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INTERACTION OF
ELECTROMAGNETIC
RADIATION WITH MATTER

In ABSORPTION a photon excites an elec-
tron to a higher energy level, thereby creating
an electron-hole pair in a semiconductor.

In SPONTANEOUS EMISSION an electron
gives up energy by moving from a higher to a
lower energy level thereby creating a photon.
In a direct bangap semiconductor an electron
which recombines with a hole generates a pho-
ton.

In STIMULATED EMISSION a photon in-
teracts with an electron and, rather than
being absorbed, causes the emission of an
identical photon
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PLANCK’S BLACKBODY
RADIATION
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(Radiation Energy in Frequency Range) - dv

e, T) = Volume
Planck’s Hypothesis:
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v = Optical Frequency h = Planck’s Constant

hv = Photon Energy T = Temperature
¢ = Velocity of Light 7 = Refractive Index
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RELATIVE INTENSITY

SPONTANEOUS EMISSION
SPECTRA OF p-TYPE
InGaAsP (AGap = 1.3um)
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MAXIMUM GAIN , Quax (cm™")

HIGHEST VALUES OF GAIN

AS A FUNCTION OF INJECTED
CARRIER DENSITY IN UNDOPED

InGaAsP (Eggp = 0.96eV)
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Interaction
of Radiation
and Atomic
Systems

consider th . i
harmonic so that case when the local perturbing fietd E(1)is time
E")'_' E.coswt =—‘2§-“(g"'" +e “"') ____________
R
The macroscopic (oscillating) polarization js o i
P(t) = Re(zoxEoe™) Lovet 1 ‘
= Eo{eox’ cOS wf + £4x” sin wl)
where we define the atomic susceplibility by y = X —ix",
vy o B'T1 AN, i A twelevel stomie system
X{w) eh  +(w—w) TI+4( o7 interacting with a radistion fickd whose

frequency w is approx imately equal to
(E;- E)/h. Other nonresonant fevels
{shown by broken lines) are assumed
to play no role in the interaction except

’ = !i'r' AN, (“’C_U)Tl
X(w)=E—ry T+ (o= T + 40 T7

in determining the equilibrium popula-
' tions Ny and N ™ '
the “P"’CFSS‘O“" frequency 0 is defined by (1= uE./2h, telaxation time T
{; o
|
: {tm — g}

1 U\I/_ ~ " inunitsof Tt

A plot of the real (x') and imaginary (y") parts of the susceptibility

KRAMERS-KRONIG RELATIONS

Accordiog (o a fundiamentad theorem of the theory of complex varinbles, the
reab and invginary parts of i complex function () thiat his no poles in the
hower {or uppery = plane are related by the Hilbert irnsformation (Ref, 3).
When applied (o the complex susceptibility function  (w) = x(w) = ix"(w),
these transformations for the case of xtx) =0 are
X(w)= ! I’.V.I &,‘—‘UJ dw’
k14 B T Bl 7]
- (%.1-25)
X(w)= - ! l‘.V.I K,(l, dw'
™ B T Bl 1]

where “I. V. stands for the Cauchy principal vilue of the integral that follows,

L |



Electromagnetic Propagation
in Anisotropic Media

THE DIELECTRIC TENSOR OF AN ANISOTROPIC MEDIUM

In an isotropic medium, the induced polarization is always parallel to the
electric ficld and is related 10 it by a scalar factor (the susceptibility) that is
independent of the direction along which the field is applied. This is no
longer true in anisotropic media, excepl for certain particular directions.
Since the crystal is made up of a regular periodic array of atoms (or
molecules) with certain symmetry, we may expect that the induced polariza-
tion will depend, both in its magnitude and direction, on the direction of
applicd ficld. Insiead of a simple scalar relation linking P and E, we have

P, = eo{x,\E, + Xi:E, + xiE )
P = eo(xE, + XnE, + xnk,). (4.1-1)
P, = eo(xs E, + xnk, + xnk),

We can, instead of using Eq. (4.1-1), describe the dielectric response of

the crystal by means of the dietectric permiltivity tensor e, ;» defined by
D =¢,E + £E, + e, E,,
D, = e E + e,E, + e)E,, (4.1:3)
D, =, E + euE’ + &y E,.
From Eq. (4.1-1) and the relation
D=egE+P (4.1-9)
we have
g, =61 +x,). {4.1-5)

