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Doping and carrier distribution

n: excited electrons,
np: captured electrons

Entropy S=rfglnW

Uniform donor concentration Np n+np = Np

!
Helmholtz free energy r =0 — TS = Epnp — kgT'1ln |2"P Np!
TZD!(ND — nD)'
. N i Y
Starling approximation = B — OF _ oo _ kBTln[ (Np nD)]
InN!'~NInN — N on no

D
Donor level

—1
np = Np [1 + lexp (EDkB_TEF>]

Ex—Ep\]™
For acceptors na = Na [1 + 2exp ( T )]

note: the formula is symmetric if we introduce captured hole concentration ~ PA = Na —na



Doping and carrier distribution

Ep ~ Ep 4+ kT |In (_) 93/ (_) |

Er is given fromnor p as ~|: - g
Ep ~ Ey — kgT |In (i> 4 973/2 (i>

In the case of n-type semiconductor with compensation  n+ N4 = Np —np

n + Na 1 (ED—EF)

Np— Na—n 2 P\ 7 T
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Temperature dependence of carrier concentration

(1) Impurity regime |: Temperature is very low.
n < NA <K ND

 NoN. AEL
~ X —
ONs P\ T LT

(1) Impurity regime II:
T is a bit higher. Na <n < Np

o (NeNo 1/2 o [ AED
1\ 2 P\ 7 2ksT
(111) Exhaustion regime:
kgT > AFEn n ~ Np — Na

logn

(IV) Intrinsic regime: direct excitation between
the v.b. and the c.b. is not negligible.
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Degenerate semiconductors
sparse impurities: insulator
100 . . . . | : .
.

dense impurities: metal
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Empirical metal-insulator criterion
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nl/3ak = 0.26
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Excitons (Wannier type)

Free excitons

hole electron

I \

E(k) A
continuous

Wy

photon

A\

+

+ + +

—

—

o o m;‘e4 1
Binding energy bx 8h2(ege)? 12
1 1 1
Reduced mass .= .t
my  mi  my
h2 k2
Exciton Kinetic ener Fyx =
9y K 2(me + my,)
Energy forexciton . _ . RPE* mpet 1
creation TR 2(me +my)  8h2(epe)? n?
Excitonic complexes  (+) :donor + :hole - :electron

L Excitonic 1ons

(bi-exciton, trion)

L Excitonic molecule






Quantization of electromagnetic field

1-d harmonic osci o (& g fq 4 L
-d harmonic oscillator - <—— +q )¢ =FE¢p = hw (a a + —) ¢ = E¢
up/down operators  , — % (i " q) ot L (_i i q) C laal] =1

: h
Eigenenergy g, = hw (n + %) (n=0,1,2,---) EW . Zero-point energy

Starting point: Electro-magnetic field is a set of harmonic oscillators (Jeans theorem)

2
E = / <'50E2 + il ) T — Apx = Sk (1Prx + weQrr), E = ! E (Px + wie Q)

Quantization: — H = 5 Y (Poy +wiQin)s  [Qrrn, Pin] = iAbpp 055
5

e

: T 1 . - 1
Creation/annihilation 1 — (WeOrx — iPky), Gy =

operators 2hon 2N

(kak)\ F ipkA)

[am, a};,)\,] = Ok Orn/, (others) =10




Quantization of electromagnetic field (2)

~ 1

t(kr—wpt) —i(kr—wpt)
Z\/2€0kaek)\ Q)€ k —|—CL NG e }

0)
)\ U238

{nia}) = [H (ak’\)m:/\

(sl e )) = 3 o (s + 5 )

kX

n

[v) = exp(—|v[*/2) exp(va)|0) = exp(—[v]*/2) ZT n)
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Properties of number state, coherent state

Number state

Expectation vallle of ({naHE{nia}) = —({ni}(0A4/08) [{nga}) = 0
electromagnetic field is zero
tum fluctuation is non- 2% ficor ! !
Quantum fluctuation is non nisHE [{nea}) = Z — (ngx + = | = — {neHH|{neal)
zero even for |0) . €V 2 coV
Coherent state D — e (_@) - ot
o) = exp (=5 ) 3 =i
. e~lol®|g2n : T
Probability of n-photons P(n) = ' Poisson distribution
n.
. 2hw ,
(al B(r, Dla) = =/ JFlalerasin(k - = wt + 9)
If we write @ = |a|e'? ‘[ =
(a| B(7, t)|a) = — lalk X egysin(k - r — wit + @)

€owr V

Expectation value: classical electromagnetic field 12



Optical response of two-level system

Three ) ) —O— |b) —O—
h
fundamental “VVWW\» T hw, hwy | AN\ W
processes !
la) —O— |a) la)

(a) absorption (b) spontaneous emission (c) stimulated emission
Hpla) = Eqla), Ip|b) = Eplb)

Y(t) = ca(t)e™ P Ma) + cp(¢)e™ /R |b)

(p+eA)?
2m

€
Hamiltonian with electromagnetic field 725, = +V(r) = 74 + EA ‘P
Light absorption process A = Agée'cos(ky - 7 — wt) _
assumption
eAp _,

Perturbation part in 7%, 7' = =& pcos(k, - r — wt) (a| ' |a) = (b|#'|b) = 0

m
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Optical response of two-level system (2)

