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Introduction to the topic

Optics (in the visible, A = 400-700 nm ) Hundreds of nm Tens of nm
VS nanOteChnO|09y (dimenSionS typ < 100 nm) Confinement of Photon Confinement of Electron
Different dimensional scales!!
oD
-Semiconductive nanostructures (e.g., MQW, QD) 4_
are essential for providing peculiar optical features Optical planar waveguide Quantum well

exploited, for instance, in diode lasers

- Nanosized metal structures exhibit peculiar optical
response (e.g., plasmon resonances) Obtical bt

Quantum wire

- Nanostructured materials can “manipulate”
radiation (e.g., photonic band gaps, near-field optics
(as we have already seen!)

Microsphere optlical cavity Quantum dot

Figure 2.2. Confinements of photons and electrons in various dimensions and the configura-
tions used for them. The propagation direction is z.

| Great_ (and paryally new)_ Da PN, Prasad.
Interest IS Stemmlng on OptICS Nanophotonics,
. Wiley (2004)
and nanosized structures
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Outlook

Only inorganic materials will be considered (emission in organics to be
discussed later on!)

Issues relevant for near-field optics have been already treated

Major issues

“Conventional” (heterostructure) diode lasers vs “nanotechnological” lasers
(e.g., DBR, QD, VCSEL, ...) exploiting guantum confinement in
semiconductors (electroluminescence)

Quantum dots and nanocrystals for photoluminescence applications

Metallic nanostructures (nanoparticles) and a few words on plasmon
resonances

A few words on manipulation and confinement of radiation in structured
samples (e.g., photonic crystals)
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1. How to build a diode laser (or a LED)

Broad diffusion of lasers driven by the availability of solid-state active media, but (bulk)
semiconductors, e.g., Si, are not suited because of energy gap (in the IR) and indirect transitions

f

g T 5 \ Band structure of Si

The top of valence band and the bottom of the
conduction band are displaced each other

Encrzy [eV]

Momentum conservation implies phonons to be
involved in the absorption process

Transition probability is small (10-°-10-¢ s-1) (and
wavelength is in the IR, above 1 um)

L A B A X UK 2 I
YWavevector k
Fig, 2.10. Electronic band structure ol Si calculated by the pseudopotential technique. The

solid and the dofed fines represent calculations with a nonlocal and a local pseudopoten-
tial, respectively. [Ref. 2.6, p. 81]

Bulk semiconductive materials can be
Da Yu and Cardona . ; .
Fundamentals of Semicond. hardly used in optoelectronics devices
Springer (1996)
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Al.Ga,_,As GaAs

Semiconductive heterostructures

Heterostructures(superlattices):

sequence of layers made of
semiconductors with different gap

o energies (as we have already seen!)

c

EgGaAs ~ 14 eV

(a) £ 8
(SR S -
A
EC
8
D
2| E,(ALGaAs)
E
¥ LT | epp—
L
(b)

Figura 11.31
Schema di un superreticolo formato con
reticolare nella direzione z).

Da Bassani Grassano,
Fisica dello Stato Solido,
Boringhieri (2000)
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Fig. 9.1. High |'u.~;0!u[1:m transmission electron micrograph (TEM) showing a GaAs/AlAs
superlattice for a [110] incident beam. (Courtesy of K. Ploog, Paul Drude Institute.
Berling) In spite of the almost perfect interfaces, try to dentily possible Al atoms in Ga
sites and vice versa
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Quantum Well |
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® For energies E < ¥, the energy levels of the electron are quantized for the di-

recti : ment; hence they are given by the model of particle in
one-dimensional box. The electronic encrgies in“the other two dimensions
(x an r iscrete and are given by the effective mass approximation

discussed iy Chapter 2. Therefore, for £ < ¥, the energy of anelectron in the
conduction band is given as

nh? . F(k2+ k2)
8?12 2m*

e

En.kx,ky = EC +

4.1

where n =1, 2, 3 are the quantaum numbers. The second term on the right-
hand side represents the quantized energy; the third term gives the kinetic en-
ergy of the electron in the x—y plane in which it is relativelv free to move. The
symbols used are as follows: m? is the effective mass of electron, and £ is
the energy corresponding to the bottom of the conduction band.

Equation (4.1) shows that for each quantum number n, the values of
wavevector components k, and k, form a two-dimensional band structure.
However, the wavevector £, along the confinement direction z takes on only
discrete values, &, = nm/l. Each of the bands for a specific value of » is called
Thus 1 becomes a sub-band index. Figure 4.2 shows a two-di-
mensional plot of these sub-bands.

For £ > V', the energy levels of the electron are not quantized even along the =
direction. Figure 4.1 shows that for the AlGaAs/GaAs quantum well, the
quantized levels n = 1-3 exist, beyond which the electronic energy level is a
continuum. The total number of discrete levels is determined by the width / of
the well and the barrier height V.

. ‘@‘ chave in analogous way, except their quantized energy is inverted

and the effective mass of a hole is different. Figure 4.1 alsc shows that for the
holes, two quantized states with quantum numbers # = 1 and 2 exist for this
particular quantum well (determined by the composition of AlGaAs and the
width of the well). In the case of the GaAs system, two types of holes exist,
determined by the curvature (second derivative) of the band structure. The
one with a smaller effective mass is called a /ight hole (1h), and the other with
a heavier effective mass is called a heavy hole (hh). Thusthe n=1and n =2

quantum states actually are each split in two, one corresponding to lh and the
other to hh.

Because of the finite value of the potential barrier (V¥ # =), the wavefunc-
tions, as shown for levels n = 1, 2, and 3 in the case of electrons and levels n =
1 and 2 in the case of holes, do not go to zero at the boundaries, They extend
into the region of the wider bandgap semiconductor, decaying exponentially
into this region. This electron leakage behavior has already been discussed in
Section 2.1.3 of Chapter 2.

The lowest-energy band-to-band optical transition (called -
sition) is no longer at £, the energy gap of the smaller bandgap semiconduc-
tor, GaAs in this case. It is at a higher energy corresponding to the difference
between the lowest energy state (n = 1) of the electrons in the conduction
band and the corresponding state of the holes in the valence band. The effec-
tive bandgap for a quanturn well is defined as

(4.2)

In addition, there is 3
These transitions are mod e corresponding transitions found for
a bulk semiconductor—In-addition to the interband transitions, new transitions
between th€ different sub-bands {corresponding to different n_values) within
the conduction band-ean-accur. These new transitions, called intraband or in-
ter-sub-band transitions, find important technologic applications such as in
quantum cascade lasers. The optical transitions in quantum-confined struc-
tures are further discussed in the next section.

Da P.N. Prasad,
Nanophotonics,
Wiley (2004)
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Conflnement Of hOIQS ’ ] Numerical caloculations

Da Yu and Cardona

Fundamentals of Semicond.
Springer (1996)

(h)

HH,

b) Confinement of Holes in Quantum Wells

As we showed in Sect. 4.2.4, the equation of motion of holes in diamond- and
zinc-blende-type semiconductors under the influence of a Coulomb potential is
rather complicated even within the effective mass approximation. In the case
of shallow acceptors discussed in that section, the solutions are simplified by
the spherical symmetry of the potential. Since the QW confinement potential

Energy [mcV]
Energy [meV]

V(z) is not spherical we expect the problem to be more difficult. Indeed nu-
merical calculations are nccessary to obtain meaningful results. An example

of hole subbands obtained by such calculations is shown by the solid curves in “a 05 i o 03 .

Fig. 9.6 for a GaAs/Gayg-AlgsAs QW with well widths of 100 and 158918 ky [ 109 ¢m 1] k, [ 106 cm-1]

The labetimgof~the bands suggests that they arise from either thg heavy h_o]e ) ‘ o ‘

(HH) Gr light hole LH) bands of the bulk. We shall see that, stric peaking g]fw:([ig Il-lsﬁlfvisti?: dtIII:c-i Ziig%;esei?uicgjf Z/Gi?)lﬁligl (fin‘:{\: alllcu]?:ltl?‘tgf fm%g ang
{his is noTte—tase since the bulk valence bands are heavily mixed by V(z). : p pp cll widths a) an

(b) 150 A, respectively. The labels HH and LH denote the subbands arising from the
heavy and light hole valence bands in the bulk, respectively (red curves). The black curves

represent the subband energies calculated when the mixing between the heavy and light
hole bands is neglected

These subbands can be qua :ly_understood in the following way.

. Let us assume that f the hole bands is so large that
only the J = 3/2 heavy (J; = andtight (J, = 1/2) hole bands need be con-
sidered. Furthermore, the axis of quantization for J is chosen to be along the
growth direction. Their dispersions in the bulk crystal can be calculated from

the Luttinger Hamiltonian 3 in (2.70), to which the confinement potential {a/ax)(a/9z) etc. are small enough that they can be neglected at first and in-

V(z) must be added. As we saw in Sect. 4.2.4, the cubic term, proport?o_na] to
(y3 — y2), is small in most zinc-hlende-type semiconductors. For simphc.ny we
neglect this term and further assume that the Luttinger parameters are 1§enty
cal in the layers A and B. With these simplifications, the hole Hamiltonian in
a QW becomes

2
#? 5v2\ o2 ] B a
- B AN — —tJ— ] — +V{(z).(9.14
Haw (Zm) [(m 2)v 272 (JA Lant e ) v e

The Schrodinger equation corresponding to this Hamiltonian is _not separa-
ble because of the terms JoJ,(#/8x)(9/6z) etc. obtained on expanding (J - V)~

Let us make the ad fioc assumption that the “off-diagonal” terms containing

In zinc-blende type crystals (as most QWSs) hole energy

diagrams show a splitting (degeneracy is removed due
to spin-orbit coupling)

“Light” and “Heavy” Holes states appear

troduced later as perturbations (this should certainly be valid for small £, and
ky). With this assumption the Schrodinger equation becomes separable into

two equations as in (9.6). The Hamiltonian for motion in the z direction be-
comes

2 2
(2%) [(yl + %) —zyzjg] (%) +V(2) {9.152)

This equation suggests that the J, = 3/2 slate (we shall avoid using the labels
“heavy” and “light” because they are no longer meaningful as we shall see
later) behaves, for the purpose of calculating the confinement properties with

the Hamiltonian in (9.15a), as if its effective mass my, were equal to [cf.
(2.67)]

thz)_l = (y1 — 2ra)im, (9.16a)J
while the J. = 1/2 state acts as if it had the lighter mass m,
B -0 mm ©160)|

Since the confinement encrgy is inversely proportional to the effective mass,
see (9.12), it is larger for the J, = 1/2 state than for the heavy J, = 3/2 state.
This situation is shown schematically in Fig. 9.7a.
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Dimensionality and density of states (DOS)

Quantum confinement effects expected
whenever boundary conditions are
imposed by the size of the system

DOS and dimensionality

L/h dp 1-D
g(p) dp o S/h? 2mp dp 2-D
V/h34mp2dp 3-D

s

dE AE 1-D
g(E) dE o dE 2-D
\E dE 3-D

DOS expression affected by dimensions

Bulk (3D}

Quantum weli (2D}

r

Quantum wire (1D}

&

Quantum dot {0D})

3DEG

pos}

EV2

oo

Energia

DOS
E = costante

Energia

2DEG

1DEG

yiNN

Energia

DOSJ l ODEG

Je=

Energia
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Quantum Well Il

® Another major modification, introduced by quantum confinement, is in the
The density of states IY(E), defined by the number of energy
states between energy E and E + dE, is determined by the derivative
dn(E)/dE. For a bulk semiconductor, the density of states D(E) is given by
E'2_ For electrons in a bulk semiconductor, D(E) is zero at the bottom of the
conduction band and increases as the energy of the electron in the conduction
band increases. A similar behavior is exhibited by the hole, for which the en-
ergy dispersion (valence band) is inverted, Hence, as the energy is moved be-
low the valence band maximum, the hole density of states increases as EV2.
This behavior is shown in Figure 4.3, which also compares the density of
states for electrons (holes) in a quantum well, The density of states is a step
function because of the discreteness of the energy levels along the z direction
(confinement direction). Thus the density of states per unit volume for each
sub-band, for example for an electron, is given as a rise in steps of

I(E)=m?}/n? for E> E, 4.3)
The steps in D(E) occur at each allowed value of E,, given by Equation (4.1), for k,
and &, = 0, then stay constant for each sub-band characterized by a specific n (or k).
For the first sub-band with E, = E,, D(£) is given by Eq. (4.3). This step-like be-

havior of D(E) implies that for a quantum well. the density of states in the vicinity
of the bandgap is relatively large compared to the case of a bulk semiconductor for

which D(E) vanishes. As is discussed below, a major manifestation of this modifi-
cation of the density of states is in th€ strength of ontical transition> A maior factar

in the expression for the strength of optical transition (often defined as the oscillator
strength) is the density of states. Hence, the oscillator strength in the vicinity of the
bandgap is considerabl a quantum well compared to a bulk semicon-
ductor. This enhanced osciltatorstrength is particularly important in obtaining laser
action in quantum wells, as discussed in Section 4.4,

vInterband transition energy is no longer Eg,p
vIntraband (intersubband) transitions available

DOS

Bulk Quantum well  Quantum wire  Quantum dot

= ==

Censity of states

A7)kl

Energy

Figure 4.3. Density of states for electrons in bulk conduction band together with those in
various confined geometries.

Optical transitions in quantum confined systems

Optical Transitions

I o
Absmi'ption Luminescence

f 1 [ :

Interband: Intraband Photoluminescence:
(Inter-sub-band):

Transition between Optically excited
modified valence Transition between emission
and conduction quantized sub-bands Electroluminescence:
bands of a band (e.g.,

conduction band) Emission generated

by recombination
of electrically

injected electrons
and holes

vIncreased transition “strength” (oscillator strength)
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Excitons (a few words)

¥ W oRoaNS o

Whenever electron and hole wavefunctions overlap each other, a
quasi-bound system can be formed called exciton

Il calcolo dell’energia di legame degli eccitoni pud essere effettuato in modo
analogo a quello delle impurezze nei semiconduttori se le bande di valenza e di
conduzione sono sferiche e non degeneri. Analogamente a quanto visto nel cap. 11,
st ricava che i livelli idrogenoidi (riferiti alla cima della banda di valenza) hanno
energie date da: '

4 Hydrogen-like energy levels!
By Bl b yarog g (12.107)
2K%g2

ove n ¢ il numero quantico principale, ¢ la costante dielettrica, e u la massa
ridotta del complesso elettrone-buca ;

=“1—*"' ey (12.108)

A
u mg mf
Nei semiconduttori abbiamo visto che ¢ ~ 10 & x = 0.5me, per cui I'energia

di legame degli eccitoni sard dell’ordine causa della

grande costante dielettrica I'eccitone & dunque debolmente legato e la distanza
media elettrone-buca & dell’ordine di decine di distanze reticolari. Un eccitone
con queste caratteristiche & chiamato eccitone di Wannier-Mott, e ne discuteremo

Electron and hole system bound by
Coulomb forces
Exciton behaves like an hydrogen atom
(but for some degeneracy removal,
e.g., light and heavy hole states)

of exciton formation due to confinement of
electrons and holes in the same layer

GaAs Buffer MQOW Layer

Fotoluminescenza
*lh
Riflettivita

1,46 1,50 154 1,58

Foto Energia (W)

Figura 12.28

Fluorescenza eccitonica da un pozzo quantico (Q.W.) GaAs/Gay _ _AlzAs ¢ dal substrate
GaAs a 12 K. E; indica la posizione dell’eccitone nel substrato, E|, ed By gli eccitond
di buca pesante e di buca leggera ne) Q.W. Per confronto ® riportata anche la miflettiviey, It
picco di buca leggera compare soltanto ad alte temperature in fluorescenza, mentre & visi-
bile in riflettivits. (Da Y, Chen, K. Cingolani, L.C. Andreani, F. Bassani e J, Massies, I Nuovo
Cimento D10, 847 (1988)).