Thcsc nine quantities ¢, e,;,. .. are constants of the medium and constitute
the dielectric tensor,

homogenco bsorbi assume that the medium js
us, nonabsorbing, and magaetically isotropic. The energy densit
of the stored electric field in the anisotropic medium is et v

U=4E*D = {Ee, E,. (4.1-7)

THE INDEX ELLIPSOID

The surfaces of constant energy density U, in D space given by Eq. (4.1-7)
can be written as

D; D! Dl
=Ly xay,
g, 2’ x

where e,, ¢,, and e, arc the principal diclectric constants. If we replace
D/ ﬁ—ﬂ: by r and define the principal indices of refraction n,, n,, and n,
by n? = ¢,/e, (i = x, y, z), the last equation can be written as

-~
~
[

X
=+

+ L -, {4.3-1)

|

a|‘-=
~

=
N

-

This is the equation of a general ellipsoid with major axes parallel to the x,
y, and z directions whose respective fengths are 2n,, 2n,, 2n,. The ellipsoid
is known as the index ellipsoid or, sometimes, as the optical indicatrix. The
index ellipsoid is used mainly to find the two indices of refraction and the
two corresponding directions of D associated with the two independent
plane waves that can propagate along an arbitrary direction s in & crystal.

- Electro-optics

in certain types of
crystals, the application of an electric field results in a change in both the
dimensions and orientation of the index ellipsoid. This is referred to as the
clectro-optic effect. The eleciro-optic effect affords a convenient and widely
used means of controlling the phase or intensity of the opiical radiation.

Sinqc the prc_)pag:ation characteristics in crystals are fully described by means
of the index ellipsoid (14.1-1), the effect of an electric field on the propagation is

exp‘ressed most conveniently by giving the changes in the constants 1/n, I/n?,
i/n: of the index ellipsoid.

Following convention (Ref. 2), we take the equation of the index ellipsoid in
the presence of an electric field as

()2 (0 o) o)



The linear change in the coefficients

(;"1) i=1,....6

due to an arbitrary “Jow frequency” electric field E(E,, E,, E,) is defined by

A(;l;)‘ =§‘1 rE, (14.1-3)

where in the summation over j we use the convention l=x, 2=y, 3=z
Equation 14.1-3 can be expressed in a matrix form as

A(-ls)' e o n

o
- 3 -
\-."_I.a

Fa Fnn fy
E
A(;"l‘“_-') fu re s '
. [ = E, (14.1-4)
(?)a LTI % T
E,

[~
—
‘.I—

"y

-

H

Fy

*

o bl

o
—

Far Pz P

where. using the rules for matrix multiplication, we have, for example,
A(;:—:) = ruEr + h\gE;"‘ ﬁqu
LY

The 6x3 matrix with elements 1, is called the electrooptic tensor.

LINEAR ELECTRO-OPTIC

COEFFICIENT (¢}

! ! I Fig. 1. Frequency dependence of .
the electro-optic coefficicnt
ACOUSTIC PHONONS

OPTIC PHONONS

10° to®
MODULATING FREQUENCY (Hr)

Guided-Wave Phase Modulator
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Electro-optic Devices

i the clectro-opuc effects in crystals— the
eflect of an applied electric field on the propagation of clectromagnetic
radiation can be used 1o build light modulators, spectral
tunable filters, electro-opiic filters, beam deflectors, and so on. The use of
electro-optic modulation offers the possibility of manipulaling a laser beam
or controlling the signal radiation at high speeds (up 10 the multigigahertz
region), since no mechanical moving parts are involved.

