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Macroscopic & microscopic pictures 3
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Lecture 6 4

] Dielectric permittivity
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Permittivity >

(d Dielectric displacement vector (C/m?) vs. electric field (V/m)

D(t) = £E(t)

O The dielectric permittivity (F/m) of the medium is
&E=&.&
g, relative permittivity

g, =8.85x107 F/m vacuum permittivity

(J The refractive index of the medium is




Permittivity 6

1 In the frequency domain,
D(w) = e(w)E(0) = (¢ - J¢")E(w)
n, (@) =n, (@) - n, (@)
n, '(w) determine refractive index
n, "(w) determine loss

(d EM waves interact with carriers of molecules, atoms, and electrons in a
frequency range, respectively. Close to each cutoff frequency, the loss has a peak

Microwaves IR uv

n'(f) Molecular
relaxation
Atomic

resonance
Electronic
__________ N resonance

A AN fa) BB A

Frequency ., ShanghaiTech University
',

EGH




Permittivity 7

 The real and imaginary parts of the permittivity are coupled with each other, by

the Kramer-Kronig relations:
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G(m)—e{]+— ”Pf ¢
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E”({{)) _ s Pf € (Q) €0 dQ.
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(J Once the loss spectrum (imaginary part) is measured, the refractive index
spectrum of the medium can be derived.

(J Avariation of the real part (due, e.g., to the electrooptic effect) implies a variation
of the imaginary part (i.e., of the absorption), and vice versa. This has a significant
impact on the spurious frequency modulation (chirp) of electroabsorption

modulators (EAMs) and of directly modulated lasers .



Permittivity 8

O In general, a variation of the real part corresponds to a peak in material losses,

and vice versa.
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Imaginary part of permittivity in the presence of a step in the real part.
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Permittivity 2

O In a lossy medium the electric field propagating in the z direction is given by

E(z)=Ee ¥ =E, exp(—j Qnrzj
CO

= E0 eXp|:—j 2(nr - jnr I')Z:|
C

0

= E, exp(-a,z) exp(—  f2)
J Here k is the complex propagation constant.
k =f- ja, with

The propagation constant (rad/m) g = @ n'
C0

n
r

The field attenuation (/m) a, = “n
CO




Permittivity 10

[ The light power/intensity is proportional to the square of the electric field

magnitude.

E(z)|=|E,|exp(-e,z)
P(z) o< |E(2)|” = P(0) exp(—2c,2)

 Here the light absorption coefficient (/m) is defined as

a=2a
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Permittivity 11

d The dielectric displacement vector are parallel with the electric field only in
isotropic materials. In an anisotropic medium, they have different directions,

and can be described by introducing the permittivity as a matrix.

D=¢ckE —>
D) (6. 0 O0)(E)
Dy = 0 Eyy 0 Ey

\Dz/ \ 0 0 &, kEZ)
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Permittivity 12

J Depending on the difference of the matrix diagonal values, the medium can be
classified into biaxial, uniaxial, and isotropic medium. All cubic semiconductors

are isotropic.

€w 0 0 & 0 0 € 00
0 €y 0 0 € 0 0 € 0
0 0 ey 0 0 e 0 0 €
Z XNT = 4 z = optical axis

principal axes

y y

Biaxial Uniaxial Isotropic

Permittivity matrix in the principal reference frame (above) and optical axes (below) in a biaxial,
uniaxial and isotropic medium. In the isotropic case the principal axes are arbitrary.
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Lecture 7 13

J EM wave-semiconductor interaction
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Microscopic view 14

(At a microscopic view, photons of the EM field interacts with electrons &holes in
the semiconductor medium. The interaction can be visualized as a collision or
scattering process. The charged particles in motion is subject to the Coulomb force

(EM wave electric field) and to the Lorentz force (EM wave magnetic field).

d The useful semiconductor response is dominated by the ability of radiation to
cause band-to-band carrier transitions with corresponding emission or absorption

of a photon.
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Microscopic view 15

(d Depending on the difference between the photon energy and the band gap, there

are three cases of the EM wave-semiconductor interaction.

