PHY 752 Solid State Physics
11-11:50 AM MWF Olin 103

Plan for Lecture 26:

> Optical properties of semiconductors
and insulators (Chap. 12 in GGGPP)

> Dielectric function
» Band-to-band optical transitions
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13 Wed, 9/23/2015 _[Chap. 4 [Density functional theory #12

14[Fri, 9/25/2015__Chap. 5 of density functional theory #13

15 Mon, 9/28/2015 _(Chap. 5 implementation of density functional theory #14

16 Wed, 9/30/2015 [Chap. 5 [First principles pseudopotential methods #15

17 Fri, 10/02/2015  |Chap. 6 [Example electronic structures #16

18 Mon, 10/05/2015 [Chap. 6 lonic and covalent crystals #17

19 Wed, 10/07/2015 Chap. 6 [More examples of electronic structures #18

20[Fri, 10/09/2015 [Chap. 16 |Review Start exam
Mon, 10/12/2015 No class Take-home exam
\Wed, 10/14/2015 No class Exam due before 10/19/2015
Fri, 10/16/2015 Fall break — no class

21 Mon, 10/19/2015 [Chap. 10 [X-ray and neutron diffraction #19

22 Wed, 10/21/2015[Chap. 10 [Scattering of particles by crystals #0

23 Fri, 10123/2015_[Chap. 11 [Optical and transport properties of metals #21

24 Mon, 10/26/2015 [Chap. 11 [Optical and transport properties of metals #22

25 Wed, 10/28/2015|Chap. 11 [Transport in metals #23

» 26/Fri, 10/30/2015 [Chap. 12 |Optical properties of semiconductors and insulators

 Wed, 12102/2015] [Student presentations I
Fri, 12/0472015_| [Student presentations Il
Mon, 1207/2015 | [Begin Take-home final
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Optical transitions between states of a quantum system
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Figure 12.1 Schematic representation of the radiative transition probability between a pair of
electronic states [y;) and |;), of energy E; and E;: any ftransition between these two states
involves the absorption, or the emission of a photon with energy hw = E; — E;.
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Figure 12.3 Energy bands of germanium along symmetry directions, with the empirical pseu-
dopotential method. The k wavevector is in units of 27 /a. Relevant direct interband edges are
indicated by arrows [With permission from 1, 2, Phys. Rev. Lett. 9, 94 (1962)].
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Analysis
Ground state Hamiltonian

2
Hy = % + V(r),

Hamiltonian with electromagnetic field
ﬂ“—nq o) §.p.

"A”‘,nq ron 5.
mc

H = Hy+
mc
€Llq.

+ C.C.

A(r, 1) = Ag€e' @D

Including linear terms in electromagnetic field
[IJ i iA(r.l)]. FV(r) = Hyt —A(r. 1)-p- —
{4 mc amc=

PHY 752 Fall 2015 — Lecture 26

10/30/2015

Ax(r,1),

Fermi Golden Rule for one-photon absorption
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Fermi Golden Rule for one-photon emission
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Transition rate
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W(q.w) = - ( e
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Viewing transition rate in terms of the system’s linear
response to the electromagnetic field, it can be related
to the dielectric function:

2rhe® 1 W(q,«
&(q,w) = 7—’“—M :
ot VA
Explicitly:
872e? 1 i vy .
8Q.0) =—— Z [(;1€"™ €-plyn) |*8(Ej — E; —hao) f(Ei)— f (E))).
L

Using the Kramers-Kronig transform:

1 Y e(q.0) |
e1(q.w) =1+ —F/ w—rud4:1:
T J w

@
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Complex dielectric function

(@) =1 1 ZI\'%IH’"'?-NM: [/ (Ei) — f(E))]
y W) =1+ =77 5752 v L)
d % (E, _En?/R _E —E;i —ho—in
. ks
with ”ll.I}Il. 1 i117 :~171<§(,\).
Explicit form:
8n2e? (occe) (unocc)

£(q,0) = RV Z Z (¥’ 4T 'E-plx//,')lz(S(E, E; — hw).
i
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Details of optical transitions
Effects of wavevector

(Vei 1€’ VT € plyrui,) = / Yl (D€' 9T € p g (r)dr.

