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Introduction to the topic

Optics (in the visible, A = 400-700 nm ) Hundreds of nm Tens of nm
VS nanotechnology (dimenSionS typ <100 nm) Confinement of Photon Confinement of Electron
Different dimensional scales!!
oL
But: A >

-Semiconductive nanostructures (e.g., MQW, QD) 4—
are essential for providing peculiar optical features Opical planar waveguide Quantum well

exploited, for instance, in diode lasers |

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

Quantum wire

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

Microsphere optical 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 parpally new)_ E—
Interest IS stemmlng on OptICS Nanophotonics,
. Wiley (2004)
and nanosized structures
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Outlook

Only inorganic materials will be treated (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

I's

6

: \\ Band structure of Si

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

Encrey [eV]

Momentum conservation implies phonons to be
involved in the absorption process

Transition probability is small (10-°-10-6 s-1) (and
wavelength is in the IR, above 1 um)

L A I A X UK ) I
Wavevector k
Fig. 2.10. Electronic band structure ol Si calculated by the pseudopotential technigue. The

solid and the dofed fines represent calculations with a nenlocal and a local psendopoten-
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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Semiconductive heterostructures

Al.Ga,_,As GaAs
o .

(a)

Heterostructures(superlattices):
sequence of layers made of
semiconductors with different gap
energies (as we have already seen!)

_As)

E, By Epm
€

Frob— hh2

Ehn3

Figura 11.31
Schema di un superreticolo formato con Al.Ga;_ . AsfGaAs (c=
reticolare nella direzione z).

Energia

E, (Al Ga, E, (GaAs)

(b)

Da Bassani Grassano,
Fisica dello Stato Solido,
Boringhieri (2000)
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Fig. 9.1. High |'|.:.~:n!utm|| Lransmission electron 1'1'11Cmgr;-lph (TEM) showing a GaAsiAlAs
superlattice for a [110] incident beam. (Courtesy of K. Ploog, Paul Drude Institute.
Berling) In spite of the almost perfect interfaces, try to identily possible Al atoms in Ga
sites and vice versa
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Quantum Well |

electrons T
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® For energies E < V, the energy levels of the electron are quantized for the di-

ion z-of the-eonfinement; hence they are given by the model of particle in
he electronic energies in the other two dimensions
(.X.I and yyare ot discrete and are given by the effective mass approximation
discussed in Chapter 2. Therefore, for E < V, the energy of an electron in the
conduction band is given as

R R+ )
8m*12 2m?

€

Eppr, = 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 E 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, &, = nw/l. Each of the bands for a specific value of n is called
Thus n becomes a sub-band index. Figure 4.2 shows a two-di-
mensional plot of these sub-bands.

For E >V, the energy levels of the electron are not quantized even along the z
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.

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

and the effective mass of a hole is different. Figure 4.1 also 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 light 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 1h 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 n-
sition) is no longer at E,, 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 quantum well is defined as

2

ESf = (Ec—Ep) + h—( (4.2)

812

In addition, there is ‘,n elow the band-to-band transition.

These transitions are modifications-of the corresponding transitions found for
a bulk semiconducter—1n-addition to the interband transitions, new transitions
between th¢ different sub-bands {corresponding to different n values) within
the conduction band-can-—¢ . 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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Confinement of holes ’ ' Numerical S ETIE

Da Yu and Cardona
Fundamentals of Semicond.
Springer (1996)

(b)

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

V(z) is not spherical we expect the problem to be more difficult. Indeed nu-
merical calculations are necessary to obtain meaningful results. An examp}e
of hole subbands obtained by such calculations is shown by the solid curves in

Fig. 9.6 for a GaAs/GagrAlg3As QW with well widths of 100 and 156-A 918
The labelimgof-the bands suggests that they arise from either the heavy hple
(HH) Gr light hole (LH) bands of the bulk. We shall see that, strictly_speaking

this is northe—case since the bulk valence bands are heavily mixed by V().
These subbands can be qualitative nderstood in the following way.