In (type I) quantum wells there is a high probability

1g. 10



* formed by a periodic array of quantum structures (quantum wells,
quantur wires, and quantum dots). An example of such a superlattice is a multiple

quantum well, produced by growth of alternate layers of a \‘vider bandgap (e.g., Al-
GaAs) and a narrower bandgap (GaAs) semiconductors in tl.le g_rowth (confine-
ment) direction. This type of multiple quantum wells is sho“lm in Flglfre‘ 4.10a,b by
a schematic of their spatial arrangement as well as by a periodic variation of their
conduction and valence band edges. _

When these quantum wells are widely separated so that the wavefunctions of the
electrons and the holes remain confined within individual wells, they can be treated
as a set of isolated quantum wells. In this case, the electrons (or the holes) can not
tunnel from one well to another. The energies and wavefunctions of electrons (and
hotes) 1 each well remain unchanged even in the multiple quantum well arrange-
ment. However, such noninteracting multiple quantum wells (or simply labeled
multiple quantum wells) are often utilized to enhance an optical signal (absorption

of emission) obtainable from a single well. An example is lasing, to be discussed in
the next section, where the stimulated emission is amplified by traversing through
multiple quantum wells, each well acting as 2 independent medium,

To understand the-inferaction among the quantum wells, dne can use a perturba-
tion theory approach similar to-treati g identical interacting particles with degener-
ate energy states. As an example, let us take two quantum wells separated by a large
distance. At this large separation, each well has a set of quantized levels E, labeled
by quantum numbers n =1, 2, . . . along the confinement direction (growth direc-
tion). As the two wells are brought close together so that the interaction between
them becomes possible, the same energy states £, of the two wells are no longer de-
generate. Two new states £,* and E,- result from the symmetric (positive) overlap
and antisymmetric (negative) overlap of the wavefunctions of the well. The E =E,
+A,andE; =E,- A, are split by twice the interaction parameter A, for level 7.

The magnitude of the splitting, 24,, is dependent on the level E,. It is larger for
higher energy levels because the higher the value of n (the higher the energy value
E,), the more the wavefunction extends in the energy barrier region allowing more
interaction between the wells.

-£ese Ol two wells now can be generalized into the case of N wells—TFheir |
cractions lift the energy degeneracy to produce splitting into N levels, which are
closely spaced to form a band, the so-called miniband. In an infinite multiple qua
wm well limit, the width of such a miniband is 4A,, where A, is the intees

cighbori ells for the level #. This result own in Figure 4.11 for
for the case of a superlattice consisting of alternate layers
of GaAs (well oSy ors(barrier—eae vidth 9 nm, For this system,
iniband energies are E; = 26,6 meV and E, = 87 meV
bahdwidth of AE, = 2.3 meV and AE, = 20.2 meV _(Barntiam and Vvedensky,
2001). Asexptz above—the-higher-energy miniband (£>) has a greater band-
width (AE,) than the lower energy miniband (AE,).

the two levels 1 and 2

Minibands in MQW

z '
GaAs
AlQaAs I ’ | I
d E -
AlGaAs GaAs
TS
Substrae
H -
- z
d=d,+d,
a b

Figure 4.10. Schematics of the arrangement (a) and the energy bands (b) of multiple quan-
tum wells.

E jr
E, - i : AE,
E, : AE,
E.Jg"

AlGaAs GaAs

o

d=d+d,’
3 2 > Z

Figure 4.11. Schematics of formation of minibands in a superlattice consisting of alternate
layers of GaAs (well) and AlGaAs (barrier).

v “Minibands” formed due to
Interaction of different wells

v' Consequences in QC lasers
(see later on!)
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Kinds of MQW

A B A B A
|
ot oL Lo Viost relevant configuration: electrons and
gy Eaa < holes are confined in the same layer
_____ , Most favoured for exciton formation
e.g.: A=GaAs (E,, ~ 1.4 eV, lattice 5.653 A)
4 - , B=AlAs (E;z ~ 2.2 eV, lattice 5.62 A)
typ. thickness <2 nm n
- or B=Ga,_ AL As (x typ. <0.3)
fstaggered) ~ """ 7| | 7777 e
Esp ) Table 4.1. Semiconductor Material Parameters
e
Periodic Bandgap Bandgap Exciton Exciton
E,4 Table Energy Wavelength Bohr Radius Binding
= Material Classification eV) {p.m) (nm) Energy (meV)
_____ A [T = CuCl 1-VIL 3.395 0.36 0.7 190
g Cds VI 2.583 0.48 2.8 29
CdSe I-VI 1.89 0.67 49 16
GaN v 3.42 0.36 2.8
x P GaP n-v 2.26 0.55 10-6.5 13-20
@ .' InP m-v 1.35 0.92 113 5.1
S Eup AE GaAs -v 1.42 0.87 12.5 5
o i _ AlAs -V 2.16 0.57 42 17
BEI>Epy Z7=="feeaee . chalas o0 S Si v L1 115 43 5
Loa _L Ge v 0.66 1.88 25 3.6
f epe e Si,_,Ge, v 1.15-0874x  1.08-142x 085054  14.5-22x
+0.376x? +3.352 +0.6x2 +20x?
Fig. 9.3. Schematic diagrams of three arrangements of the conlinement  PbS Iv-vl 0.41 3 18 4.7
foles in MOWs and superlattices formed by two semiconductors A and AN v 6.026 0.2 1.96 80

£ and Eyn. respectively. In type 1 samples both the clectrons and holes are confined
in the same layer A. The energies of the confined particles are represented by red lines.
In type TTA systems the clectrons and holes are confined in different layers. Type 1B
samples are a special case of type 1TA behavior. They are either small gap semiconductors
or semimetals
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S Tl G e Semiconductive material choice

Fundamentals of Semicond.

Springer (1996)
Now, higher gaps achieved with GaN
4.0 7 T T T
6 .
5 :
3 0 & cgz'; 4 ]
-~ 300 ;/IHS;/_,/ Zng sMny s8e | 53 ]
o AlP AL/ | CdysMngsTe a
= 4 s Cds \ g 2 GaAs
& ® \ n'le 1 .
o GaP L
= 2.0 o] S I L L
c Stable aIons 3 3z 34 3.5 3.8 4
= Cd Lattice Constant, & (&)
o dTe
@ F
2 Si Figure 1. Fundamental bandgap versus
I } basal-piane latltice constant of nitride
N materials compared with SiC and GaAs.
| The solid curves rapraesent the ternary
1 mixtures AIN/GaN,"® GaN/InN,"" and
GaN/GaAs.” The dolted curve
InSb qualitatively indicates the confinuation of
go B _ | _ : _ - the GaNAs gap toward GaN.
HgTe
! | ~ L ’ 3 T T T
5.4 5.6 5.8 60 6.2 6.4 6.6 3500 “ge 1 E
Lattice constant [A] %* " EM" 360 %
Fig. 9'.2' A ])Ic.al of the low temperature cnergy bandgaps ol a number of scnuconduc- 53'25 !‘ — 5
mr% with _[]lL:IL]EElI]]()IHj and zinc-blende structure versus their lattice constants. The shaded L% gook  NUTTTTTT EJE}H&“_W'M: 400 %
regions hlgl]'h%:hl several families of semiconductors with similar lattice constants. Semi S 4450 =
conductors joined by solid lines form stable alloys. [Chen A B., Sher A Semiconductor B 275F T Mviem ] g
Alloys (Plenum, New York 1995) Plate 1] E : 4500 é
2.50F 4550 10
. . . : . ; _6,00
A wide choice of semiconductors SR N Ty B
g g - Well Width {nm})
Is available to tune the gap in a See MRS Bull. 27 (July 2002)
Figure 3. Transition energy of
broad range (from blue to near-IR) Gagain, N/GaN quantum wells versus

well width, with and without buift-in
glsctric fisld The inset shows a
schematic view of the band scheme, the
- effactive bandgap E ™, and the original |
Fisica dell bandgap E°. 5-pag. 13



Electroluminescent systems: lasers (and LEDS)

Basic ingredients for a laser:

-Active medium (amplification through stimulated

emission);

-Optical cavity (feedback of the active medium

for coherent emission)

Note: if cavity is missing, an incoherent emitting

device (i.e., a LED) is obtained

In diode lasers (and LEDs) pumping is
achieved by electrical means: current flow
promotes electrons into the conduction band
(and holes remain in the valence band)

Electron/hole recombination leads to emission

Process is “enhanced” in the presence of excitons

“Conventional” diode lasers (with
emission in a variety of spectral
Intervals) exploit quantum wells

—

Cawity Length S
Active Medium 3
| Ao
' i .
Output Coupler | [ input Coupler
R=80% ‘ i § R = 100%:
Fumping Frocess

Figure 4,16, The schematics of a laser cavity, R represents percentage reflection,

If gain is large, couplers can be made of
transitions between media having different
refractive indexes (e.g., semiconductor/air)

Table 4.3, Quantum.Confined Sericonductors and the Lasing Wavelength Region

Quantum-Confined

Active Layer Bamier Layer Substrate Laging Wavelength (nm)
InGaN ' GaN {aN 4450

InGaP InAlGa?P Gads 630.656

Gads AlGaps Gals £00-600
IiiAs GaAs g GaAs - 100
InAsP InGaAsP ' P 10601400
TraAsP InGaAsP 14 < 1300-1550
In(GaAs © InGaAsP InP 1550

InfiaAe Ind Inkr 14461
ARIAAR iy i fpetelty
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The first diode laser (1962)

For Hall, whw alreadyr had
extericire experience with Gade
allory pmuctiore, brme] diodes, ad 2 .

].'iﬂ'ﬂ'.— L li'i.l:lliES..ﬂ:'LEPIl:le':r. : | A -_ :,
to make a lacer diode was an - - r T "
extericion ofhis prior research ' '
wioth . | also conmpled well writh his

optical experiehce it hic earlier . e
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Homojunctions and lasers

R

Figura 3.5.15
Schema di un laser a
OMOgINIZIONE

These layers of semiconductor materials are arranged such that at the p-n junction an active
region is created, in which photons are created by the recombination process.
On the top and bottom layers, a layer of metal allows connecting external voltage to the laser)
The woltage is applied to metal contacts above and below the semiconductor layers.
The side of the erystalline semiconductor are cut to serve as mirrors at the end of the optical cavity.

The radiation comes out of a rectangular shape of a very thin active layer, and spreads at
different angles in 2 directions.

If the condition of population mversion does not exist, the photons will be emitted by
spontancous emission. These photons will be emitted randomly in all directions, that is the basis of
operation of a light emitting diode (LED). The condition for population inversion depends on the
pumping. By inereasing the current injected through the p-n junction, we arrive at threshold current,
which fulfills this condition.It is easily seen that the slope of this graph in a stimulated emission
(laser) is far greater than the slope at spontaneous emission (LED).

The threshold current for lasing is determined by the intercept of the tangent to the graph at
stimulated emission with the current axis (this point is very close to the point of change in the
slope). When the current threshold is low, less energy will be wasted in the form of heat, and more
energy, will be transmitted as laser radiation. Practically, the important parameter is current density
(Afem”).

~Ouiput Power

Stimulatad

Emission
(Diode Laser)

Spontanecus
Emission
iLEDY 'I'I'C‘nrtrﬁhﬂid
\ : urrerit

u'"/r .__
Current

Active medium is in the
junction

Small amount of emitting
material
Poor optical quality
No light confinement
Scarce gain
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“Conventional” (heterojunction) diode laser

In the case of a sepiconductor quantum well laser, the active medium is a nar-
row hindgap semiconductor (eg., GeAs) that is sandwiched between a p-doped
iexcess holesy AlGaAs and an p-doped (excess clecirons) AlGaAs barrier layer.
However, in most serviconducior lasers, the doped lavers of AlGaAs are separated
from GaAs by a thin undoped layer of same composdtion AlGaAs, The cavity is
formed by the cleaved crystal surfaces that act gs reflsctors, The general principle
for the semiconductor lasers can be illustrated by the schematic shown in Figure
417 for o double heterostructure semiconductor laser. The ohmie contacts on the
top and bottom inject electrons and holes into the active region, which o this design
{8 sigrificanly thicker (=100 nm) then a quantum well. The electrons and holes
combine in the active region (Gads in the present case) o emit a photon. The
threshold curtent density (current per cross-sectional srea) is defined a8 the current
density required for the onset of stimulated emission :nd hence lasing. At this cur-
retil density, the optical gain produced in the medivm by stimubated anission just
balsnices the optical loes due to varioes factors (=g, scattering, absorption loss,
gte.}). A thick active Laver in the double heterosiructure also acks a8 3 waveguide to
confire the optical wives. The oufpul emerges from the edges, hence this configu-
mation is also referred o produce edge emitting laser action.

e ense of & quantum well laser, where a single quantum well of dimensions
diepends on 1ne matenel) is used a5 the active laver, s referred (o a3 SOW
mmgle quantum wedl) laser. This thickness i3 too small to confine the optical wave,

which then leaks into the confining barrier tegion, Te simulianeously confine the
eartiers in the quantin well and the ophical wave arouad it, one uses a layer for op-
tical confinernent in which the quantum well is embedded,

MQW frequently used as the active

medium in order to enhance amplification

(and reduce the threshold current)

‘4— 200 pm ——» |

[}
‘4|4(— 100 pm —|

Gahs

Gabs substrate

# » free spectral range for a
plane-parallel cavity
with length = L
Av =c/2L

Figure 4.17. Scheme of double heterostructure semiconductor (DHS) lase

Conventional semiconductor laser:
Light Is generated across material's

— band-gap
CB

diode
laser:
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Advantages of heterojunctions

Good
Confinemant
in one side In
parpendicular

plane (paper)

Single
Hetergjunction | Hetercjunction

Good

Confinement
in both sides In

perpendicular
plane (paper

Daouble
Heterojunction

L

Confinement of light in the transverse direction can be accomplished by
realizing suitable architectures

(Gain or) index guided lasers

Buriadt Oxide p-GaflAs
unea Good Radiatlon
) Hetergunction | n-GaAs n-GaAlAs Confinement in
Galn-Guided {Index-Guicled | Active both Hoslzontal
Stripe 4 Stripe Region Hetergundiion| 3 Pg'mlculsr
sometry) n-GaAlAs

Fisica delle Nanotecnologie 2008/9 - ver. 7 - parte 6 - pag. 18



Ay
RN

Contact
Si0 10 um
s B0 um
dum | Gads
2 pm | AlGaAs Gads

0.0 gm —e=_—_——
2 pm | AlGaAs

e .o 'S
GaAs

Light
emission substrate Q‘bﬁ
\/ ®
Top Contect Stripe Top Contact Aroa
< :
e . L
Activa Stripe Activa Region s
=l e W—s ¥

a) b)
Figura 3.5.20 Esempi di narrow and broad stripe geomefries

Skecthes of heterojunction lasers

Strong progresses achieved to improve
guality, gain (i.e., low threshold current),
durability and power

Top Contact Array

Figura 3.5.21
Laser ad array

R
Active Array
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Market issues

Table 1. Worldwide commercial diode-laser sales 2004-2005 (units)
e
g
2 2 g
B k=1 a [=]
A | o o & o L E
] u - E z
o g 5 T € g g 3 g £ E:
= = = = 2 5 £ g : 5 o o
< = _ b D E e = g 5 & » 2o
5 i 3 E ¢ : . 3 = £ 3 2 . F2 g
g E 3 § & 2 £ g $ 13 o 2 & =g F
ol = x B & B o) E E = - & L 5 &ad e
2004 50 800 200 [i] 0 274500000 43,000,000 15,000 13630000 5700000 0 i} 0 136,846,050
<M00nm
2005 100 1,000 300 0 0 341700000 43000000 17,250 12660000  6300,000 (] 0 | 404678750
750.080nm 2004 i 0 0 0 0 369000000 0 8,600,000 140,000 0 2300000 10,210,000 0 | 390,250,000
<100m 2005 ] (] 0 0 0 329000000 0 5,100,000 160,000 0 3700000 12,050,000 0 354,010,000
750-080nm 2004 1250 147000 €00 0 55000 0 0 93,125 0 0 0 1,000 107000 404975
WOmW-10W 2005 1475 162000 900 0 65,000 0 0 82,500 0 0 0 12754 129,000 442150
750-080nm 2004 755 58500 0 1,000 0 0 0 4,467 0 0 10,000 3,000 19,000 124,722
>10W 2005 855 75,000 0 1,000 0 0 0 5,100 0 0 10,000 00 21,133 145,388
2004 0 500 0 0 3,622,500 0 0 0 0 0 0 1536500 (] 5,159,500
908-1550 nm
2005 0 500 0 0 4827500 0 0 0 0 0 0 1812500 0 6,639,500
2004 0 0 0 [V 0 0 0 o 0 0 0 0 0 (]
>1550nm
2005 0 (] 0 0 0 0 0 o (] 0 0 0 0 0
2004 500 3250 0 50 o 0 0 0 0 0 200 8250 12,250
2005 672 3000 0 50 0 0 0 1] 0 0 00 9000 13,022
TOTAL 2004 2555 210050  BOD 1050 3677500 643500000 43,000,000 8712592 13770000 5700000 2310000 MF7ET00 134250 732797497
UNITS 2005 3102 M2E00 1200 1050 4802500 670700000 43000000 9204850 13820000 6300000 370000  13/OSITS 150333 | 765029,810

Huge figures, but there is still space for
further progress
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C.P.Poole F.J.Owens
Introd. to Nanotechnology

(Wiley, 2003) L
p - metal GaAs
%=1.32 um
2 um Alg g5Gtg 15AS oo 50
s oo QD
2 um Alg gsGag 15As T
| 1900 A
Alg gsGag 15As
. 300 A
Waveg u |d e Alg 0sGap gsAS b
> GaAs |

Ing sGag sAs QD

Figure 9.24-. Schematic illustration of a quantum dot near-infrgred laser. The inset at the bottom
shows details of the 190-nm-wide (Al psGag 15As cladded) wayeguide region that contains the

112 rlncz:glsyers of In, sGag sAs quantum dots (indicated by QD) that do the lasing. [From Park
et al 9).]