ELECTRO-OPTIC LIGHT MODULATORS

‘ The basic principle involved is that the application of the
electric field changes the index cllipsoid. Consequently, the index of refrac-
tion of the crystal for the linearly polarized normal modes depends on the
field strength. 1t is clear that the phase shift of these normal modes passing
ll'.lrough the crystal depends on the index of refeaction. Afier traversing a
distance L in the crystal, the change in phase shift duc to the applied electric
ficld is typically

FRANZ KELDYSH EFFECT

Electric field causes optical
absorption edge to shift
towards longer wavelengths

Fleciro-Absorption
One additional meshod (or produciog the required sft of 1he ;‘hwrpliun
edge o bonger wavelengile in a maonolithic \v;ncguidc‘dcwﬂm is ;_'lccqu-
abserption. or the Franz-Keldysh elTect. When a u:nngunduclnr dlunlg i~
revense biased. o strong electric field is established within the depliction
sepion. This electric fiekd causes the absorplion edge to shilt s longer wave-
length. s shown in Fig. 1516, Curve A shows the normal l.lnhl.'l.\l.‘l: u!lmrplmn
edgge for n-type GaAs with a carrier concentration of 3 0™ em ' L ueve B
a culculated Franz-Keldysh-shifted absorption cdpe For an applicd llcltl_ uf
1.35 % H* V/em. which corresponds o 30V revene bias across a fesslling

Sdp = %n’rEL.

Fig. 1506, Shift «f the abwrption odge of
h A . . . . “ At gnd CiaAs e 10 the Frans-Keldysh elliect. {4)
where A is the wavelength of the light, 7 is the index of refraction, 7 is the " o e ek o 1T i apptcd
relevant electro-optic coefficient, and £ is the applied electric field. "
A
E’“"“’OPI i : . 0] 8
cally isot k Modd-atm.s Using Cubic Crystals. Cubic crysials are opti-
Y 1sotropic (no birefringence) and therefore offer a wide ficld of view in T
g::; ?pl“(:a! !iy!:,l!cln(s’.c Here we consider the case of crystals of the 43m O
etry (zinc blende) group. Examples of thi
- IS gr
GaAs, and CdTe, P Broup are InAs, CuCl, - figer
W
]
pe <1o> 3 - Fig, 15.07. Eocrgy basd diagram illusirating
? the Eran-Koldysh oot The basd bandang
i 00 1he f-sede oF o pten gomcbion for o Schou-
, 2.1 1o 0% 13 07 by barniee jonctuoal is shown for condits
nput (110 Gutput afum| of stroag revense bias
1 =
3 d dephetion width of 3.7 pme A wirvelength of KA Wis shift corresponds o
anreine 02 rom 25w (0 em * = hardly oonegligible elleal
. 1 The Frans-Keldysh elfect has Been well known tor many veans [15.26)

Tloweser it has only heen apphicd 1o detectr desipn Giirly recently. The

tnput b a phsical basin foe the FransKeldysh elteet can be understood from the
polacizer 0“"‘!" stiplitied encrgs-bamd bending onuldel dia e e i FRT In this
‘C'O!::lu:i;’r deagram Fepresenty distance Trom (e e urgical janction pline. In the

10 the impyt Po.l::x:'j e far from the juncion wllch ll:c!'c oo clectrie field, pl_mmn-. st

have atdeast die handgap viwerpy (K~ £ to prodduce an clecironic isusition

Tiehd in strong, o
ad sy enwerpy ifts

Figwe 84, A transverse electro-opyj i
. oplic modulator usi i
pqﬂlcl 1o 3 cube diagonal (110} direction). e

i tak However, wethin the depletion region whe
transition s iy thy vin ovenr when aphoton ol bess-than
an clectron pariway inte the conduction band. Tollewed by tunnelie ol 1he
checrron tsougl the barner imo o comuction bamd state, The stibes an the
conduction hind edgge are. in efMect. broadened i the P s (o produce
@ vhinge i effective hindgap AE. which w given by |15 21]

nc-blende-type (43m) erysial with E

The phase retardation is The half-wave voltage is

27 d
= -}‘—n]r‘l(i‘.)y. V'== —_ . -_A._
d L Zn’r‘l AF = Lim®) Vhgho 115.3.10)
wirere * is the ellective muss of the carrier, ¢ is the magnitude of 1he
23 clectronic charge, and « i« the electric Hicid sirength.
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The Frans-Keldysh efiect gremly improves the sensitivity of o detecwor
opending al g wavelength near its absorption edpe. GaAs waveguide
detevtors operating at o wavelength of Eib pm live heen demonstrated by
Nichol et al. [15.12

Perhaps the greatest advantage of electro-absorprion detectors is that they
e be clectrically switched Trom a low absorption state 40 a high absorption