" Let us assume that ‘m the hole bands is so large that
only the J = 3/2 heavy (J: = tiight (/. = 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 frqm
the Luttinger Hamiltonian 3 in (2.70), to which the confinement pptentlal
V(z) must be added. As we saw in Sect. 4.2.4, the cubic term, proport}o.nal to
(y3 — 72), is small in most zinc-blende-type semiconductors. For s1mphc}ty we
neglect this term and further assume that the Luttinger parameters are 1.dent.1-
cal in the layers A and B. With these simplifications, the hole Hamiltonian in
a QW becomes

Hoyw = ﬁ +Sﬂ V2 -2y J_a_+1_a_+]_8_2 +V(2).(9.14)
oW \2m e 2 2\ Max Yoy ‘oz

The Schrodinger equation corresponding to this Hamiltonian is not separa;—
ble because of the terms J,J,(8/3x)(8/dz) etc. obtained on expanding (J - V)*.

Let us make the ad hoc 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

Energy [meV]
Energy [meV]

—401—- HH, -

L=100 A

0.5 1 0 0.5 1
ky [mx 106 cm1] ky [7x 106 cm-1]

Fig. 9.6. Hole subband energies in a GaAs/Gag7Alg3As QW calculated by Bastard and
Brum [9.18] within the envelope-function approximation for well widths of (a) 100 and
(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

(8/3x)(8/0z) etc. are small enough that they can be neglected at first and in-
troduced later as perturbations (this should certainly be valid for small k, and
k,). 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
(zﬁ—m-) [(yl + 5%) - 2y213] (%) +V(2) (9.152)

This equation suggests that the J, = 3/2 state (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)]

l?mhz)‘l = (y1 — 2y2)/m, (9.16a)J
while the J, = 1/2 state acts as if it had the lighter mass m;,
l (mg)™" = (y1 + 2p2)Im. ' (9.16b)j

Since the confinement energy 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/hZ2 21p dp 2-D
V /h3 4mp2dp  3-D

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

DOS expression affected by dimensions

Bulk {3D)

Quantum well (2D}

r

Quantum wire {1D)

&

Quantum dot {0D)

3DEG

pos| -

g2

Energia

2DEG

DOS
E = costente

Energia

. 1DEG

1K

Energia

DOS] l ODEG

Energia
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Quantum Well I

® Another major modification, introduced by quantum confinement, is in the
The density of states D(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

D(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 k, = 0, then stay constant for each sub-band characterized by a specific # (or k).
For the first sub-band with E, = E,, D(E) 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 th emiconductor for
which D(E) vanishes. As is discussed below, a maj anifestation of this modifi-

cation of the density of states is in the strength of optical 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 osciltator strength is particularly important in obtaining laser
action in quantum wells, as discussed in Section 4.4.

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

DOS

Bulk Quantum well  Quantum wire Quantum dot

Density of states

()l l

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
Absoxl'ption Luminescence

i 1 [ |

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

Transition between Optically excited
modified valence Transition between emission
and conduction quantized sub-bands Electroluminescence:

bands of aband (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)

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

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

— et 1 Hydrogen-like energy levels! i

T a2 At '
ove n ¢ il numero quantico principale, ¢ la costante dielettrica, ¢ u la massa
ridotta del complesso elettrone-buca ‘

Lol L.
uomE ™y

(12.108)

Nei semiconduttori abbiamo visto che £ ~ 10 e x = 0.5me, per cui I’energia

di legame degli eccitoni sard dell’ordine causa della

grande costante dielettrica I'cccitone & dunque debolmente legato ¢ 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

|

E1h E1.I'

Fotoluminescenza
xm
Riflettivita

1,46 1,50 154 1,58
Foto Energia (aW)

Figura 12.28

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

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

ag. 10



formed by a periodic array of quantum structures (quantum wells,

quantufm wires, and quantum dots). An example of such a superlattice is a multiple
quantum well, produced by growth of alternate layers of a wider bandgap (e.g., Al-
GaAs) and a narrower bandgap (GaAs) semiconductors in t1.1e g‘rowth (confine-
ment) direction. This type of multiple quantum wells is shovx‘rn 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
noies) 1n 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

or 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 an independent medium.