Figure 9.24 provides a schematic illustration of a quan t laser diode grown
on an n-doped GaAs substrate (not shown). The top p-metal layer has a GaAs
contact layer immediately below it. Between this contact layer above and the GaAs
substrate (not shown) below the diagram, there are a phir of 2-um-thick
Al 35Gag 15 As cladding or bounding layers that surround a 190-nm-thick waveguide
n_‘mde of Aly5GaggsAs. The waveguide plays the role of condudting the emitted
light to the exit ports at the edges of the structure. Centered in the waveouide (dark

orizontal stripe on the figure labeled QD) is a 30-nm-thick GaAs\ region, and
entered in this region are 12 monolayers of IngsGagsAs quantum ‘dots with a
ensity of 1.5 x 10'%/cm?. The inset at the bottom of the figure was drawn to
spresent the details of the waveguide region. The length Le and the width W varied
omewhat from sample to sample, with L. = ranging from 1 to 5 mm, and W varying
etween 4 and 60 pm. The facets or faces of the laser were coated with ZnSe/MgF,
igh-reflectivity (>95%) coatings that reflected the light back and forth inside tc
ugment the stimulated emission. The laser light exited through the lateral edge o
1e laser.

“Nanotechnological” diode lasers I: QD

. Because of discrete features in the density of states, the quantum dot lasers have
a very narrow gain curve and thus can be operated at even lower drive current and
lower threshold current density compared to quantum wells (Arakawa, 2002). Fig-
ure 4.19 illustrates these features by comparing a quantum well laser with a quan-
tum dot laser. It shows that for any output power, the drive current for a quantum
dot laser is lower than that for a quantum well laser. Another important factor is
temperature dependence. The quantum dot lasers, because of the widely separated
shaw e tolerance for temperature variation,
pared to quantum welt lasers. Since the first report of self-assembled InAs/In
quantum dot lasers showing reduced temperature dependence of the thre
rent (Bimberg et al., 1997), many other quantum dot lasers have been demonstrated.
A more recent advancement is the report of InGaN quantum dots epitaxially grown
on GaN to produce lasing action at room temperature (Krestnikov et al., 2000a,b).
In order for quantum dot lasers to compete with quantum well lasers, two major
issues have to be addressed. Since the active volume provided by a single quantum
dot is extremely small, a large array of quantum dots have to be used. A major chal-
lenge here is to produce an array of quantum dots with a very narrow size distribu-
tion to reduce inhomogeneous broadening and that are without defects that degrade

Da P.N. Prasad,
. nophotonics,
—an ity (2004)

g

g

Output Power [mw]
g

8

o

Q 200 400

Pump Current [mA]

Figure 4.19. Comparison of efficiency between a quantum well laser and a quantum dot
laser.

QD lasers appealing for enhanced gain (but
fabrication of QD arrays is far from obvious)
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see MRS Bull 27 Juy 2002 Nanotechnological” diode lasers Il: VCSEL

Distributed Bragg Reflector structure (1D photonic crystal) “Bragg mirrors” can be built by

[a] [b] W ety depositing aiternate iayers with
different refractive index and highly
controlled thickness

0.995 ['

L o

1 2
960 980 1000 1020 1040

0.990

Reflectance

0.0

MQW aain layer 1 p _ I‘
: N . . o A
800 1008 1200 & - - P

= — —— - == t - :'v
Figure 1. (a) Distributed Bragg reflector {DBRY structure using a high-refractive-index Wavelength {nm) ", 4 P |
Quarter-wave laver on the sitbstrate followed by m low-index high-index (LH) quarter-wave ¢ = I Py ar
bilayers. (b) Aslative phases at the DBR surface of light rays reflacted from each interface 5 . T = b " | !
within the DBRA siructure. The minus sign indicales the 1807 phase shift that ocours upon ziug%gaii?eé;n;Z:f:ggg ',"O", Al L e
reflection from a low- to high-index stirface. A round-irip pass through each quarter-wave i v § +

20 pariods and 5 periods fiower

two plofs). Dashed iines show the
reflectance from a bare GaAs substrate.
Top plot shows the high-reftectance
region of the 20-period mirror near the
desian wavelength.

The laser cavity design discussed so far is that of an edge-emitting laser, also

known as an in-plane laser, where the laser output emerges from the edge. Howev-

er, many applications utilizing optical interconnection of systems require a high de-

gree of parallel information throughput where there is a demand for surface emit-

ting laser {SEL). In SEL the laser output is emitted vertically through the surface. . 5 i

Many schematics have been utilized to produce surface emitting lasers. A particu- Ver“ C al CaV | ty SU I’faC e Em |tt| n g L aser
larly popular geometry is that of a vertical cavity SEL, abbreviated as VCSEL. This

geometry is shown in Figure 4.20, It utilizes an active medium such as multiple

quantum wells sandwiched between two distributed Bragg reflectors (DBR), each

layer results in a halwave phase shift. Every reflected ray returns to the DBR surface
shiifted by exactly 180" in phase. Al reflected electric fields thus add constructively to give
a high net reflectance for the DBR, even If individual interface reflectances are small,

comprising of a series of material layers of alternating high and low refractive in- .

dices. Thus for an InGaAs laser, the DBR typically consists of alternating layers of VCS E L ad Va_n tag €s. . .
GaAs with refractive index ~3.5 and AlAs with refractive index 2.9, each layer be- - Su rfaC e emission fo r in teg ration In
ing a quarter of a wavelength thick. These DBRs act as the two mirrors of a vertical .

cavity. Thus, both the active layer (InGaAs) and the DBR structures (GaAs, AlAs) 0] p t (0] el eCt ronics ,

can be produced in a continuous growth process. @ X . . e
An advantage offered by a VCSEL is that the lateral dimensions of the laser can S h ort” cavi ty . tem p . Stab I l |ty, b eam
be controlled, which offers the advantage that the laser dimensions can be tailored 0 pt| C al featu res .
9 aoor

to match the fiber core for fiber coupling. An issue to deal with in VCSEL is the -
Small overall size, low threshold

heating effect occwrring in a complex multilayer structure, as the current is injected
through a high series resistance of the DBRs,
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“Nanotechnological” diode lasers lll: QC

Completely new approach to lasing action with the goals: |
-Mid-IR lasers with possibility to engineer wavelength (e.g., for trace analysis);
-Huge efficiency (low threshold, high power)

| e

canvetional laser

CB—/ M —
ac-=>—*
jaser: A\AVAVAN hy

QC-laser:
Light i
materials by design”

band structure engineering and MBE

ed energy ge ®

See http://www.unine.ch/phys/meso

guantum cascade laser

In contrast to the lasers discussed above, which involve the recombination of
an electron in the conduction band and a hole in the valence band, the QC
lasers use only electrons in the conduction band. Hence they are also called
unipolar lasers.

Unlike the quantum-confined lasers discussed above, which involve an inter-
band transiti'in’b‘eﬁ%eithe conduction band and the valence band, the QC
lasers involve intraband ¢inter-sub-band) transition of electrons between the
various sub-bands corresponding to different quantized levels of the conduc-
tion band. These sub-bands have been discussed in Section 4.1.

In the conventional laser design, one electron at the most can emit one photon
(quantum yield one). The QC lasers operate like a waterfall, where the clec-
trons cascade down in a series of energy steps, emitting a photon at each step.
Thus an electron can produce 25-75 photons.
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Quantum Cascade lasers |

Figure 4.21 illustrates the schematics of the basic design principle of an earlier
version of the QC lasers that produce optical output These lasers are
based on AllnAs/GalnAs. It consists of electron injectors comprised of a quantum
well superlattice in which each quantized level along the confinement is spread into
d Dy the interaction between wells, which have ultrathin (1-3 nm) b
layers. The active region is where the electron makes a transitionfrom-ah tplre
band to a lower sub-band, producing lasing action. The electrons are injected from
left to right by the application of an electric field of 70 kV/cm as shown in the slope
diagram. Under this field, electrons are injected from the ground state g of the mini-
band of the injector to the upper level 3 of the active region. The thinnest well in the
active region next to the injector facilitates electron tunneling from the injector into
the upper level in the active region. The laser transition, represented by the wiggly
arrow, occurs between levels 3 and 2, because there are more electron populations
in level 3 than in level 2. The composition and the thickness of the wells in the ac-

tive region are judiciously manipulated so that level 2 electron relaxes quickly to

level 1.

The cascading process can continue along the direction of growth to produce
more photons. In order to prevent accumulation of electrons in level 1, the exit bar-
rier of the active region is, again, made thin, which allows rapid tunneline of elec-

trons into a miniband of the adjacent injector. After relaxing into the ground state g

of the injector, the electrons are re-injected into the next active region. Each succes-
sive active region is at a lower energy than the one before; thus the active regions

act as steps in a staircase. Therefore, the active regions and the injectors are engi-

neered to allow the electrons to move efficiently from the top of the staircase to the

INJECTOR
’\ ACTIVE
~REGION
Minigap \}
’ INJECTOR
’ Miniband | '{k
L 1NAVAN ACTIVE
g 3 [ ~_REGION
HH Minigap| [
2
1 ‘-‘ Miniband
L f\/\/\ﬁfﬁ M
~ ]
. 55.1 nm o

Energy

[ =

Distance

The slope is due to the electric field applied

Careful engineering and manufacturing of electron injector and

active layers allow to achieve

an efficient cascade behavior
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Quantum Cascade lasers Il

Quantum design of QC-laser

A Falst F Capasso, C Sidord, DL Sheo, . N Bailargeon, A. L Hufchinson, &, NG, Chu,
and A. Y. Cho, Al Phys. Lefl. 68, pp. 2680-3682 (1996).

REGION Key characteristics of QC-lasers
+ multiple QWs under external

applied electric field

INJECTOR W L] H H
. + band-offset = 500 - 800 meV + Wavelength ("color’) determined by layer thickness
N1y ) acmve through lattice matched or rather than by material composition
Ml strain-compensated n InP » all mid-infrared spectrum covered by the same material
_ + 1-100 active regions/injectors
1 (typically ~ 30)
= UIBAND *
...u."dn
/ E + layer thicknesses designed to
0.8 nm thick ™ - provide population inversion = intrinsically high power lasers
well and barrier A N Tap =7 Ty
: designed for tunneling t t . I . i
¢ designedToriunneling franspor + High reliability: low failure rate, long lifetime and robust
55 1 nm = X _ fahrication
i v @ 1
o : Wide wavelength-range of QC lasers
Room temperature, pulsed, single-mode
QC-DFB laser @ /. ~4.65 um 10—
= QC lasers cover
467 r - 400 = entire mid-infrared
:D_ = % = wavelength range
= o — ] —
E agsf 1ot Js0 s 05 7 (3:4-17 um) by
= - : 3 1 & i; ta!loring layer
£ R i & " ] E ] thicknesses of the
E asdr 'n'-lhﬂ’!ll’!lll]lh i i} E : = 'é_ 8_ same materlal
2 £ = 1.
= “E1r 1™ z Da 5 10 15
Agee = 073 ] 2 Wavelength (um)
4.589 o
50 100 150 200 250 300 i
Temperature (K) Current {A) 1

(es.:monitor for trace analysis of CO)
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Quantum Cascade lasers Il

QC-laser crystal grown by
Molecular Beam Epitaxy (MBE)

Ultra high purity MBE is the key
for QC fabrication

" TEM / SEM image

Cross-seclion of a few sfages of QC-laser crystal  crystal growth one atomic layer at a time

+ Many (~ 500), few-atoms thick layers of alloy materials (Al, Ga, As, In);
+ atomic control of layer thickness, 1 nanometer (nm) =4 atomic layers
+ atomically flat layer interfaces

=y

' Heterogeneous Cascades (multi-%. generation)

So far: )
H de: single stack of
omogeneous cascade: j_- 30 identical active regions & injectors
Mowy:
Stacked cascades: Interdigitated Cooperative
ﬂ cascades: cascades: - -
_/_é_\_ — _ TEM by 5. N. Gesige Chil PR .
Charge transport How te design
. . between stages? cooperation?
Different electric “OK see next VGs!
field across sub-
stacks? - OK
Further implementations i 0 R
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2. Quantum Dots and photoluminescence

4.1.3 Quantum Dots

Quantum dots represent the case of three-dimensional confinement, hence the case
of an electron confined in a three-dimentional quantum box, typically of dimen-
sions ranging from nanometers to tens of nanometors. These dimensions are smail-
er than the de Broglie wavelength thermal electrons. A 10-nm cube of GaAs would

contain about 40,000 atoms. A quantum dot is often described as an@rtificial atom
because the electron is dimensionally confined just like in an atom (where am elec-
tron is confined near the nucleus) and similarly has only discrete energy levels. The
electrons in a quantum dot represent a zero-dimensional electron gas (ODEG). The
quantum dot represents a widely investigated group of confined structures with
many structural variations to offer. The size dependence of the lower excited elec-
tronic state of semiconductor nanocrystals has been a subject of extensive investi-
gation for a long time (Brus, 1984). Quantum dots of all types of semiconductors
listed in Table 4.1 have been made. Also, as we shall see in Chapter 7, a wide vari-
ety of methods have been utilized to produce quantum dots. Recent efforts have

also focused on producing quantum dots in different geometric shapes to control the
shapes of the potential barrier confining the electrons (and the holes) (Williamson,
2002).

A simple case of a quantum dot is a box of dimensions /,, [, and I.. The energy
levels for an electron in such a case have only discrete values given as

a2+ (- (] D%

where the quantum numbers /, /,, and I, each assuming the integral values 1,2, 3,
characterize quantization along the x, y, and z axes, respectively. Consequently, the
density of states for a zero-dimensional electron gas (for a quantum dot) is a series
of & functions (sharp peaks) at each of the allowed confinement state energies.

