*V(i,j-1)+2*g*h+(h*2)*f(i,j))-
_loop=1 \J . Residue=w.( (V(-LHV(i+Lj)+27V(i,j-1)+2*g*h+(h"2)*f(i.j))
while loop==1; - N V(ij));

_Rmin=0; Viy 7 :h:—\’ e Rmin=Rmin+abs(Residue);

i=1; g A V)=Vl Residue;

for i=2:Nx-1 Vol Wen end

R65|due=ﬁ*(0.25.*(\’/1|_- a Rmin=Rmin/(Nx*Ny); % Average Residue per grid point

if(Rmin>=0.00001) (v *

LiHV(i+1,)+2*V(i,j+1)+2*g*h+(h"2)*f(i,))-V(i.j));

" Rmin=Rmin+abs(Residue); v N‘LVI) Ncount=Ncount+1,
V(i,j)=V(i,j)+Residue; 3 Vs if(Ncount>M
_— — > "..-l 5 2]
end v * Qu‘r'l \,’ -h&) loop=0;
for j=2:Ny-1 v w disp(['solution doesnt converge in ',num2str(M),' iter'])
for i=2:Nx-1 end
Residue=w.*(0.25.*(V(i-1,j)+V(i+1,j)+V(i,j-1)+V(i,j+1)+(h~2)*(i,j))- else
R —_— —_— e — —_—
V(i.j); loop=0;
Rmin=Rmin+abs(Residue); disp(['solution converges in ',num2str(Ncount) ,' iteration'])
e T e e
end

end

SEMICONDUCTOR DEVICE MODELING AND SIMULATION

PROBLEM-4

% Plot the result J
X=xa:dx:xb;%1:Nx; ¥

—YM %1Ny’ / Electnc Potental Distrioution, VX Y)
mesh(X,Y,V','linewidth',2)- "

_h=geaj—

get(h,'FontSize');

set(h,'FontSize',16);

%colorbar('location’,'eastoutside’, 'fontsize',12);
%axis([1 Nx 1 Ny])

xlabel('X','fontSize',16);

ylabel('Y','fontSize',16);

title('Electric Potential Distribution, V(X,Y)','fontsize',20);
fh = figure(1);

set(fh, 'color', 'white');
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