To understand the-interaction 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 k, of the two wells are no longer de-
generate. Two new states E,* 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 n.

The magnitude of the splitting, 2A,,, 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.

The case of two wells now can be generalized into the case of N wells, Their i
eractions 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
um well limit, the width of such a miniband is 4A,, where A, is the intera

neighboring wells for the level . This regults own in Figure 4.11 for
the two levels E, and E, for the case of a superlattice consisting of alternate layers
of GaAs (well) and Al, As—(barrier)-eac width 9 nm. For this system,
the miniband energies are E; =26.6 meV and E, = 87 meV

dwidth of AE, = 2.3 meV and AE, = 20.2 meV (Barnham and Vvedensky,
2001). Asexpta avove-the-higher-enersy miniband (£5>) has a greater band-
width (AE,) than the lower energy miniband (AE)).

Minibands in MQW

GaAs
AlGaAs
d E }--
LT
Substrate

a b

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

E 1#
E, _ , B AL,
E. o) AE,
=
AlGaAs GaAs
o
d=d.+d,’
3 2 P 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 3 A
1
—t e Viost relevant configuration: electrons and
Ep  Ega ) holes are confined in the same layer
_____ — Most favoured for exciton formation
A
e.g.. A=GaAs (E,, ~ 1.4 eV, lattice 5.653 A)
= - , B=AlAs (Ez ~ 2.2 eV, lattice 5.62 A)
i typ. thickness <2 nm
= <
- or B=Ga, Al As (x typ. < 0.3)
{stageeredy ~ """ | |77 ‘vl O i
Esn Table 4.1. Semiconductor Material Parameters
‘2
Periodic Bandgap Bandgap Exciton Exciton
E,. Table Energy Wavelength  Bohr Radius Binding
& Material Classification V) (pum) (nm) Energy (meV)
_____ AE Tl CuCl I-viI 3.395 0.36 0.7 190
i CdS II-vI 2.583 0.48 2.8 29
CdSe II-VI1 1.89 0.67 49 16
GaN m-v 342 0.36 2.8
" x GaP -V 226 0.55 10-6.5 13-20
m | InP m-v 1.35 0.92 113 5.1
e E.n AE. GaAs -V 1.42 0.87 12.5 5
e ! il AlAs -V 2.16 0.57 42 17
BEI>E, Z7 77 e i N —— Si v L11 115 43 15
Een |45 Ge v 0.66 1.88 25 36
T ' Si, ,Ge, v 1.15-0.874x  1.08-1.42x  085-0.54x  14.5-22x
+0.376x2 +3.3x2 +0.6x2 +20x2
Fig. 9.3. Schematic diagrams of three arrangements of the conlinement  PbS V-Vl 0.41 3 18 4.7
fnles in MOWSs and superlattices formed by two semiconductors A and AN v 6.026 0.2 1.9 80

Eyy and £y, respectively. In type | samples both the clectrons and holes are confined
in the same layer A. The energies ol the confined particles are represented by red fines.
In type TIA systems the clectrons and holes are confined in different lavers. Type 1B
samples are a special case of type 1TA behavior. They are either small eap semiconductors

or semimetals
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Da Yu and Cardona
Fundamentals of Semicond.