Non-trivial matrix element when ki =q+ ki +g.
Note that |q| <<|g]

=k, =k, (vertical transitions)

872e? 1 ks 2
£20) = —— = 3 ) Wkl € Y8 (Eex — Evk — ho)
cv k
82e? dk 2
=—— € Mo (K)?8(Egk — Evk — how):
mzmz;,/uz By & Ma 0P8 (B — vk — )
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Figure 12.2 Schematic representation of the top valence band and bottom conduction band of a
direct gap semiconductor or insulator. Optical transitions are vertical in the energy band diagram.
[The valence band has been reported in bold to remind its full occupancy by electrons.]
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In general the matrix element M., (k) is a smooth function
of k and the joint density of states often determines the
frequency dependence of the optical properties:

1k
Jow (@) :f = S(Eck — Evk — i)
B

z. (2n)°
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Another example — BN in the hexagonal structure
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Example — simple two-band semiconductor

w2 . .
E.(k) = Eg + e Ey(k) = — ™ 0, my>0
h2k? 1 1 1
Ec) - E&) =Eg + —: —=—+—

dk 2
f (;T';\E-\l(»,(kn'mi,» hw)
BZ (&7
L s e he) dk
Gy Tk 8B + = - — ho) dk.

ho > Eg |,

. Ay ”
first-class transitions:  £2(w) = — (hiw — Eg)'/?

Ay = Qe /m?)|C1 P2/
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. Az
second-class transitions:  £(w) = —(hw — Eg hw > Eg |,
o B = g e 23.5/2
M., (k) ~ Cak. Ar = (26*/3m?)|Ca > /R,
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Non-vertical transitions — effects of phonons
@ Ap (b)
Eo+ Al 14 Fo+kn® _
otk __
Eg
A . —
B |k, Eg—kg®
190 -
B \k
Figure 12.7 Model band structure for estimating the absorption coefficient due to indirect tran-
sitions. In (a) we indicate ly possible processes to the
scattering of an electron from the top of the valence band Yk, (k1 = 0) to the bottom of the
conduction band ¥, 10). The mechanism AA” consists o sition from ¥,
10 a virtual state Yok, upied or empty), followed by a phonon-ass attering t0 Yk, -
The n BB’ consists of a phonon-assisted scattering from y,, t0a virtual state ¥y,
(occupied or ), followed by a direct transition to conservation and Pauli
exclusion principle can be ignored in the virtual states, as discussed in the text). In (b) the so
evaluated second-order scattering amplitude is indicated with a double line. The energy thresh-
olds for photon absorption, with absorption or emission of a phonon of energy kg®, are also
indicated.
14
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Electron-phonon coupling Hamiltonian
B.Z.
Hep(r.1) = —= 3 Vp@. e ay +he.
VY “ g
here q denotes wavevector of phonon of frequency @,

and a, denotes a phonon anhilation operator
Probability of absorbing both photon and phonon:

2
Pokyek) = T"cky vki I*8(Ecky — Evk, — how — hog):

Ieky < =—
clizs-wky mr'V""\/N - E, (k) — Eq (k1) + ho

edo | [Z(U’pk;\vp((l«l')|\//nk."/(.‘/’nk‘|@'ph’hhﬁ

g Z (Yek, | € - PIYK, ) ¥k, | Vi (., )Yk, )
. Eu(K1) — Ep(k2) + hog
where
1
ng=——/——
exp (hwq/kpT) — 1
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Summing the probability over all initial and final states and
assuming that the matrix elements are weakly dependent on
wavevector, the rate of phonon-assisted transitions depends on
the density of states for phonon absorption:

1
Jiphonon abs) (@) = -/;7 ~/l.17 m(lk] dky §(Ecx, — Eyk, — hw — kp®):

where  |hwg = hwg, = ks®

For parabolic valence and conduction bands:

h23
Jiphonon abs) (@) = ,ﬂb/ / k33 m’”‘ t —L + EG — haw — kp®) dky dks.

Im*
2m;
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5 13k5 ’llkll )
Jiphonon abs) (@) = ("T)”f / "1 3 = + Eg — hew — kp®) dky dk;.

"/n 2m?,

To perform the integral, we make the substitutions

>

>
5o

>

:l\' * *
kydky = = dx, Ky dky = =L dy

=x, =y. kadky= 5 dx. kidky = 5 dy

2m} 2m} h? h?

o

and obtain

J (mm)'-ff 5 . b)ded
(phonon abs) (@) = 27416 A VXY 8(x +y — b)dxdy,

where b = hw — E¢ + kg©. The §-function under the sign of integral can be different
from zero only for positive values of b. Performing the integral over dy one gets

32 b 2
(m m; bl B —— ﬂ'b
Jiphonon abs) (@) = 7—4,70 Vavh —xdx=" (12.21a)
27 8
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(mim?)*/?

Jiphonon avs) (@) = e (hes — Eg + kg®)* for hw > Eg —kg®.

Similar expression holds for phonon emission

Form of optical absorption coefficient with both phonon
absorption and emission:

(hw — Eg + kg®)?  (hw — Eg — kg®)?
a@) =C O _ 1 t 1 —_e©/T
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Figure 12.8 (a) Indirect transitions in silicon; dots indicate experimental measurements; the full
lines are calculated using Fq. (12.22) of the text. (b) Indirect transitions in germanium [With
permission from Fig. 1, Phys. Rev. 98, 1865 (1955) and Fig. 1, Phys. Rev. 97, 1714 (1955)].
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