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1) Derivation of SRH formula
2) Application of SRH formula for special cases
3) Direct and Auger recombination

4) Conclusion

Ref. ADF, Chapter 5, pp. 141-154
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Sub-processes of SRH Recombination
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(1)+(3): one electron reduced from Conduction-band &
one-hole reduced from valence-band

(2)+(4): one hole created in valence band and
one electron created in conduction band

.
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S5 NCN SRH Recombination
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Physical picture Equivalent picture
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(2)+(3): one electron reduced from C-band &
one-hole reduced from valence-band

(2)+(4): one hole created in valence band &
one electron created in conduction band
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Changes in electron and hole Densities
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NCcN Detailed Balance in
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Subscripts 0 indicate
equilibrium
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Expressions for (n,) and (p,)
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’—%%Q%BQ Expressions for (n,) and (p,)
Trap is like a donor!  foo=empty trap prob.
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of Trap Population
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=c,np —&n —C, pn +e p
=c,(npr - np)—c,(pn-p R
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S5 NCN Trap Population
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Net Rate of Recombination-Generation
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O%%Q%BQ Net Rate of Recombination-Generation
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Outline

1) Derivation of SRH formula
2) Application of SRH formula for special cases
3) Direct and Auger recombination

4) Conclusion

e
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st NCN Case 1: Low-level Injection in p-type
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R= np_nz
Tp(n"'rl)"'rn( p+ H)
= (n°+A”)(po+A”)‘ff n, +An
Tp(n0+An+q)+Tn(p)+Ap+ ) ® ®
- An(n, + p0)+A4 < -------------- < -----
_Z'p(f()+An+nl)+Z'n(po+Ap+ Q.) O‘boo.ow‘o
P, +ANn
_An(p,) _An AR =0
n(p) 7, P, > An>> 1y

Lots of holes, few electrons => independent of holes
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Case 2: High-level Injection

R= > '12 ic sol lls
r,(n+n)+7,(p+ R) e.g. organic solar ce
- n, +An

= (n, +An) (R, *4p) = 1f eceoco000
r,(np+an+n)+7,(p+4p+p) < <

_ A (ng + py) + AT \

- olelele)
7, (p+An+n)+ 7, (f+An+ p) o000 00000

P, +An
_ A An
- An> p; > n

(rn +rp)An ) (rn+rp)

Lots of holes, lots of electrons => dependent on both relaxations

D
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2B ACHY High/Low Level Injection ...

L) nancHUBorg

A
Righ =(ranp) An> p, > n,

R =4n P, > An>> n,

which one is larger and why?
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Case 3: Generation in Depletion Region

Depletion region — in PN diode: n=p=0
n<n p<Ap

R= Dé_r’z
r,(n+n)+7,(p+ )

o

I, (nl) + Tn( pl) 0000

NEGATIVE Recombination => Generation

n=p=0 <<n; => generation to create n,p
Equilibrium restoration!
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1) Derivation of SRH formula
2) Application of SRH formula for special cases
3) Direct and Auger recombination

4) Conclusion
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Band-to-band Recombination

R= B( np— rﬁ) B is a material property
Direct recombination at low-level injection l
n, < (An=Ap) < R
R=B[(n+4n)( p+Aap)- i |= Bpxan

Direct generation in depletion region

n,p~0
R=B(np- f)=- B
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S5 NCN Auger Recombination
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2 electron & 1 hole

{
R=g (1 p- )+ (nd - A §
a

C,:C, ~10"%® cm®/sec

n?

Auger recombination at low-level injection

n < (An=Aap)<(p=N,)

R= cpNiAn:ﬂ -

auger p
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Effective Carrier Lifetime
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TSRH 2-direct r Auger,

:An(cn N; + BN, + G auger ND)
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z—eff :(CnNT+ BND+ Q‘l,augerI\FD)

e
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Conclusion

SRH is an important recombination mechanism in
important semiconductors like Si and Ge.

SRH formula is complicated, therefore
simplification for special cases are often desired.

Direct band-to-band and Auger recombination can
also be described with simple phenomenological
formula.

These expressions for recombination events have
been widely validated by measurements.
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1) Nature of interface states
2) SRH formula adapted to interface states
3) Surface recombination in depletion region

4) Conclusion

REF: ADF, Chapter 5, pp. 154-167
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Surface states: Little bit of history

Hoerni's diagram of Mesa and planar transistors

Silicon
Defect Induced oxid
Leakage Path
Emitter Base Emitter Base
| - |
| |
Collecto Collecto
r r

One of the fundamental advances in semiconductor history

.
PURDUE Klimeck - ECE606 Fall 2012 - notes adopted from Alam 25 $’f

st NCN

S0 Atomic configuration of Surface States

Single bonds
<H) —0=—=0
— O0—0
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Surface States
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2B ACHY Multiple Levels of Surface States
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Multiple Levels of Surface States
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1) Nature of interface states

2) SRH formula adapted to interface states

3) Surface recombination in depletion region

4) Conclusion
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Surface Recombination Current

For single level bulk traps ....

_ np- If ___ (op=m)N,
Rouk = _1(+ )+1(p+ )
+n)+ + —(n —
N (nen)e [ (prp) o e+ (o
For single level interface trap at E ... . Nt
n.p,— °)D; (E)dE -
R( E) = i ( S ps |) T ( ) E

1
7(”5 + nlS)+(T( Ps+ pls)

Cps ns

R=TR(E)dE

Ey
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pige , Case 1: Minority Carrier Recombination
) nancHUBoerg

[(nso+Anso)( Po +Apy) - nﬂ D, (E) & Donor doped
R(E)= 1 1
7(n50 +AnSO + r!Ls) +7( ps) +Apso + Hs)
Cps Cns
_ NyBp,Dy (E) dE Ngo+ANgg
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c. Ap,D.(E)dE
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nSO Cns n@
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Consider the Denominator ...
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B NCN Consider the Denominator ...
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nd= ¢, pel=

D=1+ ' B oo i

Voo G Mo E I

=1+ g5 )8 4 Cos dEE)s che T
Cns

C
AtE=E = D=1+ 4+ <9
ND Q13 ND

CS
AtE=E. >E ,x=0 D=1+1+-x smalk2

CnS

AtE=E.'<E, D=1+ smalk1=2
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Approximate the Denominator ...

o o pe® B £
o G Np Be I

|1 for E;,<E<E
o otherwise
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o5 AVER) Integrated Recombination
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Surface Recombination Velocity
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Surface recombination velocity
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1) Nature of interface states
2) SRH formula adapted to interface states
3) Surface recombination in depletion region

4) Conclusion
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Case 2: Recombination in Depletion

e
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o— Q%Br: Case 2: Recombination in Depletion
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235 MNCN Summary
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R=—/GsCus DIT,B%T xn  Interface (depletion)

R=c, D,T( E - E'F)A pn Interface (minority)

R=¢, NAp Bulk (minority)
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