Semiconductive material choice

Springer (1996) ] ) )
Now, higher gaps achieved with GaN
4.0 7 t —
4] -
£ ]
o Bog 4
- 3.0 = ;/‘n_g};_,/. Zng sMny sSe | % 5 3
’fi AIP AlAs Cus Cdy sMng sTe L% 2
3 2 L. GaA
f‘ L { nTe \ d B‘
: GaP i T ———
;: IRV 0 b L L L
o CdTe Lattice Gonstant, a (A}
£0 i
g Si

6.0 6.2
Lattice constant [A]

Fig. 9.2. A plot of the low temperature energy bandga
tors with the diamond and zinc-blende structure versus (i
regions highlight several families of semiconductors witl

conductors joined by solid lines form stable allovs, [Chen AB., Sher A

Alloys (Plenum, New York 1995) Plate L]

A wide choice of semico

Is available to tune the gap in a

0.0

ps ol a number of sconconduc-
weir lattice constants. The shaded
1 similar lattice constants. Semi-

Semiconductor

nductors

broad range (from blue to near-IR)

Fisica dell

Figure 1. Fundamental bandgap versus
basal-piane fallice constant of nitride
materials compared with SiC and GaAs.
The solid curves roprasent the ternary
mixtures AIN/GaN,™® GaN/inN,'" and

GaN/GaAs.”? The dolted curve
qualitatively indicates the continuation of
the GaNAs gap toward GaN.
T T T T
a.50fF “lgr ] E
N en [ lsso £
g - £
< 3.25 L B
=2 @
T R O Oy 1400 ©
£ 8.00 Nofield . 3
.5 4450 ;S
5 2.76¢ 1.2 MViem L
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See MRS Bull. 27 (July 2002)

Figure 3. Transition energy of

Ga, sin, ;N/GaN quanturm wells versus
well width, with and without buift-in
alsctric field. The inset shows a
schematic view of the band scheme, the
effactive bandgap €., and the original
bandgap £,
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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

_

Cavity Length 3
; Active Medium
i " Ve W Wa e
. i .
Critput Couplor ] [ input Goupler
Pumping Process

Fignre 4.16. The schematics of a laser cavity, B 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 Semiconductors and the Lasing Wavelength Region

Quantum-Confined

Active Layer Bamer Layer Substrate 1asing Wavelength {nm)
InGaN ' GaN GaN 400-450

InGaP InAlGaP Gads 630-650

GaAs AlGaAs GaAs $00-900
1nCizAs GaAs L CaAs Y0000
nAsP InGiaAsP P 1060-1406
InGaAsP InGaAsP ity - 13001550
InGaAs - InChaAsP InP 1550

InGaAs Inf HP 1550
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“Conventional” (heterojunction) diode laser

I the case of a semiconductor quantum well laser, the acfive medium is a nar-
row bandgap semiconducior (e, GaAs) that is sandwiched between a p-doped
fexcess holes) AlGaAs and an n-doped (cxcess clectrons) AlGaAs barvier layer.
However, in most semiconducior 1asers, the doped lavers of AlGaAs are separated
from (ras by a thin undoped layer of same composition AliraAs, The cavity is
formed by the cleaved crysial surfaces that act as reflectors, The general principle
for the semiconductor lasers can be ilustrated by the schemutic shown in Figure
4 17 for & domble heterostruciore semicondyctor laser, The oheme confacts on the
top and bottom inject electrons end holes into the active region, which in this design
is significantly thicker {100 nm) than & quantum well. The electrons and holes
combing in the active region (Gads in the present case) o emit 2 photon. The
threshold current density (current per cross-sectional area) is defined 28 the curment
density required for the onset of stimulated emission and hence lasing. At this cur-
renl density, the optical gain produced in the mediom by stimulated einission just
balances the optical Joss due to variows factors (=g, scattering, absorplion loss,
efc.). A thick acfive layer in the double heterosiruciure also acte 35 3 wavegnide o
confine the optical waves. The output emerges from the edges, hence this configu-
ration is also referred to produce edge emitting laser action.