Pt '
3
t__ = Fig. 1500 An imcgented-oplic cauber/ie.
tevtor terminad cnpluying the Frans-Keldysh
+ effect

stiie by merely incrensing the reverse bias voltage. This makes it possible to
make cmitlers and detectors in the sunte semicomductor matcerial thit are
wavchength compatible, An example of a device making use of this principle
r the emitterAdetector termingd shown in Fig, 1S 08 (1523 This deviee
rerfosniss the dal Tunction of light casitter, when Foewaed higsed. and light
tetector. when strongly revense brased. Fabricinied inoseries with @ wincgasde
structure. as showik, H g aet s i send/receive tap on an oplical tranamission
g Beciuse of the barge change in 2 produced by the Frans-Koldysh cffect.
operation can be very cilicient. For example, comsider The case of ap - jon-
Haonn dlionde iy -ty GaAs with carsier comeer '

atien cepual o 3 1™ em s
hetore, Applisation of S0V geverse hisgs chanees 2 from 28 1 10%em Haa
warelength of 900 A Thus, when fornard biased. the diode emits 00 A
st imto the wavepuide. Whoen reverse hisased with £ = 50V, the diode need
have a tength of oaly 10" jum i order 10 absarh Y.%% of incideat WK A
hzht. When the diccle is on stondhy st zero biss. 7 is just 25 em ' llence. Tor
a tpical Baser Jength of X0, the imsertion lss i only 2dH Sich
emuter/detector devices miny prove (o e sery oselul in systenis cimploying
wavcztide trnsmission lines becanse they greatly simplify coupling pro-
hlemes, as compared to those cocounterad when msing separate emitiers and
datcum,

LINEAR ELECTROOPTIC

ELECTROOPTIC EFFECTS

MODULATOQRS

(POCKELS - EFFECT) An~E

« LINEAR E.O. - EFFECT
« QUADRATIC E.O. - EFFECT

REFRACTIVE INDEX CHANGE

(KERR - EFFECT) An ~ E2
« CARRIER INDUCED

E
An=-— gl
n w3

where n' is a linear combination of the principal refractive

indices,

ABSORPTION AND

7' is a linear sum of the electrooptic coefficients and

REFRACTIVE INDEX

CHANGES
« FRANZ-KELDYSH EFFECT

£ is the appropriate component of the applied electric field

Typical values:

(SHIFT OF ABSORPTION EDGE
TO LONGER WAVELENGTHS

AT HIGH ELECTRIC FIELD)
« QUANTUM STARK EFFECT IN

= 0.1%

LleO; Q“-’!

Bulk semiconductor erystals: E.0.-cfoct: &~ 0.01%

Plasina-effects: 2% & _1%

MULTI-QUANTUM WELLS

Quantum Stark-effect

~_1%toalew %

in Multi-Quantum Wells:



depletion-edge-transiation optical

waveguide modulators in |-V semiconductors

200 v T T
DEPLETION
v, LAYERS
p*-GoAs. I®

2x10"— o atcans

_______ )
—p E—0-Goh; > 025 um
30" n-ai{Gohs 1 ]

TOTAL-LEO (TM}

NORMALIZED PHASE SHIFT, Ad/V-{ (¥V-mm)

——
e —r

as 10 1.2 14 16
WAVELENGTH, AMum})

Theoretical and eaperimental values of normalized phase shift vs
wavclength for demonstrated P /n/N-AlGaAs/GaAs/AlGaAs configura-
won. Dots and triangles give measored TE and TM values, respectively.
Elevtric field contributions are: LEO = linear eleviro-optic and ER = elec-
trorefractive. Carrier coninbutsons are: BF = band flling snd PL % plasma.