0-DEG DO&.8)

D(E) EZS(E ~E,)

In other words, D(E) has discrete (nonzero) values only at the discrete energies giv-
en by Eq. (4.8). This behavior for D(E) is also shown in Figure 4.3. The discrete
values of D(E) produce sharp absorption and emission spectra for quantum dots,

even at room temperature. However, it should be noted that this is idealized, and the

singularities are often removed by inhomogeneous and homogeneous broadening of
spectroscopic transitions (see Chapter 6).

Another important aspect of a quantum dot is its large surface-to-volume ratio of
the atoms, which can vary as much as 20%. An important consequence of this fea-
ture is strong manifestation of surface-related phenomena.

Quantum dots are often described in terms of the degree of confinement. The
strong confinement regime is defined to represent the case when the size of the
quantum dot (e.g., the radius R of a spherical dot) is smaller than the exciton Bohr
radius a. In this case, the energy separation between the sub-bands (various quan-
tized levels of electrons and holes) is much larger than the exciton binding energy.
Hence, the clectrons and holes are largely represented by the energy states of their
respective sub-bands. As the quantum dot size increases, the energy separation be-
tween the various sub-bands becomes comparabie fo and eventually less than the
excifon binding enecrgy. The latter represents the case of a weak confinement
regime where the size of the quantum dot is much larger than the exciton Bohr ra-
dius. The electron-hole binding energy in this case is nearly the same as in the buik
semiconductor.

Table 4.1, Semiconductor Material Parameters

Periodic Bandgap Bandgap Exciton Exciton
Table Energy Wavelength  Bohr Radius Binding
Matertal Classification (eV) (m) {nm) Energy (meV)
CuCl I-VII 3.395 0.36 0.7 190
CdS I1-vI1 2.583 0.48 28 29
CdSe I-vi 1.89 0.67 4.9 16
GaN v 342 0.36 2.8
GaP m-v 2.26 0.55 10-6.5 13-20
InP m-v 1.35 0.92 11.3 5.1
GaAs v 1.42 0.87 12.5 5
AlAs m-v 2.16 0.57 4.2 17
Si v 1.11 1.15 43 15
Ge v 0.66 1.88 25 3.6
Si, ,Ge, v 1.15-0.874x 1.08-1.42x 0.85-0.54x 14.5-22x
+0.376x? +3.3x2 +0.6x° + 20x2
PbS vV-V1 0.41 3 18 47
AIN n-v 6.026 0.2 1.96 80

Important photoluminescence features
in quantum dots

Fisica delle Nanotecnologie 2008/9 - ver. 7 - parte 6 - pag. 27




Si NC in porous Sili

Bulk Si electrochemically etched in HF to produce
(filamentary) nanocrystals

Electropolifhing (large current):
+ 4e
Si+6F — SiFg*

L : Empty pore

Porization (H surface evolution):
Si+ 6F + 2H* 5 SiF¢2 + H,

Flg.?: Hljglh-rcsolulion TEM of p [1Qcm, (100)] type porous silicon (porosity 85%)
showing silicon nanocrystallites with a number of planes ranging [rom 4 to 10. The
presence of broad diffusing ring in the corresponding TED pattern has been attributed to
the presence of amorphous phase or to the one of disoriented microcrystalline clusters
with sizes below 1-1.5nm (after Berbezier and Halimaoui [22]). i

W e Silicon core

ﬁ. Hydrogen surface passivation

con

Pt Electrede

p

Etching Solution, HF

" | Teflen Cell
12 M

Backside
Electrical
Connection

Si Waler

‘igure 6.21. A cell for etching a silicon wafer in a hydrogen fluoride (HF) solution in order to
troduce pores. (With permission from D. F. Thomas et al., in Handbook of Nanostructured
dalerials and MNanotechnology, H. S. Nalwa, ed., Academic Press, San Diego, 2000, Vol. 4,
shapter 3, p. 173.)

See Amato et al.

Struct. and Opt. Prop. of
Po-Si nanostructures
(Gordon and Breach (1997)
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BAND GAP ENERGY

Photoluminescence of po-Si
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Fig.1 Typical optical-absorption and photoluminescence spectra of porous Si films:

(a) £ % 2nm, (b) L = 3.5nm, and (¢) L=~ 9nm. From Ref. [7].
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Interfacial
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Bap
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Crystalline
Core

0 Deore/2
RADIUS
Porosity and surface

passivation play a role

Even Si, in NC state,
can lead to strong PL

SNOM analysis of PL from po-Si microcavity

DaF.F. etal., J. Appl. Phys
91 5405 (2002)
"convolved" spectrum

/

f\(w) sample position

fin nanometersf

__/“\_f“‘f\_,/“/\/\ A

4 — (350,350)

(70,70)
] — (0.0

e ey E1TECE OF
6200 6400 BEOD 6300 microcavity
Wavelenght &__ (A) \ coupling with

near-field

Emitting centers detected by SNOM
PL SNOM

=1 ym

Fisica delle Nanotecnologie 2008/9 - ver. 7 - parte 6 - pag. 29



NC in colloidal solutions

CdSe nanocrystals in solution

I | | 1 I | i

CdSe colloidal NCs

(T =300 K)
oF AP il
a=1.2nm /
Znse Cdse CdTe

-
'_
at - &
z
%‘ i
§ z
&) =
m [
L2 [m
=2 L
Cc 2 _|
: <
=
¥
(m]

Z A

T T T T T L
as0 400 A50 S00 550 GO0 550 7ao 750

EMISSION WAVELENGTH [nm]
(EXCITATION: ZNSE @ 290 nm, OTHERS @ 3&5 nm)

0 l ] | | | |
1.8 2.0 2.2 24 286 28 3.0

Bulk E;~ 1.8/1.9ev  Photon Energy (eV) Wide “tunability” of PL range

jure 3.27. Room-temperature optical absorption spectra for CdSe colloidal nanocrystals
>8) with mean radii in the range from 1.2 to 4.1 nm. {From V. L. Klimov, in Nalwa {2000},
l. 4, Chapter 7, p. 464.]

C.P.Poole F.J.Owens
Introd. to Nanotechnology
(Wiley, 2003)
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QDs nanoislands on surfaces
AFM images

InP islands grown on and
capped with InGaP
(fabricated via MetallOrganic
VaporPhaseEpitaxy)

FL from a
single InP
island
Spectral signatures of excitonic
behavior:
sharp and strong PL (observed
1 65 ) at room temp)

Energy (e¥Y)

See Hessmann et al.
APL 68 (1996) Bulk E;~ 1.5 ev
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This section describes semiconductor nanostructures that consist of a quantum dot
core with one or more overlayers of a wider bandgap semiconductor. The core-
shell quantum dots consist of 2 quantum dot with one overcoating (shell) of a
wider bandgap semiconductor (Wilson et al., 1993; Hines and GuyotSionnest,
1996). The quantum dot—quantum well (QDQW) structure involves an onion-like
nanostructure composed of a quantum dot core surrounded by two or more shells
of alternating lower and higher bandgap materials (Schooss et al., 1994). These
types of hierarchical nanostructures introduce a new dimension to bandgap engi-
neering (modifications of the bandgap profile, charge-carrier properties, and lumi-
nescence feature). In the case of a core-shell structure, changing the shell can be
used to manipulate the nature of carrier confinement in the core, thus affecting the
optical properties. Furthermore, an overcoating with a wider bandgap semicon-
ductor passivates the surface nonradiative recombination sites, thereby improving
the luminescence efficiency of the quantum dot. In the case of QDQW structures,
additional tuning of the energy levels and carrier wavefunctions can be obtained
by varying the nature and the width of the quantum well surrounding the quantum
dot.

Numerous reports of core-shell quantum dots exist. Some examples are ZnS
(shell) on CdSe (quantum dots) (Dabbousi et al., 1997; Ebenstein et al., 2002), CdS
on CdSe (Tian et al., 1996; Peng et al., 1997), ZnS on InP (Haubold et al., 2001),
and ZnCdSe, on InP (Micic et al., 2000). The use of a wider bandgap semiconduc-
tor shell permits the light emitted from the core quantum dot to be transmitted
through it without any absorption in the shell. These core-shell structures exhibit
many interesting modifications of their luminescence properties. As an example,
the results reported by Dabbousi et al. for the CdSe—ZnS core-shell quantum dots
are summarized below:

® A small red shift in the absorption spectra of the core-shell quantum dot com-
pared to that for the bare quantum dot is observed. This red shift is explained
to arise from a partial leakage of the electronic wave function into the shell
semiconductor. When a ZnS shell surrounds the CdSe quantum dot, the elec-
tron wavefunction is spread into the shell but the hole wavefunction remains
localized in the quantum dot core. This effect produces a lowering of the
bandgap and consequently a red shift. The red shift becomes smaller when the
difference between the bandgaps of the core and the shell semiconductor in-
creases. Hence, a CdSe—CdS core-shell structure exhibits a large red shift
compared to the bare CdSe quantum dot of the same size (CdSe core). Also,
the red shift is more pronounced for a smaller-size quantum dot where the
spread of the electronic wavefunction to the shell structure is increased.

For the same size CdSe quantum dot (~4 nm), as the coverage of the ZnS

overlayer increases, the photoluminescence spectra show an increased red

shift of emission peak compared to the absorption peak, with an increase in

Core/shell Quantum Dots

broadening. This effect may arise from an inhomogeneous distribution of the
size and preferential absorption into larger dots. The photoluminescence
quantum yield first increases with the ZnS coverage reaching to 50% at ap-
proximately ~1.3 monolayer coverage. At higher coverage, it begins to de-
crease. The increase in the quantum yield is explained to result from passiva-
tion of surface vacancies and nonradiative recombination sites. The decrease
at higher coverage was suggested to arise from defects in the ZnS shell pro-
ducing new nonradiative recombination sites.

The reported core-shell structure fabrication methods have utilized procedures
for formation of the core (quantum dots) which produce polydispersed samples of
core nanoparticles. These core particles then must be size-selectively precipitated
before overcoating, making the process inefficient and time-consuming.

More recently, we developed a rapid wet chemical approach to produce core-
shell structures using novel chemical precursors which allows us to make I11-V
quantum dots (a more difficult task than the preparation of 1I-VI quantum dots’
rapidly, (less than two hours) (Lucey and Prasad, 2003). Then without the use of
surfactants or coordinating ligands, the quantum dots are overcoated by the shells
rapidly using inexpensive and commercially available TI-V1 precursors that are not
air-sensitive. This process was used to produce CdS on InP, CdSe on InP, ZnS or
inP, and ZnSe on InP. The optical properties of these core-shell structures were
strongly dependent on the nature of the shell around InP. A ZnS shell around the

———y P
InP/Zns \Hi’.-'./nf':;(,'- InP/CdSs
1.0 . ~ .,
A 4 £ e
{ .’ ‘}“
f / e
> 0.8 | /
= ~ b !
= 06 /
T |
-
o
= 0.4] |
-
s |
0.2 /
7 AN
0 '
450 500 550 600 650 700 750 800
Wavelength (nm)
Figure 4.14. Photoluminescence spectra of InP quantum dots and the various core-shell

structures involving InP core of some diameter (~3 nm)
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Functionalization of core/shell QDs

http

u/stenkamp/strep.html

10-15nmm

F 3
r

CORE

SHELL

See www.qdots.com
Above is a stereoview of the streptavidin tetramer showing the Bt e

subunit arrangement and the biotin binding site.

I

Preparazione:

Core (CdSe)
Cd(CH;), e Se in TBP o TOP
reazione a 360°C e raffreddata 290°C, temp ambiente
controllo crescita tramite spettro di assorbimento

Shell (ZHS) Electron Micrograph. Transrmizzion electron microscopy can be used
(TMS)2$ (S Zl’l(Et)2 in TOP to directly irmage Qdot caore-shell nanocrystals, The darker regions
reazione a 190°C are he cystlites Like sevaral f QDC's produce, these com-shel
controllo crescita spettroscopia UV-Vis e and the scale bar is 20 nm,
fotoluminscenza

The shell can be further

functionalized in order to be
Materiale tratto dal seminario di . . .
Marco Cirillo, Apr. 2004 compatible with organics
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Fluorescence marker applications

Qdot”
MNanocrystal
nectylnmine modificd 5
(PR paly-ncrylic acid : . o T Streptavidin 0

| -

e T Ol

: e PP iy

-, - - =r e S
=8 = o A
z e Fo i
Al reso

3

| il IIIIII| Ll IIIIII| Ll IIIIII| Ll IIIIII| Ll r|||||| LL PIIIII|

14 Tnm  10nm 100nm 1pm 10pm 100 pm

GFP PE

f i FITC I—I—l i
. conjugation o 311 % ﬁ;}‘ / ;&-&:

Atom Small Dye Auorescent Colloldal Bacterium  Animal
Molecules  Proteins Gold Cell

QDs preferred to molecular dyes
for:

-Larger quantum efficiency;
-Larger “compatibility”;

-High degree of versatility

See www.qgdots.com

Figure 1. Fluorescent double-labeling with Qdot Streptavidin
Conjugates. Fixed human epithelial cells were incubated with a
mixture of hurman anti-ritochondria antibodies and mouse
anti-histone antibody. The mitochondria were labeled with Qdot 605
Streptavidin Conjugate (red) after the specimens were incubated
with biotinylated goat anti-human IgG. The cells then were blocked
with biotin solution, incubated with biotinylated goat anti-rouse IgG
and the nuclei were stained with Qdot 525 Streptavidin Conjugate
{green),
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3. Optical behavior of metal nanoparticles |

Mysterious red color in Lycurgus Cup

a0~ Tha
I B Lycurgus Gup
1 Modern Glass

THIE e
! Silicon ) Sadium ) Calgium
dicwide awide axide

The same composition
as modern glass

Dr. Juen-Kal Wang

- X-ray analysis:
B 70% Ag + 30% Au

_—— e
S50 nm

These Ag-Au nanoparticles (~300 ppm)
scatter the light, rather in the same way
that fine particles in the atmosphere cause
a 'red sky at night’ effect. They cause the
color effects shown by the Cup.

The Lycwrgus Cup, Roman (dth century AD), British Musevm fwww.thebriehmussum. sc.uk)

See: hitp://www.ndhu.edu.tw
/~nano/93041702.pdf

Au nanoparticles
in solution

“Bnm agglomerated

Gold Building Blocks

Atoms:
colorless, 1 A

o

Gold clusters:
orange, nonmetallic,
<1 nm

Gold nanoparticles:
3-30 nm, red, metallic,
“tfransparent”

Gold particles:
30-500 nm
metallic, turbid,
crimson to blue

Figure 1. Gold building bfocks, from the
atornic to the mesoscopic, and their
changing colors.
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Metal vs semiconductors

In nanosized semiconductors (and dielectrics) the optical behavior is ruled by quantum
confinement

Quantum wells (in 1, 2, 3 dimensions) are created due to the spatial confinement of single
electron and hole wavefunctions

- Sets of discrete (or quasi-discrete) energy levels appears

—> Exciton states play a role

Due to the absence of electron transitions from the valence to the conduction bands,
electron excitation in metals gets a profoundly different character, e.g.:

-Excitation is collective (plasma oscillations), not single:

-No excitons are produced;

-Electron distribution tends to be enhanced close to surface 2 weak confinement realized;
-Diffusive (e.g., Joule) effects play a role in damping the excitation

Quantum confinement is not relevant in ruling optical properties (but it will govern transport
properties, as we will see)

In metals, classical
(not quantum) models
are needed

—-1 Semiconductive quantum dots
-—M—Mﬁm— q

, in solution
Au nanoparticles
in solution Fisica delle Nanotecnologie 2008/9 - ver. 7 - parte 6 - pag. 36



Reminders of plasma frequency and e.m. waves in metals |

ONDE IN UN MEZZ0O CONDUTTORE

s oE i
Fissata la frequenza (@ per un’ onda e.m. piana di questa frequenza abbiamo: £ = e —iwkE .