[he cnse of 8 quantum well laser, where a single quantum well of dimensions
depends on the matenial) is used a5 the active Layer, is referred to as SQW
mmgle quantum well) laser. This thickness i too small 1o confine the optical wave,

which (et leaks into the confining barrier regmon. To sunuliznecushy confine the
cattiers in the quantim well and the ophical wave around i1, ona uses a layer for ap-
tical confinerent 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 um —» |
/ __,_:,‘._:':"": g_
= S s coaesmonsy (00 g ‘_::.:.f:. o
cavity [AlGaAs = ¢
Gahs : _7_
Cahssubsied® L7 & 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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C.P.Poole F.J.Owens
Introd. to Nanotechnology
(Wiley, 2003) Le

p - metal GaAs

A=1.32 um
20D

2 um Alg g5Gag 15As

>
7y

r w2

2 um Alg gsGag 15As T

l

| 1900 A
300 A

Aly gsGay 15As

Waveguide

Alg gsGag gsAs
» GaAs|

Ing sGag sAs QD

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

12 monolayers of InysGag sAs quantum dots (indicated by QD) that do the lasing. [From Park
et al. (1999).]

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 pair 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 waveguide (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
1¢ laser.

‘Nanotechnological” diode lasers I: QD

. Because of discrete features in the density of states, the quantum dot lasers have
2 very narrow gain curve and thus can be operated at even lower drive current and
Jower 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 w1dely separated
discrete quantum states, s ri
ppared to quantum well lasers Smce the first report
quantum dot lasers showing reduced temperature dependence of the tin
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,

T T T Nganophotonics,
200} :gz‘n-_ itey (2004)

§1so-
‘% 100}
§ w

0 ) i

0 200 400 600 800

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 uy 2002 Nanotechnological” diode lasers Il: VCSEL

Distributed Bragg Reflector structure (1D photonic crystal) “Bragg mirrors” can be built by
[b] LAY ey depositing alternate layers with

different refractive index and highly
controlled thickness

[a]

A2 4 3n2 5n2 0:895F

0.390 a A - -
960 980 1000 1020 1040

mLH
bilayers

Reflectance

p-type contact

output light aperture Y pdoped DBR (output coup ler)

oxide or implant layer with

230 m current aperture

T ~ A P a00 1000 1200 Y
Figure 1. (a) Distributed Bragg refiecior (DBR) structure using a high-refractive-index Wavelength (nm}

Quarter-wave layer of the substrate followad by m low-index/high-index (LH) quarter-wave
bilayers. (b) Relative phases at the DBR surface of fight rays reflected from each interface
within the DB struchure. The minus sign indicates the 1807 phase shift that ocours uporn
reflaction from a low- to high-index surface. A round-trip pass through each quarter-wave
layer results in a half-wave phase shift. Every reflected ray returns to the DER surface
shifted by exactly 1807 in phase. Alf refleciad afectric fieids thus add consfruchively fo give
a high net reflectance for the DBR, even if individual interface refiectances are small,

§ s i n-doped DBR
Figure 2. Refiectance spectrum in air 2] [
of a 1000-nm GaAs/AiAs DBR for +
20 periods and 5 periods flower

two plots). Dashed lines show the

refleciance from a bare Gads substrate.

Top plot shows the high-reflectance

region of the 20-pariod mirror near the

dacion wavelengih.

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- D niypec
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. - - .
Many schematics have been utilized to produce surface emitting lasers. A particu- Ve I’tl C a.l CaV I ty S u I‘faC e E m |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

Substrate

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 es. . .
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) op toelectronics ;
can be produced in a continuons growth process. 7 ” . . e
An Edvantage offered by a VCSEL is that the lateral dimensions of the laser can -5 h ort” cavi ty . tem p . Stab I l Ity ) b eam
be controlled, which offers the advantage that the laser dimensions can be tailored 0 pt| C al feat ures .
3 aoog

to maich the fiber core for fiber coupling. An issue to deal with in VCSEL is the
heating effect occwring in a complex multilayer structure, as the current is injected
through a high series resistance of the DBRs,

Small overall size, low threshold
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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

guantum cascade |aser

CB — - ® In contrast to the lasers discussed above, which involve the recombination of

oc- =>—*
laser: A\AVAVAN hv
e

QC-laser:
Light i lgned energy ge ®
matenals by design’.