. Epp < E,, as in RE, microwaves, and far infrared (FIR): the interaction is weak
and does not involve band-to-band processes, but only the dielectric response and
interband processes (e.g., the so-called free electron/hole absorption);

2. Epp = Eg and Epp > Eg, as in near infrared (NIR), visible light, and ultravio-
let (UV): light interacts strongly through band-to-band processes leading to the
generation—recombination of e-h pairs and, correspondingly, to the absorption—
emission of photons;

3. Epp > E,, as for X rays: high-energy ionizing interactions take place, i.e., each
photon causes the generation of a high-energy e-h pair, which generates a large num-
ber of e-h pairs through avalanche processes. This case is exploited in high-energy
particle and radiation detectors, but it is outside the scope of our discussion.
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Microscopic view

16

1. Photon absorption (and e-h pair generation): the photon energy (momentum conser-
vation 1s discussed later) is supplied to a valence band electron, which is promoted

to the conduction band, leaving a free hole in the valence band. Because of the
absorption process, the EM wave decreases its amplitude and power.
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Microscopic view 17

2. Photon stimulated emission (and e-h pair recombination): a photon stimulates the
emission of a second photon with the same frequency and wavevector; the e-h pair
recombines to provide the photon energy. The emitted photon is coherent with the
stimulating EM wave, i.e., it increases the amplitude of the EM field and the EM
wave power through a gain process.
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Microscopic view 18

3. Photon spontaneous emission (and e-h pair recombination): a photon 1s emitted
spontaneously: the e-h pair recombines to provide the photon energy. Since the
emitted photon 1s incoherent, the process does not imply the amplification of an
already existing wave, but rather the excitation of an EM field with a possibly

broad frequency spectrum (if many photons are incoherently emitted in a specific
bandwidth).
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Energy & momentum conservation 19

It is obvious that the interaction between photons and carriers has to follow the
energy and momentum conservation rules. For direct bandgap semiconductors,

Z E before = Z Ei after, Z&.‘.before — Z&r’,aﬂer'
i i i

[

i
Absorption of a photon through a direct process, i.e., a process involving only
electrons and photons. One has

Ef =Ei+Epn, kjy=ki+kp,

where E ¢ is the final energy of the electron in the conduction band, E; is the initial
energy of the electron in the valence band. Epj is the energy of the absorbed photon
(similarly for momenta). We can equivalently write

2~

5 kph.
implying that the changes in energy and momentum of the electron are supplied by
the absorbed photon.

AEfi=Ef—Ei=Ep =hf, Akg=k;—ki =k, =

. Spontaneous or stimulated emission of a photon through a direct process, i.e., a

process involving only electrons and photons. One has:

Ef—{-Eph:E;, &f_{_&ph:&"
where Ef is the final energy of the electron in the valence band, E; is the initial
energy of the electron in the conduction band, E p, is the energy of the emitted photon
(similarly for momenta). We can equivalently write

=if T A

29T ~
AEjf =E; —Ef=Ep, =hf, Ak; —k.—kfzgphszm,

implying that the changes in energy and momentum of the electron are supplied to

the emitted photon.
L T
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Energy & momentum conservation 20

[ The energy of photons is larger than the bandgap, while the momentum of
photons is small (p=2pi*h*k). In direct bandgap semiconductors, the

momentum change is small before and after the interaction, But this change is
large in indirect bandgap semiconductors.

Conduction .
Conduction

band

band

Direct

transition | M0 |AE AE
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(a) (b)

Simplified bandstructure of (a) a direct-bandgap semiconductor (GaAs, InP, ... ) showing
radiative transitions involving negligible momentum difference; (b) an indirect-bandgap
semiconductor (Si, SiC, [Ge]), showing radiative transitions involving a large momentum

difference. | - ﬁ ﬂ- ﬁ j( '1,%-,'
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Phonon-assisted interaction 21

d In indirect bandgap semiconductors, the electron momentum change can be on
the order

T
k ~—

° a
a Is lattice constant, on the order of 0.5 nm.
say the photon wavelength is 1 miron,
the momentum difference is

K, ~ A ~10°

K 2a

d Therefore, the interaction has to be aided by involving phonons, which has low
energy but comparatively large momentum.

(d Phonons are quantized elastic waves carrying mechanical energy (in the form of

sound or heat) through the crystal. It has its own energy and momentum

E, =hf; k,=27/2

ph
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Phonon-assisted interaction 22

J A photon can be emitted or absorbed through the help of an emitted or
absorbed phonon.