Naturalmente o siamo tiferiti alla notazione complessa dell’ onda E =-Eoe“k‘r7wn = Eoef(kz“‘m i

avendo scelto, per maggiore chiarezza, I’ asse z lungo kelassex lungo E‘D.
[}

Se onda si propaga in un mezzo conduttore di conducibilita® 0, nel materiale sara’ presente una

+_ 5 ; : 5 _ = dD -
densita’ di cottente j =OFE . L'equazione di Maxwell rotH =J +2)_t potra’ allora essere riscritts

— - = E EO o
come: rotH = OE + E,6E = 0 ——+ §,€E e, in definitiva:
b 117

Si vede allora che basta considerare una nuova costa :
contributo delle cariche legate, bisogna aggiungere il contributo de
nasce dalla conduzione.

Alle frequenze “basse” sia € che @ sono reali {e positivi). Nei metali & = 108 (Q -.‘m)—l ed
£ =1 per cui, tenendo conto del valore di &, si vede che, fino a frequenze dell’ ordine di 10" si

puo’ irascurare £ e tenere solo il contributo delle cariche libere § Inoltre, fino a frequenze dell’

&,
ordine di quelle delle microonde, la conducibilita’ €’ indipendente dalla frequenza ed €’ circa ugunale
alla conducibilita’ statica &, . Riscrivendo semplicemente quanto gia’ trovato nel caso dei dielettrici

@ 1+
non magnetizzabili { & =1 ¢ un caso generalissimo ) si ordene: k& =—+/€. Essendo \ﬁ =

¢ N
\/E=n+if3=J—::;{%}.

Gy
26,0

siha

Lultima espressione mostra che n= =

Introducendo il valore di & nell’ onda da cul siamo partiti, avremo alla fine

2 gz \iZnz-on , =

E=Ed%™ tEe< ¢° iedaquedalls rotE=—B=ik nE=iwB,

P.L. Braccini, Lezioni di Fisica Il

ulIatl

SIGNIFICATO FISICO DELD: HE St
Supponismo di essere in presenza di un gas compl |.'I, ."/‘ R
ionjzzato: n* =n" =n sono le concentrazioni degli ioni positivi E'J'{,"// -
e degli elettroni per cui il gas dsulta globalmente neutro. ’ o= 7"
Supponiamo anche di far subire agli elertroni uno spostamento X ( piccolo ) K

Hspetta agli iond positivi {come avviene nel processo di polarizzazione indotta da un campo elettrico).
La situazione ¢’ quells mostrata nella figure: la densita’ superficiale delle caziche ded due segnichesie’
creata sulle superfici ¢’ nex per cui, nello spazio intemo al volume, sars’ presente un campo elettrico

_— Ef{ Ogni elettrone saza’ quindi soggetto ad una forza elastica di richiamo

)
ne’x . ) .

F =-eE = —? pee cui, una volta lasciato libero, 'elettrone, e con lui tutto i plasma

collettivamente, compira’ ocillazioni di frequenza propr — che ¢’ proprio la frequenza di
plasma. In presenza di una forza esterna periodica, come quelld generata dal campo elettrico di
un'onda em., @, ¢ la frequenza di tsonanza A questa frequenza l'enetpia sottratta al’onda sara’
pasticolarmente elevata.

Sinoti che la condizione @7 >>1(edoe’ T7>>T )indica che il pedodo T dellz oscillazione del
plasma ¢’ molto piv’ piceolo del tempo medio d'urto. Cio® vuol dire che gii elettroni effettueranno un
gran numeto di oscillazioni forzate di grande ampiezza e, alla fine, cederanno agli ioni tutta I'energia
sottratta all’ onda, energia che avevano nel frattempo accumulato sotto forma di enesgia cinetica.

IL MODELLO DI DRUDE DELLA CONDUCIBILITA’ ELETTRICA
Cottend stazionarie

In questo modello il moto dell’elettrone dentro un metallo, viene continuamente reso casuale dagli
urti con il reticolo entro cui I’ elettrone si muove. Se dentro i metallo ¢ presente un campo elettrico

medio £ Pelettrone, fra due urti successivi, verra’ accelerato da questo campo e l'equazione del moto
dell'elettrone (massa M, carica —€ ) sara’

m—=—eE.
Al tempo t =0, elettrone che aveva subito 'ultimo urto al tempoe —T', avra’ acquistato una
__—¢E . .
velocita' V= LT . Mediando su tutti gli elettroni la velocita media sara’ allora
m
___—eE
<Fd=-ip
m
dove si ¢’ indicato con T il tempo medic d’ urto e cioe’ il valor medio di T calcolato su tutti ghi
elettroni.
Se ne' il numero di eletroni libed per unita’ di volume, la densita’ di corrente sara’
1
- - 2
Fen(-e)<i>=22TE.
m

La conducibilita’ statica sara” allora:

O, = :
m
Nella magpior parte dei metalli 10?5 <7 <1075,

c Pering. TLC (Pisa. 2001)
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Reminders of plasma frequency and e.m. waves in metals Il

Campi variabili

Se invece di un campo statico ¢’ presente nel metallo un’ onda e.m. di frequenza &, trasurando gli
effetti magnetici { in generale molto piccoli ), I’ equazione per la velocita’ media di un elettrone che si
trovi nell’ orgine sara’;

d<¥>

m =—my <V >—eEe™.

A secondo membro I'ultimo termine ¢ la forza oscillante che il campo elettrico dell’ onda esercita
sull’ elettrone, mentre il primo termine, una forza di smarzamento viscoso, e’ stato introdotto per
tener conto degli urti dell’ elettrone con il reticolo. Si deve notare che si ¢’ fatta Pipotesi che il campo
elettrico non vari apprezzabilmente su distanze dell’ ordine degli spostamenti dell’ elettrone durante il
suo moto.

Cercando una soluzione in cul <¥ > oscilli con la stessa frequenza @ si wova:

___ —eEe™
<yr=—2
m(y —ia)
H.BZE

Da qui: j=n{-e)<i>=

optical

no naturally
occuring
materials

no naturally

>0

W= 0

Metal response at optical

wavelengths: ¢<0

Se s vuole che a frequenza zero, questo dsultato Hproduca la & statica, si vede che deve

essere ) = —,
7T

o(w)=—2

8i puo’ scrivere in definitiva .
l-imr

La conducibilita® 2 basse ¢ ad alte frequenze.

Ricordando che nei metalli 7 ~ 1075 si vede che, slmeno fino alle frequenze delle microonde
{0 <10"s™, la conducibilita’ ¢ indipendente dalla frequenza ed il suo valore ¢’ uguale alla
conducibilita’ statica &,

Quando invece @7 >> 1, e cloe’ peet 1y

s frequenze dell’ ultravioletto ), s puo’ scrivere:

Nei metalli, 2 queste frequenze, il contributo delle catiche libere alls costante dielettrica diviene allora

iow) 0, _
g  gu't @
dove abbiamo introdotto un fiuovo pacametto, la fregusnza di plasma @, definita da
2
P Ty
ET Egm

La frequenza di plasma carattetizza il materiale conduttore; non dipende da 7, ma dipende

solamente dalla densita’ 72 dei pottatori di casica, Nella maggior patte dei metalli @, ~10'°s
Nell'ultravioletto, sempte per i metalli, il contributo alla costante dielettrica defle cariche legate ¢’
motte-giceolo , per eul E(0),, 2

ol

astagte dielettrica complessa e allora :
@

ot
ione di onde e.m

() =1-

Per quanto rigusrda la propags

frequenza di rifetimento precisa. Se la frequenza dell’ onda ¢’ W< @, , la £ ¢ negativa per cui \/E
sara’ immaginaria pura: g propagazione nel mezzo o impedita ¢ I onda, 5o incide sul metalle, verra®
interamente riflessa, '

selfequenza di plasma costituisce sllots una

[4)]
Se invece @ > M, JE eraale: piu’ precisamente n= (1—-5‘;-' e f=0percui iﬁndapﬂa’

propagarsi nel mezzo con attenuatgons molte piccola ( nelle nostre approssimazioni I attenuzzione ¢’
nulls).

a
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Surface plasmons at a metal/dielectric interface |

Now consider a more complicated situation than that in simple homogeneous and isotropic material,
namely, a plane boundary between two such regions, as is shown in Fig. 1. The dielectric constant
of medinm 1, £1 is assumed real and positive. For the time being assume 29 to be real, but make
no assumption about its sign, z

T dielectric (air) X

metal

Medium |1

& Waves at an interface

-0 | between materials with
Medium 2 different dielectric constants
Solution of the wave equation with the

above boundary conditions:

Figure 1: Interface between dic  Thers are a set of solutions called “surface waves” which exist at the boundary between medium

&

4 1 and 2. These waves propagate along the surface z = . One set of such waves which has no y
component may be written in complex form as follows:
For medium 1, z =0,
Ex = Ep .\
E.'y =1 Ei{kr—u:!]E_ (k _51?—) = ('-:-‘J
a.j 0 —lII'Q )
E, = ikE (kﬂ 54
|} £l : (¥ -a17)
By For medium 2, z <0,
/1 E, = E Lo
Ey = Ei{kl‘—wi}f-'-(k _EQ:T) - . (6)

, s -l
http://courses.washington.edu/phys431/spr.pdf E, = —ikEy (r':-‘" - 52;5')



Note the differences in sign between the two solutions. Provided that eertain constraints are met,
these will satisfy the boundary eonditions imposed by Maxwell's equations. For these solutions to Surface P lasmons at a

be physically sensible, their amplitude must decay exponentially away from the boundary , which

v a . W10 - s D 2. 1/0
Wil be the case 1 (& —31?} U Uand (BT - EQ?J !

= {, The boundary conditions require

metal/dielectric interface |l

continuity of the tangential components of E and H at z =0. For E this is satisfied by choice of

constants (Fp), and for H we have the constraint that

2\
a | -] =-zk-¢ 7
This can only be true | blving for w we obtain the dispersion relation for surface wawves:
(%)

This result tells us that we must have —z9 > ¢ for k to not be purely imaginary. So for these

surface waves to exist we must hav

gty < 0 and —ey > 4.

Peculiar dispersion reiation
(with a resonance condition)

We have assumed that ¢y is real. For many metals the dielectric constant has a small imaginary
part, resulting in attenuation in the direction of propagation. For a treatment of this situation see
Hecht, Optics, 3rd ed., pages 127-131.

For now assume that medium 1 is air (£, ~ 1) and that medium 2 is a metal. The free electron gas
model for metals gives

w2
fw)=1- (2) (0
w)=1- (= )
where wf = 4mne? /m (n is the electron number density, e is the electron charge and m is the electron
mass) and is called the “plasma frequency” (see Kittel, Introduction to Solid State Physics, 6th ed.,

pages. 256-T).

The dispersion relation for surface waves between a metal and air now looks like

W = [cl:)g {1 + ;n} . (10}
\ L=y w)*

I 10

which after some rearranging becomes

12
w
W= 2 4 (ck)? -

oA ) 1/2
r :
> T + (ek) ] . (11)




Dispersion relations

Dispersion relation

Surface plasmon dispersion

Dr. Juen-Kai Wang
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Wave vector fc/wy,

Per un metallo ideale (senza
smorzamento) alla risonanza g diverge

e

la velocita di gruppo tende a zero:

fenomeno puramente elettrostatico

Materiale da Simone Birindelli
Tesi di Laurea in Fisica, 2008
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Realistic case

METALLO REALE

Funzione dielettrica e vettore d'onda p complessi

I plasmone si propaga ma viene smorzato con lunghezza di attenuazione L = (2 Im (B) )!,
tipicamente compresa fra i 10 e i 100pm nel visibile

Alla risonanza B raggiunge un valore limite finito, e quindi esiste un limite inferiore alla
lunghezza d'onda del plasmone

Vicino alla risonanza si ha confinamento migliore (subdiffrattivo) ma minore lunghezza

propagazione

Esempi numerici: interfaccia fra aria e argento,

con A, =

HM

450 nm si hal = 16 ym e 5, = 180 nm, invece con A, = 1.5 um si halL = 1080 ym e §,= 2.6

In generale, migliore ¢ il confinamento, minore ¢ la lunghezza di propagazione, e viceversa

10nm 100nm Twm 10pm 100 uwm 1 mm

T T T T T .EII A'r

e

\, (or other
Aluminium at 0.5 pm dielectric)
Silver at 1.5 pm

f

&y

b
f

|
l“E'ITI
/T Metal

Sub-diffraction confinement

Possibility of propagation
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Summary of surface plasmons

£(m)E. (: = [l',m)= £ (w)E, (z=ﬂ ,w)

v By :=ﬂ+,m)= E_ :=D'~m)

[4.'| () =—&3 () ]

Plasmon resonance condition

R. H Richis, Phys. Rev. 106, 874 {1057).

2ron.  —klz| (k-
ﬂ.m(.l"“f)= J{: k'lc'li"h m'l} Surface potentlal due to surface charge O,

Surface Polantons, edited by V. M. Agranowvich and D, L. Mills (Novth-Hollanad, Amstsmlam, 15582).
M. G. Cottam and . R. Tilley, introducdion fo Surface and Supeniatlice Excitations [Cambridge Universily Press, Cambridge, 1589).

Dr. Juen-Kai Wang

Boundary condition

Summarizing:

v'plasmon oscillations can be seen as space and time
modulations of free charges at the surface of the
metal/dielectric interface

v'a resonance frequency exists (depending on material
properties) where oscillation effects are enhanced

v'plasmons exhibit a longitudinal character

Note: plasmons are evident with noble
metals (charges should be free as more as
possible, metal should be pure, interfaces
well defined, without surface oxidization or
similar effects)
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Surface plasmon excitation

1‘ =5
& | |

{:2 4‘..:| +EE

« » surface plasmon cannot be excited
by alight beam incident in the normal
way in medium 1.