- - — s i — amr N4 E
bhand structure engineering and MBE

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

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 etween.the conduction band and the valence band, the QC
lasers involminter-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 elec-

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 p inciple 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 i

d by the interaction between wells, which haveultrathin (1-3nm) b
layers. The active region is where the electron makes a transitio n-a-highe
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-
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
F ACTIVE
~REGION
Minigap \}
’ INJECTOR
®  iniband N
A~ SIAVAN ACTIVE
g 3 ~_REGION
Minigap| M
2
1 B iniband
o ] V‘V\ﬁ_.__
~ l g 3
¥ 55.1 nm . I {
N B 1\ -y
o
Q
& \J
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 design of QC-laser

J. Faist FCapassa G &idon, DL Sieo J. N Ballameon, 4.
and A Y. Cho, Appol Phys. Left 68, pp. 3680-3682 (1956).

Quantum Cascade lasers Il

L Hufchinson, & NG, Chu,

/

ACTIVE
REGION

0.9 nm thick

well and barrier )

INJECTOR

|

’ ‘!-
INIG.

ACTIVE
REGION

725 meV

multiple QWs under external

Key characleristics of QC-lasers

applied electric field

band-offset = 500 - 800 meV

through lattice matched or

strain-compensated n InP

1 - 100 active regions/injectors
(typically ~ 30)

layer thicknesses designed to
provide population inversion

Tp == Ty

designed for tunneling transport

O .

-

Lucent Technologies

Sell Labs nnovations

+ Wavelength (“color”) determined by layer thickness
rather than by material composition

» all mid-infrared spectrum covered by the same material

.

= intrinsically high power lasers

+ High reliability: low failure rate, long lifetime and robust
fahrication

b .
Room temperature, pulsed, single-mode
QC-DFB laser @ » ~4.65 um
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Wide wavelength-range of QC lasers

QC lasers cover
entire mid-infrared
wavelength range
(3.4-17 um) by
tailoring layer
thicknesses of the
same material
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Quantum Cascade lasers Il

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

Ultra high purity MBE is the key
for QC fabrication

" TEM/ SEM image

Cross-section 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 cortrol of layer thickness, 1 nanometer (nm) =4 atomic layers
+ atomically flat layer interfaces

=y

' Heterogeneous Cascades (multi-%. generation)

Sa far: )
H de- single stack of
omogeneous cascade: ﬂ- 30 identical active regions & injectors
Now:
Stacked cascades: Interdigitated Cooperative
ﬂ cascades: cascades: —
ﬂ TEM by S. N. George Chu S
Charge transport How to design
. . between stages? cooperation?
Different electric “OK 888 nexd VGal
field across sub-
stacks? - OK
Further implementations i 0 K
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2. Quantum Dots and photoluminescence

4.1.3 Quantum Dots 5

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 small-

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 /,, I,, and ;. The energy
levels for an electron in such a case have only discrete values given as

En erg&j)

ABRHEG]
E,= 22X+ 22+ =
8m, |\ I, L 1,
where the quantum numbers /,, /,, and /,, 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&.s)

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 electrons 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
exciton binding energy. 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
Material Classification V) (um) (nm) Energy (meV)
CuCl I-VII 3.395 0.36 0.7 190
CdS 1I-VI 2.583 0.48 2.8 29
CdSe II-VI 1.89 0.67 49 16
GaN m-v 3.42 0.36 2.8
GaP n-v 2.26 0.55 10-6.5 13-20
InP n-v 1.35 0.92 11.3 5.1
GaAs n-v 1.42 0.87 12.5 5
AlAs n-v 2.16 0.57 42 17
Si v 1.11 1.15 4.3 15
Qe 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
+0.376x2 +3.3x2 +0.6x2 +20x2
PbS V-Vl 0.41 3 18 4.7
AIN n-v 6.026 0.2 1.96 80