Schrodinger equation:  ix l% a)e~iBat/h | %|b>e—mbt/h] — o A |a)e Bt o o, 3 bye BT

dt
T T T 4 dca B Z , iwot
L o
d ' .
%0 - et /
.t
el () =g e R = —%fo (b7 |a) (¢')e " dt' (= ¢ (t))
i L e R Y-
)y =1- o) dt' (a| 7" |b) (") e~ 0! [/ dt” (b| A" |a) (t")e" ! ]
0 0
''''''''''''''''''''''''' ot U Foiwotw)t _ ] giwo—w)t _ 17
A ~_t ! ! iwot __Vba € e
%’:%é-f)cos(kp-r—wt) cy(t) ~ tha/O di’ coswt'e™" = —— [ ST e —
Ignore k, ;i Vba sin[(wo — w)t/2] oi(wo—w)t/2
- h Wy — W

2 [Voal® sin®[(wo — w)t/2]

Py(t) = |ep(t)]? ~ = (o — ) Energy conservation
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Rabi oscillation

Rotating wave approximation (a| A |b) = Vab Yab iwt

(drop e~t@¥) 2

( dc 7
e _ _ - —i(wo—w)t

} di o5 CoVave )
dcb 1 .
Cas e ava z(wo—w)t-

. di op @ Vbt
dQCb ; dca |Vab|2
7e DR e

| 1
solution ¢ (t) = cpe™+t et Ar = 5 (6 £ /62 + |Vap|2/P2), d=wo—w

initial condition ca(0)] =1, c3(0) =0

UVab| ;
cp(t) = LR;;| 9t/2 gin(wrt/2),

- /
Cq(t) = 01/2 [cos (wi) — zi sin (W—Rt)}
2 WR 2

Rabi frequency wr = /02 + |V, |2/ 12

Rabi oscillation «[




Oscillator strength and selection rule

. . 2 2 2
Oscillation strength for |0) — |y ) % _ (@) (Boy|E- 5 [0V = (ﬂ) P,

mh mh

Application to an electron-hole localized system (with main, angular momentum quantum number)

(wavefunction)=(lattice periodic)x(envelope) P.(re) = ucfe(re), Pn(rn) = uyfu(rn)

Envelope functions varies slowly P, = [(®,|€- p |®1)|? = [(uc|@- P |ue) 2| (fel fu) |2

— the momentum can be ignored .
: = [(ue|@- P |uv) 6 mn 0L, L |
Selection rule

Ne = MNh, Le :Lh

Oscillation strength (@)2 wle p Lo, o 5p sin?[(wg — w)t/2]
(absorption, stimulated emission) mh ’ AT ()&
For spontaneous emission 2 in2[(w, —
P  |(uele ) e O 1, T L=
(photon number part — 1/2) 2m?eohw (wg — w)
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Light absorption and luminescence in semiconductors

Application to extended states

E(k)

hv

hv

\

k

\

(a) direct absorption

k

(b) indirect absorption

»

k

(c) photoluminescence
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Optical absorption with transition from valence to conduction

Plane wave vector potential

Poyinting vector

W: number of photons
absorbed per unit time

perturbation

Conduction electron |ck),
valence hole |vk')

Transition probability is

A = Apecos(k, - r — wt) k, = (0,0,k,), e =(1,0,0)
E:—%, H — rot A
ot L4
= 2A2
I=(FExH)= eocn;u e, n=c/c = \/[e1 11

I(z) = Iyexp(—az)  Definition of absorption coefficient a

hwW 2hwW
I eocriw?A?

(ckle - plok’)|*0(Ec(k) — Ey(K') — hw)

= M|*6(E.(k) — Ey(K') — hw)
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Optical absorption with transition from valence to conduction (2)

Bloch electrons Br o ok ,
M= [ SR (e (p 4 b ue (r)

ick) = uckeikr, lvk) = Uppe T

3, pilkptk' —k) R,
|4

N 3.k /

- Vékp‘l‘k,—kﬁ,K O d’rucg(r)e - (p+ hk g ()

/Qd?’fru:k('r)e - (p + Rk )y (7)

M = /—uck e - puyg(T)

. . . me
Absorption coefficient  a = S |M & 25 (k) — Ey(k) — hw)

for direct absorption

d3k

Beo(k) = Be(k) = By(k) Ty (hw) = 3 6(Feu (k) — h) = 2 / 550 (e () = 1)

[ point E.,(0) = E,(I) k

joint density of states = Je,(fw)
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Minimum at k,

Change of variables
(B/(26) %) (ki = kio) = s4

|VsE.,| = 2s

Jc’u(hw) -

Optical absorption with transition from valence to conduction (3)

dk |
dEcv

d°k = dSdk, = dS dE., = dS|ViE.,| 'dE.,,

2 / dS
(277)3 |VkEC'U(k)|Ecv=hw

Ecv(kO) — Ega ViEbe, =0

= E, + Z 2& — kio)?, & > 0(i = 1,2,3) for simplicity.
Eoy = Eg + 282 =E, +s°, d’k=- 8%3&253 s1dsodss
Yen = 272r m 271r m\/m" P
3/2
-V,
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Optical absorption with transition from valence to conduction (4)

A

o(fim)

direct gap

indirect gap

g
4
2
Example 1

GaAs

hvdirect

Y

70

62(2’m7«)3/2|M|2

- o (x10%cm™)

GaAs

Absorption coefficient a(hw) = hw — F
P () 2megmanwch? % ®
Oscillator st th f 2|M|2
scillator stren =
J Y mghw
Indirect gap 52
semiconductors  @id (fw) o (fw — E)
T T ! T
249
/ 291/
4l 363
_ b=
Q
o 2F
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£
x
31t 428&20K
4 0,95 1,00 1,05 1,10 1,15 1,20 1,25 1,30

Photon energy hAv (eV)
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