Excitation condition for surface plasmon
at the 2/3 interface.

p : i
k =&]? Lsing > gt A

Raether-Kretschmann cunﬂg uration
&

v' Geometry is “anisotropic” (the plane
interface layer is playing a role)

v “Electron density” waves develop
along the interface layer

U

Surface plasmon excitation requires
longitudinal waves

)

Surface plasmons can be achieved only
if “non-conventional” excitation is
used, e.g.:

- Evanescent waves
- Impact with accelerated charges
- Near-fields
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Spectroscopy based on surface plasmons

SPR detection

................................................. Dr. Juen-Kai Wang
Optical
detectinn

Light- 4 unit Intensity
\ ane&
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#
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1 18| — bty
& 304 o .
= ’ Dissociation
E =
£ an o
w 20 o
£ B ="a Regeneration
] w g
& 104 *

W bagll ——
1l r-+ pideisid
o = = = aewEessEesmEaissssE
0 ! 10 ' 2 ! 30 PO L
Suface concentration [mdioacive mnl.l.l'nmnminghm?j- |
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Surface plasmons are frequently exploited in a variety of
applications, including highly-sensitive spectroscopy methods
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Using surface plasmons as waveguides

z am ms V' m O msm om\ -~
4 IMI (or MiM) configs
i
T
-3
Il
100 ==
- o
o 10 N
= . T
= e
= 1 5
=4
i ]
T g .
l:lll ol
oo
o0t 10 10 0! 10

normalized gap size

Momalized intensity

0.2

1 ]
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% {um)
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CQictarm: Ai film anttili Aialattrial A
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conduttori alternati danno luogo a modi
accoppiati, con parita definita se
substrato e superstrato sono dello
stesso materiale

10

=R

=
k-

Mode Length, [z

107}

Jig |02 102 10-1 1 10
normalized gap size

Oscillazioni plasmoniche possono essere
utilizzate per il trasporto di energia (guide
d'onda)

Grandi potenzialita applicative: plasmoni
superficie consentono di confinare e guidare
segnali luminosi in regioni di dimensioni inferiori
a limite diffrazione, e lungo percorsi fortemente
angolati, impossibile in sistemi basati su guide
d'onda dielettriche (fibre ottiche)
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Polarization of a (dielectric) sphere |

Here we study a dielectric material made sphere. It is polanized by a polarization vector & and we can decompose s In the space commmon to both spheres, charges compensate so that the electrical field is not affected. In the infinttely

internal electric field By in a sutn of contributions frotm the external surrounding electric field and the induced electric small space at the end of each sphere that is not shared with the other one, we have:

field. a : distance between
sphere centers
dS : surface element
so acosé: “volume height”

dg= pdt 1
with dt= a.cos 8 d3

dg = pacos 845

and then we have:

J=E=mcosé‘ E =Z(IG

“Total” electric field * do)(4nm? &,) =

g iven by th e Applying the Gauss theorem to each sphere and then the supeposttion theoretn give, for the common part:
superposition of =z pal(3s,) = -P/(3s,)
“local” and Induced field

Schematic of a dielectric polarized sphere

“external” fields

- . The polatization mduced electric field 15 colinear but in the opposite direction to the external field. It 15 called
Depolarizing electric field o
depalarizing fisld.

s
We must calculate the contributions from the different phenomena. The induced field £y 15 calculated by decomposing

Enowing the relation between the polarization vector and the electnic field, we can deduce a global relation:
the sphere in two wvirtnal spheres separated by an infinttesimal space we will note a along O so that the sphere 1 has a

— o volume density charge and the sphere 2 has a +2 volume density charge. You can easily prove that these — s =
spheres together are equivalent to a single polanzed one Ei.nt = EO +Ed
N ? P = EoX Eint
Zr int,
By = By -
S x=&&-1

3o, for a linear homogeneous 1sotropic matenial, we get:

Internal field
(in a vacuum)

Internal field linearly depends on the external field
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Polarization of a (dielectric) sphere Il

Complex permittivity sphere in a complex permittivity environient ‘

The electrical permittivity can be a complex number. This represents a lossy material, losses being due to electrical
conduction inside the matenial. In that case, the electrostatic energy 1s converted in a conductive energy. The complex
permittivity is noted £ . We will see later what the complex compenent is exactly. Just remember it is dependant on
the electrical field variation frequency. So we consider from now to the end that the electric field arnplimde follows an
alternative mode fiunction.

Se, the formula giving the electric field inside the material is different. The polarization is still linked to the induced

—
electric field® y, but the surreunding envirenment iz now also pelarized. The surface charges density is a result of both
the polarization of the sphere and an equilibrivm with the environment polarization. The permittivity is now:

. «
Enp = & (E et B

where Ee:ct is the complex electric permittivity of the surrounding environment of the sphere, and gi;t the sphere
material one
So, redoing the same calculations, we get:

— 15 =

Ei.nt D E——]
2 Eert T Eint

The dipolar moment, that we note #y,; to be coherent with the rest of the notation, can be calculated by integrating

-
the polarisation vector P on the sphere:

s 4 —

i = 5 B F

This allows us to establish the polarizability of the sphere in function of the electric feld E._')O that we define as:
Polarizability of the
sphere

In this equation, we find a essential scalar factor for all kind of fields studies. It is called Clausins-Mossotti factor
here, but you can find its equivalent in thermal fields. conductivity (MWlaxwell), optical refraction (Lorentz), etc.
Here, we will note 1t £ at)

" n
Eint ~ Eom

=dmgR®
it EO Ei;t + 28&?(?.

.
Eint ~ Fant
£y + 280

Lorentz-Lorenz or
Clausius-Mossotti
relation

K@) =

i i

Schematics of the three different cases of polarization depending on the Clausius-Mossotti factor

under an electric field. From left to right: the particle is not much polarizable before the surrounding

environment; the particle is very polarizable before the surrounding environment; the particle is as
polarizable as the surrounding emvironment

Depending on the differences between &y, and £y, we find different configuration for the electric fields. The external
charges compensate more or less the ones inside the sphere.

* The sphere 1z weakly polarizable in front of the surrounding environment, &y <. The sphere acts like a
capacity. Tou can find an excess of charges in the surrounding environmment. In this case, the electrical fisld
path around the sphere have a tendancy to converge towards the center of the sphere, making a nght angle
with the sphere's surface. The electric feld Eint— has a wealc amplitude. The resulting dipole is colinear but
with an oppostte direction to E0—

The sphere 15 polanizable m a weakly polarizable environment, &gy = . Here we can consider that the

+*

envirenment is rather a good conductor before the dielectric sphere. So the charges collect to the internal
—
sutface of the sphere and generate a strong electrical field By, Electnic field path around the sphere avoid it.

The resulting electrostatic dipole has the same direction as g

The sphere and the surrounding environment are approzmimately equally polanizable, &y &y The absence of
polarizabiity makes external and internal charges compensating. The resulting dipole will be weak f even
existing in the case of a perfect equality.

*

The basic mechanism of the dipole generation in a dielectric sphere can be generalize to any kind of objects. The
geometry and properties of the object make calculation more or less complicated. But we can imagine a way to use
thiz dipole generation to get an applied mechanical force on the object just with electric fislds. The most common
methed used in this way involves non-uniform electric fields. It is called dislectrophoresic.

Polarizability depends on internal and external dielectric constants
(for a sphere, the dependence is given by Clausius-Mossotti)

http://matthieu.lagouge.free.fr/elecstq/sphere.xhtml
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Surface plasmons and nanoparticles

lElnant:trl:m collective motion in metal clusters

Dr. Juen-Kai Wang

Metal
| 1 sphere

Coherent oscillatory motion

The resonant electromagnetic behavior of noble-metal
nanoparticles is due to the confinement of the conduction
electrons te—the small particle volume. For particles with a
climnetthe conduction electrons inside the particle
move all i phase upon plane-wave excitation with radiation
of wavelength A, leading to the buildup of polarization
charges on the particle surface. These charges act as an ef-
fective restoring force, allowing for a resonance to occur at a
specific frequency—the particle dipole plasmon frequency-.
where the response of the electrons shows a /2 phase lag
with respect to the driving field. Thus, a resonantly enhanced
field builds up inside the particle, which in the small particle

limit is homogeneous throughout its volume, producing a
dipolar field outside the particle. This leads to enhanced ab-

sorption_and scattering cross sections for electromagnetic

v' Geometrical restrictions are relaxed
(the interface layer gets a spherical
shape, in case of a spherical
nanoparticle)

v' Excitation can be achieved with
conventional (propagating) waves

v' Collective plasma oscillations occur,
with a “coherent” character if particle
size is (much) smaller than the
wavelength

waves, as well as to a_strongly enhanced near field in the
immediate vicinity of the particle surface. It is this reso-
nantly enhanced near field from which most of the promising
applications of metal nanoparticles stem. For larger particles,
the spectral response is modified due to retardation effects
and the excitation of higher-order (quadrupole and higher)
modes, the spectral signature of whi an be calculated by
retaining higher orders of tlhecrr‘y scattering

. 1
coefficients.

JOURNAL OF APPLIED PHYSICS 98, 011101 (2005)

APPLIED PHYSICS REVIEWS-FOCUSED REVIEW

Plasmonics: Localization and guiding of electromagnetic energy
in metal/dielectric structures

Stefan A. Maier” and Harry A. Atwater
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Polarization of a metal nanosphere

Induced dipole by the applied field

3
- & Eq P ] .
E, . =Epe. + s B B l E (2 cosfle, +r=.|nt?£ﬁ) £,
4 E
p=&ak, out
= d4rj |1 III:‘] £y Effective dipole Inside the sphere
E] +- 1&-2

Near-field radiation power from p(:) (near-field scattering cross section)

In =m 2
;. 3k
e een (r)= J dﬂjd¢v|E|2 r“sinf = (—4 +—+R4] E: the near-field electric field by p(r)
0

¥

M

i3 2
Ol = Coos (= | 5+ S 4H*
b rl'
“Static” electric dipole like in SNOM

G. Mie, Ann. Phys. (N.Y.) 25, 377 (1908). | |

e

Enhanced near field (see apertureless
SNOM and TERS/SERS)
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Far-field scattering by a micro/nanosphere

100 } =50 For the dielectrics: well investigated
o | Geometric oplics Y xm01,” Raindrops problem (colour of the sky, of the
1 ,? . clouds), e.g., in atmospherics
r (um) 10 o
» droplels
107 b Nagligibke | Smoke, dust,
0l . scaflering | haze Two main regimes are usually recongnized:
1 Solar  Temestrial Weather | - Rayleigh (for d << 1)

10 { radiation r?diali:m radar | Armolecules | .. 0 (ford ~< 1)

L ] 1 | 1

110 100 100 10° 10

A (um)

Qualitatively: in Rayleigh any retardation effect is neglected (pure small-sized dipoles);
In Mie retardation effects are considered to account for the finite size of the particles

Rayleigh can be retrieved from Mie in the small size limit
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A few words on Mie |

Relazioni fondamentali della teoria di Mie.

Considerando una particella di raggio g, l'intensita / nel punto P ad una distanza r
sufficientemente lontana dalla particella si esprime tramite due relazioni che
descrivono l'andamento di / in funzione dell'angolo @ individuato dalla posizione
dell'osservatore sul piano di scattering.

particella_

Nel caso di polarizzazione secondo l'asse X e considerando come piano di scattering
il piano yz, si ottiene:

1[ 4.72 2| Ll

Nel caso invece di polarizzazione secondo l'asse Y:

22
=l

PO (cos8)

T, (cosB) =
n(cos9) sin®

d
1'”(3059)=—91‘31 (cosB)

P (cos®) sono le funzioni di Legendre di 1° specie ed i termini a, e 4, sono
rappresentati da:

UACIA RUIACTAC) dove g 2 _ ko
Sayy (hr-my,(He (@) 2
_my(y,B) -y, By (@) fema

mé, (v, (B- v, (P (@)
a = raggio particella
m = indice di rifrazione

itermini w, (), 7, (@), € &, () sono delle funzioni cosi definite:

wla)= (ﬂ(a;’Z)fléJ Ll (ka) JeN sono le funzioni half-integrali
di Bessel e Newmann
1
Yu(e)=—(7Ka/2)’N | (Ka)
n+—
2
&)= w,(Ka)+iy,(ka)

| Prof. Franco Francini “Dispense di Metrologia Ottica”™ Corso di Laurea in Ottica dell’Universita degli Studi di Firena

|Ch€ possono anche essere espresse come:

Nel caso piu' generale di una radiazione non polarizzata si ha che l'intensita’
scatterata [, puo' essere scomposta in due parti con polarizzazione perpendicolare e
parallela al piano di scattering:

s fs.f)

822

I termini S, e S, sono espressi da:

@y 7)1
v, (@)=Y (=D (ﬂ+m)-. e
o (2n+2m+1)!

7.(@)= ,,] :’ re,-2,+1) o7 Formula di Rayleigh

2" ,‘,—‘m‘l"(u—m+l)

_8;:’406"11 —1)

B AR R

(l+ cos” 4 n=n,/n,

Nel caso in c relazioni di Mie si semplificano notevolmente e nel
caso di radiaziong dente non polarizzata si ha:

Rayleigh

n, €' I'indice di rifrazione della particella, n, quelle del mezzo.

”—H[ a,T,(cosb)+ b7, (cosEi)]

n(n +1

= 2n+1

=XoetD

[ a,T,(cosf)+b,7, (cosB]]
—n(n+1)

L'espressione precedente e' chiamata formula di Rayleigh ed e’ composta dai
termini dovuti alle due componenti della polarizzazione della radiazione
incidente. Se la polarizzazione del raggio incidente e' normale al piano di scattering
YZ la radiazione scatterata ha intensita’ /, ed e' indipendente dall'angolo di
osservazione (Fig.3a) :
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http://scienceworld.wolfram.com/physics/MieScattering.html

Scattering by spherical particles. This IS the simplast type of Scattering, since twa of the
scattering coefficlent must Identically equal zarg dua to symmatry. The farmal rigorous
solution Is usually attributed o Gustayv Mie [1908). Although the spution to the sphare
problem appears o been attained praviausly, Mie was the first to publish It & discussion
of the histery of scattering from a sphere Is given by Kerker [1969],

Tne Mie scattering seiutlon begins with the macroscoplc Maxwell equations, Using the
compiex represantation of the 2lactric flald E and awxiliary magnetic flield H, the Maxweall
equations assume the form

V-E = 0 [11
V-H = 0 (21
V=E = iwpH 3
V=H = —iwel [4)
Defining
K E.’...""fjl. (31

the vector wave equations become
V'E + E =
+ 0 161

V'H + F°H

L}

0. 7

Tne next step Is ta define a scalar funcian 4@ frem which two vectars M and N can be

constructad by appropriate application of vector derfvativas. In turns out that the function
1) and two vectors can be defined In such a way that, if + Is a solution to the scalar

wawe aquation, M and N are also solutions of the same vector wave aquation.
Furthermore, whan dafinad appropriately, M and N also satisfy the requirements far
elactromagnatic Mields, They are therefore called vectar spherical harmonics 2 oy analkagy
with the (scalary spherical harmanics @ encountered thrpughcut mathematical physics.

It Is @ straightforward axercise to obtaln tha solution to the scalar wave eguation. Since
he particle Is assumed to Rave Spherical symmetry, spherical Coordinates are the Jovious
choice for the coordinata system in which to exprass ¥~ . Incidentally, it Is evigent that
he scatering proglem for other particle shapes Could Concelvably be solved by, at this
juncture, choesing a ceordinate system in which the particle shape assumed a particularly
simple farm. Retuming now to the spherical problem, a straightforward separation of
varabiles in the spherical wave equation Immeadiately yields a genaral solution

= P

v= Af" cos(ma)Fy™ (cos @)z, (kr) + B sin(mg) ™ (cos @) 2, (kr)], (2
EE] () Py™ (cos kg (k) + B sin(md) B™ (cos 8)z, (kr )], 18]
=0

m=

where ™[z} are assoclated Legendre palynamials @ and z,(2) are sphericai Be

unctions @, This Infinite series still does not solve the problem, however. The difficulty Is
that the boundary canditions are specified In spherical coordinates {In keeping with the
SyMmetry of the particie), but the Incldent wave IS planar and is stll given in Cartasian
coordinates. In ardar te axprass the Incident wave and boundary conditions In the same

, It Is therefore nacessary to either expand the plane wave In vector

= @, or the sphere boundary conditions In appropriate Cartesian

@ The conventional altheugh by no means trivial approach |s to expand the
plane wave In vector spherical harmonics @, The calculus @ becomes quite Involved, so
only the solution will be quoted nere, The desired expansion of the complex plane wave

{denoted E. ) In trms of spherical harmanics turns out o be given by

P m
D D BLM I M AL NG AL NG ) 19

m=—1 n=0

If the plane wave Is polarized In the x-direction and moving aleng the z-axis, then only
m = 1 contributes, 50 the expansion becomas

i In+1 My N ) (10)
n[u+'|} o

A few words on Mie Il

Tnae combinatian of vactar sphercal narmonics @ aCourming In this expansion Can b2 splic
into twa scalar components, each of which contalns a spharical Bassal function of the first
kind. Tna Initlal flield outskde the sphare k5 now known.