1. Absorption of a photon through an indirect process, 1.e., a process involving electrons
and photons but also phonons. The phonon can be absorbed or emitted.
a. Phonon absorption:

Ef:Ej—FEph—FEqba Ef:Ej_FEp/z_'_E(b’

where E ¢ is the final energy of the electron in the conduction band, E; is the
initial energy of the electron in the valence band, £, is the energy of the absorbed
photon and Ej is the energy of the absorbed phonon (similarly for momenta).

b. Phonon emission:
Ef—I_Efi”:Ef—I_EPh’ Ef—i_&’b:&—{_ﬁph‘

where E¢ is the final energy of the electron in the conduction band, Ey is the
energy of the emitted phonon, E; is the initial energy of the electron in the valence
band, E ), is the energy of the absorbed photon (similarly for momenta). = 2
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Phonon-assisted interaction 23

e

2. Emission of a photon through an indirect process. 1.e.. a process involving electrons
and photons but also phonons. The phonon can be absorbed or emitted.
a. Phonon absorption:

Ef+Epp=Ei+Ey, kp+Kk,, =k +Kks,

where E is the final energy of the electron in the conduction band, Epj, is the
energy of the emitted photon, E; 1s the initial energy of the electron in the valence
band, and Ey is the energy of the absorbed phonon (similarly for momenta).

b. Phonon emission:

Ef+Epn+Ep=Ei, kf+k, +ks=k,

where E ¢ is the final energy of the electron in the conduction band, E ), is the
energy of the emitted photon. Ey 1s the energy of the emitted phonon, E; 1s the
initial energy of the electron in the valence band (similarly for momenta).
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Phonon-assisted interaction 24

[ Because phonon-assisted photon-carrier interactions are many-body processes,
the efficiency is low. It is hardly possible to make lasers or LEDs based on
stimulated or spontaneous emissions. However, photodetectors based on photo
absorption process can still be realized, with inferior performance than direct-
bandgap semiconductors.

[ The energy and momentum difference between the final and the initial electron

state is




Phonon-assisted interaction 25

(d The indirect conduction band minima are located at or near the boundary of the

FBZ, so the momentum difference is

AK. ~+—
fi a
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Direct and indirect optical transitions in a semiconductor: momentum and energy variations vs.

the bandstructure parameters. ‘_ ﬁ j( .r‘%_"r
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Phonon-assisted interaction 26

(d The phonon are mechanical waves of longitudinal vs. transverse, depending on
the displacement with respective to the propagation direction.

The phonon mode is acoustical phonon, if the nearby atoms oscillate in phase,
which has low energy. It is optical phonon, if the nearby atoms oscillate out of

d

phase, which has high energy.

Since the crystal space supporting lattice vibrations is the same periodic space in
which the electron motion takes place, the phonon dispersion relation is defined
in the same reciprocal space as for the electrons, i.e., the FBZ, see Fig. 2.10. The
maximum value for the phonon momentum within the FBZ is therefore of the

order of t/a.

The maximum optical phonon energy is 60
meV for Si, 35 meV for GaAs; The maximum
acoustic phonon energy is 20 meV for Si, 10
meV for GaAs.

Note that the acoustical phonon energy is zero
at the Gamma point.

Acoustic branch

———- Optical branch

" | Ey1all)

I

Phonon wavevector, K¢ L

Phonon energy, E;
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Phonon-assisted interaction 27

J The phonon wavelength for the maximum phonon momentum with k=pi/a is

2w T
K,=—=—=
A a
A=2a
(d The maximum phonon energy is
E¢:h£: £
A 2a
E, 1 :
Example: ~ 20 for 2a=1nm, photon wavelength=1 micron

ph
J Note that two or more phonons can be involved in the interaction process,
rather than only one.

Example 2.2
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Direct bandgap absorption 28

O For direct bandgap semiconductors, the energy and momentum conservation
requires that for a given photon energy, the initial and final electron states are

uniquely determined.
d Assume the momentum is k, then the initial and final state energies are

21,2 2
Ei:Ev_&; Ef:Ec"'hk*
2m, 2m,

( The energy conservation requires

Conduction
band

7k
By =ho=E —E=F,+ \ ___________
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Energy conservation in a vertical transition (generation due to phonon absorption)
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Direct bandgap absorption 29

d Therefore, the momentum and the state energies are uniquely given by

o
k:\/?,/ha)—Eg

*
I

E, =E, - (hw—E,)

My,

E, =E, +—x(ho—E,)

n

(d The minimum absorbed photon energy is equal to the bandgap E., and

k=0
=E

\Y

E,
E

f c
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