. the higher order electric field (electrore-
fractive) and carrier (band filling) effects are dominant near

the band edge in the deplelion-cdge-translation (DET) phase modulators

3o

Schriidinger’s Equation for the One-Dimensional Motion of a Single
Particle

Let us consider a particle of mass s moving along o line, which we
may ke to be the -axis. undier the action of a force #in the positive a-
dircction. Also let us suppose that the particle has a polential cnergy
K(a), so that, according 1o classical mechanics, F = ~d¥jdy.

the state of
mation of the particle is in some way represented by a function ¢(v) which
satisties the equation

Wy 2m
—_— = =1 1.7
o T [E-Vix)je (1.7}

Here fi = 4/2n, and £ is the constant 1otk energy of the particle, that iy,
the sum of jts kinetic and _potential energivs. Equation (1.7} is called Schri-
dinger’s Equation, or Sclurédinger's Wave Equation, for this sysiem. and

the function ¢ is called a ywave function,

Particle in a Rectanpular Potential Well

Wy

o=

"5 Normaltized wave lunc-
1ons lor the three states ol lowest

encrgy
the allowed encrgy levels arc
2.1 1
E,zh—f-iz-. n=123.. .
2mL

3
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‘CONFINED-PARTICLE
ENERGY LEVELS OF
ELECTRONS (short dashed
lines), HEAVY (dashed
lines) AND LIGHT (long
dashed lines) HOLES IN
A QUANTUM WELL

CONDUCTION
BAND

~onre b

f-w~c.+ Exc+E g

i it sttt L |
EEE e B R i L FTTY ﬂf‘:v

QUANTUM-WELL STRUCTURES:

a
AlGaAs

100 A

T\ =T

A
. . .
L Ty s

Al

‘ ’ SE.| Conducion band

Energy levels High-energy

ENERGY

Quantum-well structure and
corespondng real-space energy band
Struclre  The schemate diagram i a

shows compasional Prosing n thin layers
The cucte in b represents a0 excHon n the
bk compound. and me clhpse represents
an excrion conbned i a layer with a low
band gap
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QUANTUM-WELL STRUCTURES WITH
PRONOUNCED EXCITON ABSORPTION
PEAKS AT ROOM TEMPERATURE

T T T T T ¥ T
_w}l i
%
- B |
STARK EFFECT z
- ! i
T
A ]
* lloom temperature absorplion
. . Py i I S spectrum of a GaAs quantum well
Frequency ShlftS Of Optlcal 146 134 442 1.7 sample for quantum well thickness
PHOTON ENERGY fov) ~ 100A.

spectra of atoms under the
influence of electric fields

Cptieal absarption specten of
a Gavs quantam well sample for
varionx firhls applicd  perpendiculs
to the  layvers,  taken using  a
wavegaide condaining two quantam
wells:  (ajoptieal  electric veetor
parallel to the layers with fields of {i)
L6 5 10" Vem, (i) 0% Viem, (iii)
L3 X 10" Ve, (iv)
LRI Vems (b} optieal clectrie
vertor  perpendielse 1o ihe lavers
with fiekls of (i) 16X 10\ fen, (i)
0V fem, i} 1.4 X m® View, (iv)
LR X007V fom, (o) 2.2 X 10"V fem.

~LrITRANSMISS 10N

PHOTON EMEHGY lev)
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QUANTUM CONFINED STARK EFFECT
IN MULTI-QUANTUM-WELL

STRUCTURES
n- | Electron wavetunchon
| Excion '1
Well wa E\ peluncton : ELECTRIC FIELD INDUCED
7|1 et ; REFRACTIVE
! : INDEX VARIATION IN GaInAsP/InP
! ' MULTI-QUANTUM WELL
ol wemhncion | . STRUCTURES
mE \ E
1 I
! 1
| : } 02 ————r
Withou! electric held ! With electne held i ) '
0
b A=157 pem

o - / 155 (= Ag)

0L4f 1534(:0)

06}

linear approximation
nfi el 2

08|
10). ©=3004

refroctive ingax vananon Anin_ Y,

-|2 i 1 n 1
1 2 ]
opplied heid Ej, x105V/icm

1

ABSORAPTION COEFFICIENT (em b

35

1.4 148
PHOTON ENERGY (slectron volts)

Excitonic wavelunctions without and with
*n apphed slectrc beld (a8}, and the
quanium conhined Stark shit in an
absorptan spectium (b). The
wavelunclions diusirate how tha walls of a
Quantum wek hold #n elaciron and hold i
2 bound siate, even al apphed helds much
stronger than the classical wnizahon held.
The absorplion Speclra are those ol a
Quanivm.-well struciure under thoe
diferent stabic electnc figkds apphed normat
to the layers. The beids are 10* V/cm
{boltomn curve), 5 . 10 Viem fruadic
cveland 75 - 10 Virm fing - g Sy