Two agditional flalds must be computed: the scatterad wawve outsida the sphere, and the
wave produced Inside the sphere liself. Both are similar to the expansion of the incdant
wavea In form, but the scattarad wava outside the sphera Involves spherical Hankal
'J"C:lt-rig e frst kind G. while that Inskde Involves spherical Bessel runctlons of the
first kind The reasan for this apparent asymmetry Is readlly explained. The Hankzl 3
functions & ara linear E{H‘I‘IDlI‘IaU{]I‘ESPDI' tha E"!I'“ functions of lzl"-‘: I'Flll'it kind @, which are For pu rely Spherlcal
singular at Infinity, and Bessel functlons of the second kind [also Known as \Waber or .
Haumann functions), which are sinqular at the origin, It is because of the Bassal function pa rtl CI eS a n
1)

of the second kinds' unphysical singularity at the orlgin that the Interier wave must be
compasad only of Bessel functions of the first kind

Tha boundary conditons reguire that the transversa components of the ol electric and an aI ytl C aI S O I u tl O n

magnetic fealds (equal 1o the sum of InClgent and scattered figlds minus the Intarior flekd) . . .

equal zare at the surface. The fiekds determined above are now Insertad Into the t d b th
paundary conditlons, and four expressians abtalned, ana for each component of the eXIS S eSCrI In e
internal and scattered fields, Howevear, If the permeabliity of the particle and medium are

identical, then the four expressions reduce ta Cll'l"" twz, Tha series af constants abtained i -
are denatad ay and b, . These expresslons, In sightly simplified form, are given by Scatte rl ng CrOSS

Grody and Yung (1969), By defining supplamentary functians m,(x) and 1, (), tha E SeCt|On (denved |n
and H flelds may be EJICFII'ES.SE{I In reasonably conclse farm. Fram these expressions, the

Ampituge funcaons 5, and 5 are sy dotained terms of Bessel and

S Legendre functions)

51(8) = "Z mln,r,(umﬂ] + by 1o (Cosd] (11
12)

O I »
5q(8) 2a+1 oos ) + i, T | cos ] (131

2 o0
= Z{'_!n + 1) a, + by, [14]
nml

(13)

2 = ; :
- ZWH + )] an|* + Jbn 2
" aml

whera eguation (1 1 form of Goody and Yung's {1989) eroneous aquation
[7.67a). The effort reguired 0o obfaln tese solutlions was substantal indead. Howewver,
an analytical saution to the scattering problem is now known. Unforounately, the infinite
saries which must be evaluated exhibits inconveniently slow convergence. In fact,
abtain accurate results for a sphere with a size factor

L2 ., Accuracy is larger for
smaller size particles

=

approximacaly x terms must be evaluated. Practical evaluation of these serlas must
therefore b2 undertaken with the aild of computers. Even then, however, a calculation
using the Mie thaory as currently formulated becomes less and less practical for ¢ & X .
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Mie scattering and metal nanoparticles

Mie scattering: elastic process with anisotropic
character and rather independent of wavelength
(contrary to Rayleigh)

Experimentalists typically measure particle
extinction. Extincrion is absorption plus
scattering. Scattering arises when charged
particles are accelerated by a field and
reradiate. Absorption occurs when the
particle takes energy out of the beam and
converts it to other forms. Extincrion is
the sum of both of these processes. The
Mie Theory expression for extinction
efficiency is
) &

Q.= —jZ(En + I)Rﬁ{ﬁ" + by,

(.fc‘f')‘ nal
i2)

where £ = 2/ (wavenumber), r is the
sphere radius, and # and & are the expan-
sion coefficients of the scatrered field.

For small particles, only the first
term(s) of the expansion must
be retained!

This corresponds to a “quasi-
static” approximation, that is
retardation effects can be
beglected, i.e., electrons do
follow almost completely the
driving force

Rayleigh Scattering Mie Scattering

——= Direction of incident light

For a spherical metal nanoparticle
of radius @<k embedded in a nonabsorbing surrounding me-
dium of dielectric constant £, the quasistatic analysis gives

>ssion for the particle polarizability a:

(1)

X e=¢(w) describing the dispersive dielectric
response of the metal. The polarizability and thus the in-
duced homogeneous polarization inside the particle are reso-
nantly enhanced at the Fréhlich frequency where the de-
nominator shows a minimum, limited by the imaginary part
of & describing Ohmic heating losses within the particle.

Maier, Atwater, JAP (2005)
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Scattering by metal nanoparticles |

Although a number of theoretical models have been proposed (Kelly et al.,
2003), the original classical model of Mie (Born and Wolf, 1998) is often used to
describe the optical properties of the metal nanoparticles. Often one utilizes a dipole
approximation in which the oscillation of conduction electrons (plasmon oscilla-
tions), driven by the electromagnetic field of light, produces oscillating dipoles
along the field direction where the electrons are driven to the surface of the
nanoparticles as shown in Figure 5.3. A more rigorous theory (Kelly et al., 2003)
shows that this dipolar-type displacement is applicable to smaller-size particles and
gives rise to an extinction coefficient ., .measure of absorption and scattering
strengths collectively) by the following equation (Kreibig and Volimer, 1995):

_ 18mNTe}? &,
= A [e; +28,)% + 3

(5.1)

Extinction coeff for
metal nanoparticles

Scattering by metal nanoparticles can
be described in terms of Mie
extinction coefficient

Size effects can be accounted for by
considering the contributions from
higher multiipolar orders

Here X is the wavelength of light, and &, is the di¢lectric constant of the surround-
ing medium, The terms &, and &, represent the real and the imaginary parts of the
dielectric constant, e, of the metal (&,, = £, + ig,) and are dependent on the fre-
quency w of light. If &, is small or weakly dependent on o, the absorption maxi-
mum corresponding to the resonance condition is produced when e, = —2¢,, leading
toa va.mshmg denominator. Hence, a surface plasmon resonance absorption is pro-
al frequency w at which the resonance condition g, = —2e, i is fulfilled.

hete are two types of contrlbutlons 10 the dielectric constant of the metal: OngN
from the inner d electrons, which describes interband transition (from inner & or-
bitals to the conduction band), and the othet is from the free conduction electrons.
The latter contribution, described by the Drude medel (Born and Wolf, 8;

2

el = b (5.2)

w? + iyo

where w, is the plasmon frequency of the bulk metat and v is the damping constant
relating to the width of the plasmon resonance band. It relates to the lifetime associ-
ated with the electron scattering from various processes. In the bulk metal, v has
main contributions from electron—electron scattering and electron—phonon scatter-
ing, but in small nanoparticles, scattering of electrons from the particle’s bound-
aries (surfaces) becomes important. This scattering produces a damping term  that
is inversely proportional to the particle radius 7. This dependence of vy on the parti-
cle size introduces the size dependence in g4(ew) [thus £, in Eq. (5.1)] and, conse-
quently, in the surface plasmon resonance condition,
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Simulation of the scattered intensity

Fielative Unpolarized
intensity Perpendicular polanisatien——— Parallel polanzation
Quctam: anld in a2 vacinim BE-17
OyOouwCiii. Yuiu il d vauvuuliii
Scattering angle: 175 degrees
) 5.00E-17 ' .
Scattering model: Mie Particle size 30 nm
4 D0E-17
3.00E-17
http://www.philiplaven.com/mieplot.htm 29"
1.00E-17
o T T T T T T
450 500 600 f00 800
wavelength [(nm)
Relative ) L Unpolarised Relative Unpolarized
inbenzity Perpendicular polarizatien—— Parallel polarization intensity Perpendicular polarisation Parallel polarisation
-2 = 7.00E-15
) ] 6.00E-15
1.00E-15 Particle size 50 nm - ooee rticle size 70 nm
4 00E-15
3.00E-15
2.00E-15
1.00E-15
1] T T T T T T 0 T T T T T T
(G (i 200 200 450 500 GO 700 000
Wavelength [nm) Wavelength [nm]

Mie scattering from a metal nanoparticle can be efficiently simulated
Spectral features (peak position and width) depend on the particle size
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Optical behavior of metal nanoparticles Il

In comparison to the semiconductor nanoparticles where quantum confinement
produces quantization of the electron and hole energy states to produce major mod-
ifications of their optical spectra, metallic nanoparticles exhibit major changes in
their optical spectra derived from effects that Lcan be explained using a classical di-_
¢lectric picture, The light absorption by metallic nanoparticles is described by co-
herent oscillation of the electrons. which is induced by-interactionwith the ele
magnetic field. These oscillations produce surface
noted that the term “surface plasmons™ is used to describe-the €Xcitations at the
metal-dielectric interface in the case of flat surfaces, where the plasmons can only
be excited by using special geometries (e.g., the Kretschmann geometry as de-
scribed in Chapter 2) required for matching of the wavevector, kg, of the surface
plasmon wave with that of light producing it. In the case of metal nanostructures

® For metallic nanoparticles significantly smaller than the wavelength of light,
light absorption is within a narrow wavelength range. The wa‘:felength qf the
absorption peak maximum due to the surface plasmon absorption band is de-
pendent on the size and the shape of the nanocrystals, as well as on the dielec-
tric environment surrounding the particles.
¢ For_extremely small particles (<25 nm for gold), the shift of the surface plas-
mon band peak position is rather small. However, a broadening of the peak is
observed,
® For larger nanoparticles (>25 nm for gold), the surface plasmon peak shows a
_red stuft. Figure 5.1 illustrates these features for a series of gold nanopatticles
of different sizes.

(e.g., nanoparticles), plasmon oscillations are localized and thus not characterized

ode i

by a wavevector ... To make a distinction, the plas metallic nanopar-
ticles are also sometimes referred to ag ocalized surface plasmons These localized
plasmons are excited by light absorption in the articles, with the specific ab-
sorption bands being referred to a plasmon bands. o excite these localized plas-
mons in metallic nanostructures, né SpecialTeomet, uch as those required fo
plasman excitation along a planar metal—dielectric interface, is required, The spe-
cific wavelengths of light absorption producing plasmon oscillations are called sur-
face plasmen bands or simply plasmon bands.

The main_photonic applications of the metallic nanoparticles are derived from
the local field enhancement under the resonance plasmon generation condition,
which leads to enhancement of various light-induced linear and nonlinear optical
processes within nanoscopic volume of the media i c—han i
Such field enhancement has been used £
other application presented by the me
teracting metallic nanoparticle§; i

magnetic wave through a dimension of @
than the optical waveguiding dimension.

coupled and propagated-a§ an electrn.
ONIEtErs 11 cross section, much smaller

E-ﬁelc}{{{‘w Metal

2

& Cciouda ~¥ ¥

Figure 5.3. Schematic of plasmon oscillation in a metal nanosphere. From Kelly et al.
g 3.8

(2003), reproduced with permission.

Absorbance

Wavelength A/nm
350 400 450 500 550 600 650 700 750 BOD
llll'lllllllllll!llll]llllllllllll'llll.llIl
1.0
0.8 Gold nanoparticles
06
............................................... 99 nm
0.4 o,
g2 NN, T

Figure 5.1. Optical absorption spectra of gold nanoparticles of different sizes. From Link
and El-Sayed (1999), reproduced with permission.

Red-shift of the absorption peak
observed as particle size increases
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Optical behavior of metal nanoparticles Il

The origin of these shifts isnot due to quantum confinemeni_The quantum con-
finement does affect the energy spacing of the various levels in the conduction band.

However, the guantization, derived from the confinement, affects the conductive

propetties of the metal and is often used to describe the metal-to-insulator transition Red S h I ft 0] b serv ed al SO as a
occurring as the particle size is reduced from microscopic to nanoscopic size. When . .

the dimensions of the metallic nanoparticles are large, the spacing of levels within the f un Ct 10N O f t h e environmen t
conduction band is significantly less than the thermal energy, k7 (k is Boltzmann’s i :

constant and 7 is the temperature in kelvin), and the particle exhibits a metallic be- d I el eCt r'c cons t an t

havior. When the nanoparticles approach a size at which the increased energy sepa-
ration due to the quantum confinement effect (smaller length of the box for the free
eleciron) is more than the thermal energy, an insulating behavior results because of
the presence of these discrete levels, However, the energy ievel separations are still
too small to affect the optical propertics of metals in the UV to the IR range.

Au nanoparticle core surrounded by SiO, shell
12— . Fo s S ST | T

: m e E — [ncreasing ¢
Tt BT 4
08 |- [E Rt S i 1
I Incraasing 4 ," et &
i T y 080
6 S e L) & ]
i y L \-,\ 8 00
1.' 'F_.-'-,-'f . “\ E 2 =
- v oty e el o
) = 'fj::'{"f e 2 a0
- o Pz E
Color depends on s = -
i : D2 fewrmm et e, s
particle size, features s P
of the sorrounding N e e e e
. . 300 350 400 450 400 BED GOD &5 T00
dielectric and Viavelength P it

Interparti cles pacing Figure 6. (a) Mormalized reflectancg-$pecira W
( COl | e Ctive inte rparticle sifica) films as a funciion of the ydlume fraction & of Au. oward,

o for each curve, respectivelyis 0.01, 0.05, 0.10, 0.20, 0.30, 0.40, (.50, 0.60, 0.70, and
effects! ) pure Au. (b) The normalizéd absorbance of a series of Au@ 5i0; films as a function of )
particle spacing.
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Scattering by metal nanoparticles Il

R _— YT AW TR

or larger -size nanopartlcles (>2S nm for gold pmlcles) higher-order (such as
quadrupolaryc electrons becomes important, as

shown int Figure §.4. These contributions induce an even more pronounced shift of
the plasmon resonance condition s the particle size increases. This effect for the
larger siz¢ particle is referred to as the extinsic size effect (Link and El-Sayed,
2003). The position and the shape of the plasmon absorption band also depends on

the dielectric constant & of the surrounding medium as the resonance condition is
described by &, =-2¢; (see above). Hence, an increase in &, leads to an increase in
the plasmon band mtensity and band width, as well as produces a red shift of the
plasmon band maximum (Kreibig and Volimer, 1995). This effect of enhancing the
plasmon absorption by using a higher dielectric constant surrounding medium

Calculations based on Mie scattering and

) t)
Wavedanath [pm)
215 1 05
1.2- L] T 1 T T T l. @lm.'{l“ T p|1.m-I i 14
] +— Nie theory )
1.04 =— thin film absorption 4 12 .
= 3 y g E
3os :
bl E D64 _ §
= 2 J
& * 8

=
]
ha

[ ] o 0
05 0 15 é"_'l £5 JU 15 ﬂ'll:l 45 &0

Energy (eV]

FIG. 1. (Color online) (a) The Lycurgus glass cup, demonstrating the bright
red color of gold nanocrystals in transmitted light. (b) scanning electron
microscopy (SEM) image of a typical nanocrystal embedded in the glass
{courtesy of the British museum). (c) Calculated absorption spectrum of a
thin gold film (blue dots) and of 30-nm Auw nanoparticles in water (red dots)
using classical electromagnetic theory. A measured absorption spectrum of
an agueous solution of 30-nm Au colloids (black dots) shows good agree-
ment with the theory.

accounting for the effective dielectric constant
do fit well the observations (e.g., Lycurgus cup)
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(Envisioned) nano-optics applications for plasmonics |

Isolated metal nanoparticles act as localized near-field sources (as already
seen), with applications also in field enahncement

The ultimate confinement of light:
surface plasmons in metal nanoparticles
Low frequency On resonance

LI

— Molecules

(3‘%3 o (ﬁ)@g& adgh @ Surface-enhanced Raman scattering

Surface-enhanced fluorescence
— Metal nanoparticles single molecule detection

Surface plasmon nanophotonics: . o _ o
optics below the diffraction limit Other possible exploitations in modification/enhancement of

Abert Polman see,e.g., photonics performance of various devices

Center for nanophotonics
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(Envisioned) nano-optics applications for plasmonics Il

Guida d’onda costituita da catena di nanoparticelle,
spaziate di poche decine di nm, che interagiscono
mediante campo prossimo: perdite dovute solo a
dissipazione ohmica, alte velocita di gruppo,
confinamento subdiffrattivo e possibilita di guidare
segnali su percorsi fortemente angolati

Plasmon resonances localized in contiguous nanoparticles can behave in a
cooperative fashion allowing for radiation transport on arbitrary patterns
with macroscopic lengths
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(Envisioned) nano-optics applications for plasmonics il

