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Example: PN-junction
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Inversion region looks like
the electrons are near the
surface, confined by the
potential, resulting in a 2D
electron gas parallel to the
surface.




Example: hetero-junction
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Near Equilibrium Electron Distributions
Informative Example: Optical Excitations

E2 ...................................... kw

k12,k21 Intraband scattering:  electron-electron
electron-acoustic phonon
ko3, k32

Interband scattering:  electron-hole
k13, k31

electron-phonon with defects

What are f,, f,, & f; under illumination (non-equilibrium) ?




Classical Rate Equation Formalism

number of electrons = number of states x probability of occupancy

n1 = N1 f1 no = No fo n3 = N3 f3

d
% = —k1o N1f1 No(1—fo)+ko1 Nofo N1(1—f1)

—k13 N1f1 N3(1—f3)+k31 N3fa N1(1—f1)+kw N3fz3 N1(1-f1)

d
% = +k1o N1f1 No(1—f2)—ko1 Nofa N1(1—f1)

—ko3 Nofo N3(1 — f3) + k3o Nafz No(1 — f2)

dnz _
dar 7 “di N;, N,, & N3 is contant

(dnl dn2) assume total number of electrons in
dt

Rate Constants in Equilibrium
Detailed Balance
1

oo (557)

In equilibrium: f°(E) =

Detailed balance:
In equilibrium, each scattering process balances with its inverse

k12 N1fT No(1 — f5) = ko1 Nofs N1 (1 — f7)
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= ki e (F1=Ep)/kpT  (Ep—Ep)/kpT

= kqyp ¢~ (F1—E2)/kpT
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ko1 = k12 A12 k3o = ko3 An3 k31 = k13 413




Rate Equations

Assume the rate constants don’t change out of equilibrium...

Nl%l = —k12 N1 No [f1(1 — f2) — A12 f2 (1 = f1)]

—k13 N1 N3 [f1(1 — f3) — A13 f3 (1 — f1)]+kw N3 N1 f3(1—f1)

NQ% = +k1o N1 No [f1 (1 = f2) — A12 fo (1 = f1)]

—ko3 No N3 [f2(1 — f3) — A2z f3 (1 — f2)]

Steady-State Solutions
Non-equilibrium

dng_dnl_dng_o
dt ~— dt ~ dt

}@ZO- f1(A—f2)—A1ofo(1 - f1) _ ko3 N3
dt fo(1—=f3)+A4x3fz3(1—fo) koM

For example when intraband scattering is much faster than interband
scattering...

N1~ N3 k12 > k31, ko3

f1(l—fo)— A fo(l—f1) =0

N (1-/2)

~ A12

(1- f1) f2




Steady-State Solutions
Non-equilibrium

Equilibrium Fermi-Dirac Non-equilibrium Quasi-Fermi-Dirac
distribution: distribution is defined by:
1 1
Fo(E) = e 1i(E) = B —Ep,
1+ exp (%7 Lrew ( 5T J)
f (1—f2)
71 ~ A127
(1-f1) f2

¢~ (B1—Ep))/kpT , ~(B1—E2)/kpT (B2—Ep,)/kpT
EFl ~ EF2

Intraband states have same chemical potential
==) in ‘equilibrium’ with each other because of fast intraband scattering

Steady-State Solutions
Non-equilibrium

Nl% — 0= —k1o N1 N [f1(1 — f2) — A12 fo (1 = f1)]

—k13 N1 N3 [f1(1 = f3) — A13 f3 (1 — f1)]+kw N3 N1 f3(1—-f1)

koelE1—E3)/kpT 4 k. o

EF3=EF1—]€BT|H F13

Interband states have different chemical potentials
unless k&, — 0 Ep, = Ep,




Counting in Non-equilibrium Semiconductors

Equilibrium

—(Ec — EFO)>

ne = Neex
0 ¢ D( kgT

—(Efp, — Ev))

= Ny ex
Do v €XP ( kgT

Quasi-equilibrium

—(Ec — EF,,,))

n ~ Nqex
c D( kgT

—(Ep, — Ep))

=~ Ny ex
p v D( kgT

2 <_(EFn - EFP)>

P =ni &P kpT

Near Equilibrium Electron Distributions

Optical Excitation
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Example: Generation and Recombination

Recombination  Thermal Generation External Generation
R=Anp Gin GL
Charge conservation: %(n +p)=0
Rate equation: in =G +GL—R

dt
In equilibrium, every process and its reverse balances, and no drive (G, =0)

‘ Gih = Ro = Angpo Gih = Anopo

. d
Rate equation becomes: 7,7 = GL — Alnp — nopo]

Example

d
—n=G —A -
d tn L [np nopo]

Define the excess carriersas n’, then n=n,+n’and p=p, + p’

d
an/ = G| — A[n (no + po) — n'2]

Consider a special case of low level injection in n-type, that is,
N, >> P,, and n” << n,, then

d
‘ bn/ =G — Ang n'

P

n = n’(O)e_t/T + GLr(1 - e_t/T) — GLT




Steady state solution

Insteady state |/ = G+ so that

‘ ‘n=n0+n/%no and p=op,+n

Recall that in the Boltzmann limit,

—(F.— F —(Fp—F
n = N.exp (e~ Br,) = neexp —(Br - PR,)
kpT kT

—(Ep, — Ev)) _ <—(EFp - EF))
—— | = PoeXP | ————F

= Nyex
b= p( k5T k5T

Since we know n and p from the rate equations we can find
Ep, = Ep,+kgTIn (1 4+ n'/no) = Epy,+kgT(n'/no) ~ Ep,

‘EFp = Epo—kpTIn(1+47n'/po)  Moves towards the holes

Summary: Steady state solution
Insteady state [/ =G+

Ep, = Ep,+kgT In (1 +n'/no) = Epy,+kgT(n'/no) ~ Ep,

‘EFp = Epo—kpTIn(1+47n'/po)  Moves towards the holes

Ec
Ep Epp o
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Eq G o e —
Equilibrium Steady state

10



Quasi-equilibrium Transport

Peek into future lectures: Assume that during steady state transport the
system can be described by quasi-fermi levels:

n(r) ~ Ne.exp <_(ECZ’;T_ EFc)) =) Ep = Ec(r) + kgTIn "Jifr)

Furthermore assume that the current density given by

dE
dE¢ Ne 1 dn
= Unn—— nkpl———
Ec(x) = Eco — qp(x) — T tunnkp n Nedz
dl d
dEe(z) _ _ d(@) _ o = pmn "+ pin BTd_”
dx d

dn
= unnqly + Nnk'BT—T

i D dn
Assuming #_ D =) Jny = qunn By + an
q kgT dr
We still have lots to do before we can prove each major assumption
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