B. Interacting particle ensembles as a basis for

in ordered arrays is the use of such structures as waveguides

applications of metal nanoparticles in optical devices  3) <)
Advances in particle synthesis and fabrication tech- L . Td=500 nm = " T
niques (for example, Refs. 22, 27, and 28) have recently = o I S | FIG. 3. (Color online) (a.b) Measured
. = : T, —— T 1 1 2 )
allowed for studies of ordered arrays of noble-metal nano- = = I D . extinction spectrum (a) and plasmon
) ) . ) = D 2104 - - - ] decay time (b) for regular two-
particles. In such arrays, each nanoparticle with a diameter = - l - dimensional (2D) square arrays of Au
L . = E; .w--'L"" e icles 2
much smaller than the wavelength A of the exciting light acts & g 2o o ' "zg:}’gi l:; ﬁiﬂpﬁ]ﬁ'a:{i’; lljﬁ;i*ii
o copyrig sic
as an electric dipole. Thus, two types of electromagnetic in- 5 0 el ' L l Saciety). Both the spectral position
) . o ) = L . ) L
teractions between the particles can be distinguished, de-  © £ and the decay time of the collective
) ) ) : - 2044 J dipolar plasmon mode show a marked
pending on the spacing @ between adjacent nanoparticles. 0 P S S — varlation with grating constant due to
For particle spacings on the order of the exciting wavelength BT et L e = far-field dipolar interactions. (<) Mea-
i ) - ] L. ] wavelength [nm] interparticle spacing d (nm) sured spectral position of the collec-
A, tar-feld dipelar interactions with a @ dependence domi- tive plasmon resonances of one-
nate. Work on regular two-dimensional arrays of Au nano- b) dimensional arrays of closely spaced
) ) = ) ] Au nanoparticles for longitudinal (L)
particles has indeed confirmed the existence of such interac- 8 g- and transverse polarizations (T). Also
tions, and quantified their influence on both the spectral B i shown are results of a simple near-
- ) ) o —_ 7 1 field point-dipolar coupling  model
position of the collective dipolar extinction peak and the & . E (solid lines) and finite-difference time-
. . T . . = domain simulations (stars). (d) Optical
cle . 3 3 g P
plasmon damping characteristics.”™ Figures (a) Elmd 3(h) E o B comiln S mions ). 9) pec
show an example of the dependence of both extinction peak 54 tained using collection mode near-field
and plasmon decay time on the grating constant d for a regu- <3 optical microscopy (left) and numeri-
= 2 cal simulations (right). adapted from
lar square array of 130-nm-diameter Au nanoparticles. Both 1k ] - Ref. 32.
the wariation of the spectral position and width of the reso- 1 L . : L .
pectrat p - , 40 450 500 550 600 650 Maier, Atwater, JAP (2005)
nances can be explained by assuming farfield dipolar grating constant [om] a8 0 0.4 0 0.4
\ \ \ , wef yeen) E{ jir)
interactions—the ensemble acts effectively as a grating, lead- . . .
, . o S v .: g :_ , & . For ppfticle spacings much smaller than the wavelength One application of near-field coupling between particles
ing o increased radiation damping ol the collective reso- of light fear-field dipolar interactions between adjacent par-

nances for grating constants where grating orders change
from evanescent to radiative in character.” Applications of
such ordered arrays lie, for example, in the possibility of
maximizing surface-enhanced Raman scattering of adsorbed
molecules by careful spectral tuning of the pRsmon
resonance.”

Collective effects based on far-
field interparticle interaction
or
near-field interparticle interactiorL

: . ) 233
ith a distance dependence of @ dominate.™ ! These

e plasmon dipolar peak for regular one-dimensional arrays
of metal nanoparticles as seen in Fig. 3(c) for ordered arrays
of 50-nm Au particles. The spectral position of the extinction
peak for far-field excitation shows a blueshift for polarization
perpendicular to the chain axis (7), and a redshift for longi-
tudinal polarization (L), which can easily be understood by
analyzing Coulombic force interactions between the elec-
trons in neighboring particles. The near-field interactions be-
tween such particles have been directly visualized using
near-field optical microscnpyfhg confirming a strongly en-
hanced field between the particles [Fig. 3(d)], indicative of
near-field coupling.

for electromagnetic energies at optical frequencies with a
lateral mode profile below the diffraction limit of ]ight,é'n
Indeed, it has been shown both th&oﬂe‘.m‘a]]y34 and
experimema]];,""S that such arrays can guide electromagnetic
energy over distances of several hundred nanometers via
near-field particle interactions. Such structures could poten-
tially be used in nanoscale all-optical networks, contributing
to a class of functional optical devices below the diffraction
limit of light***

Guiding of light envisioned
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(Envisioned) nano-optics applications for plasmonics IV

Final goal: surface plasmon nanophotonic waveguides

Collective excitation of plasmon
resonances in ordered arrays of metal
nanoparticles can lead to optical guiding in
a transverse size range below the
diffraction limit
—> Extreme miniaturization

(and integration) achieved

bl S e clbagf OB My s e lam.
ZOOEY Z0 FEhVAM TLD 42 0

Plasmonics: energy transfer
and confinement of light

Fjﬁété:{lc integrated circuits on silicon
below the diffraction limit

Plasmonic

Si0,/ARQ,/SI0,/S |
Plasmon waveguides can Al SO0 g0 aou e
break the miniaturization o

limits imposed by optics
(with the side advantage
of integrability)

10 pm

Opto-electronic integration, (e.g. interconnects)
Plamonic nanolithography
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Metal nanoparticle preparation (a few words)

A huge variety of methods exists to produce (noble) metal nanopartlcles with relatively

Femlladl olk, . N /|- N A—.J..-.IAI.AI.A‘.I £ N LW CEN IS P (1= P
LUHoleu sriape diiu siZce \bbue WBII coldlisiied |

o mmba ot £l
I Cdldly lIdUlIbdlIUlI'}

Most of them exploits solution-based techniques leading to colloidal dispersion of nanoparticles

I:1 Ratio 1:5 Ratio l. Thermal Removal of Polymer Cap
Cubes with {100} faces Tetrahedra with {111} faces -

T A
LT :

LT
e " 4

.l.-.'

FIGURE 1. Pla'.mum nanoparticles synthesized in colloidal solution
and having diffzrent shapes (11-nm cubes on the left and ~7-hm
tetrahedrons on the right) 2 The potential use of these nanoparticles
for different types of catalyses drives our research interest in these

Abundance ( % )

|:Iar.iC|ES. Do these different SHEDES hiave different Cataﬁl'[iﬂ proper- Aspect Rati
Ii E? longitudingl 8P g Medium D@|&V\:EOW7_
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, e
- - VOLUMEd NUMBER 4 n' o a0 w0 3 ED ]
Some Interesting Properties of ACCOUNTS Wavelength (nm) waveteng
. Metals Confined in Time and < L”,t"— * FIGURE 3. (a) TEM image of gold nancrods synthesized electrochemically in micallar solution®® under the best conditions. (b} Size distribution
For details see, €.9.,: Nanometer Space of Different CHEMICAI of the nanorods. (c] Absorption spectrum of these nanorods. (d) Simulated spectra of nanorods of different aspect (length to wicth) ratios.
Shapes RESEARCH’
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An example of preparation method

Materiale tratto dal seminario di
M. Barnabo, Apr. 2004

FOTORIDUZIONE SPETTRO UV RELATIVO & CAMPIONI IRRA GGIATI

& TEMPI DIFFERENTI
3t~ HAUC], + HO0DMS0
HOCH,CHOH + EwiH

evaporazione solvente 0 - 221 nm — AuS/EWOH O min.
* | ;,f" e APEWO H 10 miin .
oa - - - Au/EWOH 180 min.
&) ]
f_ ) UER Jrge
E- Sd1 nm
. m -
Imaggiamenta i & N, - 549 nm
Polyner 400 Hedos Bakuarz o
- 2 a5 .~ ~% Plasmon res.
SO0 W (70 w e w2 a 385 m) E
04 - ' ‘.L
hy L : I"-.:".‘
;Igm HOCH,CH,0H » H'+e+HOCH,C HOH aa ] e,
. hv e - ]
OH = o HOCH,C HOH » H +e+HOCH,CH=0 0z —
% 00«00 500 GO0 TOO 800
Ainm]

] PREPARAZIONE DI NANOPARTICELLE D'OR
STABITIZZATE DA AMMINA O DA TIOLO:

m‘ﬂ"‘uch-(nq‘]-'- mIC L H 0 {molueae) ™ D‘II:CEH”:I;HUCL{]M“"]

In order to avoid undesired large-scale
coalescence of metal atoms into large
fragments, surfactant agents (e.g., ammines)
must be used

CON ALIDTHA

MIT(CH ) BT g HH LRI INRY ey FIME g

AmCl,, HA I alchilara Pina) o oy eue A AL LAY, gy

FCH )4 wvcason Frequently, thiol molecules (SAM) are used to

COM TIOLO stabilize Au nanoparticles in solution

mm':CEHI?:'4‘-HuCI4-](mlueu¢]+ nCnH:.'.SH(mium] +3me

MCI'(%]"' {Hu?n:ll:cl?thSH:ln(mluue] "
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4. An emerging technology: photonic crystals (a few words)

€

Second
allowed

In solid-state physics:
In a crystal lattice, a periodic potential leads to

I:—'irs*:l A Al the appearance of energy gap for the electron
allowed -
band | | wavefunction
|

| 1

x T

o o C.P.Poole F.J.Owens

Introd. to Nanotechnology

Figure 6.29. Curve of energy £ plotted versus wavevector k for a one-dimensional line of atoms. (Wiley, 2003)

Possible interpretation for
the gap occurrence:
Bragg-like interference

Already seen in DBR:
Radiation and particles

important result is that there is an energy gap of width £, meaning that there -are
certain wavelengths or wavevectors that will not propagate in the lattice, This is a
result of Bragg reflections. Consider a series of parallel planes in a lattice separated
by a distance 4 containing the atoms of the lattice. The path difference between two
waves reflected from adjacent planes is 24 sin @, where @ is the angle of incidence
of the wavevector to the planes, If the path difference 2d s5in © is a half-wavelength,
the reflected waves will destructively interfere, and cannot propagate in the lattice, so
there is an energy gap. This is a result of the lattice periodicity and the wave nature
of the electrons.

do behave similarly!!

Eqg. Schroedinger --> eq. Helmoltz

ViH() + a[-“g;] H(r =10
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Photonic band gap crystals |

Equivalent crystal representations:

r+Ryy

00 <—>

2ef!

reciprocal lattice

See http://incer-gp.epfl.ch/gpproject9.htm

(1% Brillouin zone)

. q}.’.‘ (F + lt_-él.rﬂl.l.l) = E“-‘:.RM" ! q}.ﬂ.’ (F}
primitive lattice vectors
g(r) = E(.F' + Rm)

R =m-a+n-a (;

mn x ¥ nyg

= Jr}'Er +4q El
Photonic Crystals:

= Strong periodic perturbation of
dielectric material.

Band gap crystals can be
produced for radiation
(photonics) by building

lattices comprised of
elements showing
different refractive indexes

* Constitutes an artificial dielectric
crystal structure
- the photonic crysral (PC).

e Exhibits wavelength reaimes where
no propagating solutions are allowed
—-the photonic bandgap (PBG).

Typical size range: fraction of

* Breaking of the crystal symmetry = crystal defects.
wavelengths (hundreds/tens of nm)

+ Defects: Enable the appearance of localized field states.



Photonic band gap crystals Il
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T™ PHOTONIC BAND GAP 3 C.P.Poole F.J.Owens
_: Introd. to Nanotechnology
(Wiley, 2003)
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WAVE VECTOR (K)

A sSim ple 2 D PC (reg - array Figure 6.31. A part of the dispersicn reiationship of a photonic crystal mods, TM, of a photonic
Of d e | e Ctrl C Cyl in d e rS) crystal made of a square lattice of alumina rads. The ordinate scale is the frequency f multiplisd

by the lattice parameter a divided by the speed of light ¢. [Adapted from J. D. Joannopoulos,
Nature 386, 143 (1997).]

By engineering the array

Guided

the band gap can be locally s modes
removed (or created) S
: = =
Waveguiding effects -
.. | I0.1I . L'DJ.El - JO?SI - IOl.d-I - I0.5
Integrated waveguides with WAVRVECTOR (/2
no minimum bending e v AT e o ko e T e e e

multiplied by the lattice parameter a divided by the speed of light ¢. [Adapted from
angle can be created J. D. Joannopoulos, Nature 386, 143 (1997).]
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Photonic band gap crystals lll

light out

Propagation losses are due
to coupling with evanescent
fields which can be
observed with SNOM

light in

Figure 9.23. Theoretical modeling of field distribution around a defect path way, produc
a sharp bend in light propagation. From Mekis et al. (1996), reproduced with permission.

Figure 9.24. A helium-neon laser glows as it enters the waveguide at the bottom and hits
ﬂ.lc photonic crystal at the top, where it undergoes a sharp bend to propagate in the left and
right directions. From Parker and Charlton (2000), reproduced with permission.
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Examples of PCs |

b Silir

Silica particles

W

Meniscus i

Colloidal L

suspension =

§ o

s}

._.9

Temperature (73]
gradient i

v
Figure 9.13. Vertical deposition method for crystallization of colloid: Lpm

duced with permission from Joannopoulos, J. D., Nature 414, 257-258 (Z

Figure 9.14. Scanning electron microscope (SEM) image of the polystyrene/air photonic
crystal, prepared by the vertical deposition method.

[ ) e

Huge interest in
developing economic and

Transmittance [%]
6.8 8
-—hh___‘“_hz‘_
Reflectance [%]
5 3

L -, )
2| . of I reliable methods for PC
NI Y S il odl \\ﬁ-«kﬁ mass fabrication
440 460 480 500 520 540 580 580 600 450 500 550 600 650 TOO

Wavslength [nim] Wavelength [nm]
(a) b

Figure 9.1. Typical transmission {a) and reflection (b} spectra of a photonic crystal pi
duced by close-packing of polystyrene spheres. The diameters of the polystyrene spheres ¢
220 nm for transmittance study and 230 nm for reflection measurement,
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Examples of PCs I

See MRS Bull. 26 (Aug 2001)

Figure 5. A scanning efectron
micrograph of a 3D photonic crystal.
This structure was assembled by
sedimentation of monodisperse
colloidal silica on a templale, INUS

forming an fcc structtire. Subsequently,
molten selenium, which has an index
of refraction of 2.5 in the near-infrared
and very low absorption, was imbibed
into the interstitial space, and the

silica was etched away to produce

a high-dielectric-constant replica.
(From Reference 9.)

Open question: 3D PC?

Figure 4. Scanning electron micrograph of a periodic array of silicon pillars fabricated using
deep anisotropic etching. The silicon piltars are 205 nm in diameter and 5 pum tall. This
structure possesses a bandgap of around 1.5 um for transverse magnetic polarization.

By removing an array of pillars, a waveguide bend may be fabricated. Input and outptit
waveguides are integrated with the photonic crystal.

Huge interest in developing
economic and reliable methods
for integrating PCs and
optoelectronics chips in
advanced photonic devices
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Conclusions

Optics, optoelectronics and photonics have gained tremendous impulse from
nanotechnology developments

New diode lasers configuration available (or almost ready to the market) thanks
to nanotechnology

New and challenging applications (e.g., fluorescence markers in biology)
envisioned for quantum dots

The very old-known dependence of color on size reveals the role of metal
nanoparticles in ruling the macroscopic optical behavior

Innovative applications based on plasmonic nanodevices are on the way, with
promised advantages in terms of miniaturization

New possibilities exist to condition radiation in integrated optoelectronic devices
thanks to photonic band gap crystals, which are also progressing thanks to
technology advances

In summary, new technologies are bringing optics and photonics to
unprecedented (and unexpected) levels of miniaturization
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