Important photoluminescence features
in quantum dots
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Si NC in porous Sili

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

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

: 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 from 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

'MWWM Silicon core

%m Hydrogen surface passivation

con

Pt Electrode

\

Etching Solution, HF

f‘

. | Tetion Cell
1

Backside
Electrical =
Connection

Si Wafer

‘igure 6.21. A cell for etching a silicon wafer in a hydrogen fluoride (HF) solution in order to
1troduce pores. (With permission from D. F. Thomas et al., in Handbook of Nanostructured
Aalerials and Nanotechnology, H. S. Nalwa, ed., Academic Press, San Diege, 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

— "o SNOM analysis of PL from po-Si microcavity
e @ 1 ) Da F.F. etal., J. Appl. Phys
£ ; 1. 91 5405 (2002)
8 ! 55 : "convolved" spectrum
e L 5 4
=z —+—+q°
% (6) ‘_10E ; {\(x,y) sample position
i 7] 4 1 .
4 { = \/\ fin nanometersy
164 102- 1 z | —— (350,350)
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Fig.1 Typical optical-absorption and photolumigescence spectra of porous Si films:
(a) L % 2nm, (b) L = 3.5nm, and (¢) L~ 9nm. From Ref. [7].
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i Even Si, in NC state,
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Porosity and surface
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NC in colloidal solutions

CdSe nanocrystals in solution

I | | 1 I | i

CdSe colloidal NCs

(T =300 K)
oF AP ol
a=1.2nm /
ZnSe CdSe CdTe

e
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(EXCITATION: ZNSE @ 290 nm, OTHERS @ 365 nm)
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Bulk E;~1.8/1.9ev ~ Photon Energy (eV)

Wide “tunability” of PL range

ure 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
iIsland
Spectral signatures of excitonic
behavior:
sharp and strong PL (observed
1 65 _ at room temp)

Energy (e¥)

See Hessmann et al.
APL 68 (1996) Bulk Eg~ 1.5ev

Fisica delle Nanotecnologie 2007/8 - ver. 6 - parte 6 - pag. 26



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 a_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-

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

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

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 III-V
quantum dots (a more difficult task than the preparation of II-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 II-VI precursors that are not
air-sensitive. This process was used to produce CdS on InP, CdSe on InP, ZnS on
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

InP/ZnS

InP/ZnSe  InP/CdS
1.0 e % ‘4 "
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Figure 4.14. Photolumimescence spectra of InP quantum dots and the various core-shell

structures involving InP core of some diameter (~3 nm). 27
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Functionalization of core/shell QDs

httg://faculty.washington.equ/stenkamp/strep.html

10-15nmm

F 3

r

CORE

SHELL

See www.qdots.com

Above is a stereoview of the streptavidin tetramer showing the Sage 4
subunit arrangement and the biotin binding site.

STREPTAVIDIM

Preparazione:

Core (CdSe)
Cd(CHj), e Sein TBP 0 TOP
reazione a 360°C e raffreddata 290°C, temp ambiente
controllo crescita tramite spettro di assorbimento

Shell (ZnS) . Electron Micrograph. Transrission electron miicroscopy can be used
(TMS)ZS e Zn(Et)2 in TOP to ditl'-lectll,l irna“;e Q-:IDE cnre-shelll |1'|:a||'u:u:r',lst.5h|5‘:.| The dl-.?rker reginrllls ’
. ° are the crystallites, Like several of QDC's products, these core-zhe
reazione a 190C ) . nanocrystals are rod-like in structure, The rmagnification is 200,000
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 Girillo, Apr. 2004 compatible with organics
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Fluorescence marker applications
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Nanocrystal
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for:

QDs preferred to molecular dyes

-Larger quantum efficiency;
-Larger “compatibility”;
-High degree of versatility

See www.qdots.com

Figure 1. Fluorescent double-labeling with Qdot Steptavidin
Conjugates. Fixed human epithelial cells were incubated with a
mixture of human anti-mitochondria 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 1gG
and the nuclei were stained with Qdot 525 Streptavidin Conjugate
(green).
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3. Optical behavior of metal nanoparticles |

L
Mysterious red color in Lycurgus Cup Gold Building Blocks
Dr. Juen-Kai Wang
X-ray analysis: Atoms: A 8
e y c
. e . 70% Ag + 30% Au e, |
n " ycuus cup Gold clusters:
o Wnciom Gless orange, nonmetallic,
an v;éz‘i <1 nm
40 @E
20 - Gold nanoparticles:
- . . 50nm 3~30 nm, red, metallic,
L B3 “trans "
10 - ey l parent
3‘_“53" Sﬂ_cd'um Bﬂ_'jum These Ag-Au nanoparticles (~300 ppm)
A e scatter the light, rather in the same way
The same composition that fine particles in the atmosphere cause
as modern glass a 'red sky at night’ effect. They cause the 2
color effects shown by the Cup. Gold particles:
30-500 nm
metallic, turbid,
The Lycurgus Cup, Roman (4th century AD), British Musecm (www.thebritshmussum.ac.uk) crimson to blue
See: http://www.ndhu.edu.tw
/~nano/93041702.pdf
Bulk gold film
: e -;;:_ﬁ,;-_';},é:ﬁ#
= -
Au nanoparticles Figure 1. Gold building blocks, from the
in solution atomic to the mesoscopic, and their

changing colors.

%" T Bnm  agglomerated

Fisica delle Nanotecnologie 2007/8 - ver. 6 - parte 6 - pag. 30



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

ONDE IN UN MEZZ(O CONDUTTORE
: o .= 0E . =
Fissata la frequenza @ per un’ onda e.m. piana di questa frequenza abbiamo: £ = E =—-jiwk .

~

Naturalmente ci siamo rifetiti alla notazione complessa dell’ onda E = E"*™ " = Eoe“k"‘m i

avendo scelto, per maggiore chiarezza, I’ asse 7 lunpo & eI’ assex lungo E'D.
L]

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

5 = . . D
densita’ di corrente j = F . L'equazione di Maxwell rotH =J + a— potra’ allora essere risctittd
it

- s & E = o
come: ¥OIH = GE + £,£F = 0 ——+ £,£F e, in definitiva:
117

rotH = ¢

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

er il materiale: alla £, che €'l
cariche libere @ycioe’ quello che)

Alle frequenze “basse” sia € che @ sono teali {¢ positivi). Nei metalti & =10%(Q+m)™’
& =1 per cui, tenendo conto del valore di &, si vede che, fino a frequenze dell’ ordine di 10" i

puo’ trascurare £ 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 uguale
alla conducibilita’ statica &, . Riscrivendo semplicemente quanto gia’ trovato nel caso dei dielettrici

1+:
non magnetizzabili { & =1 ¢ un caso generalissimo ) si otdene: & = —-—JE Essendo \/; =T2I ;
c
si ha

\/E=n+i/3.= -:—20{%}

Gy
26,0
Introducendo il valore di & nell’ onda da cul siamo pattiti, avremo alla fine

L’ultima espressione mostra che n= =

=

Ie,daqui,eda]la rOtE=—§=>iEAE=iCOB,

E —?ﬁz #H{— nz-atl)_.
s 0 8 j Per ing. TLC (Pisa, 2001)

P.L. Braccini, Lezioni di Fisica Il

X

SIGNIFICATO FISICODE ¢ S
Supponi di essere in p I‘//',/'/ _
et sn mopsoanlpiconesnesior gl podESs wikeZ; =
& degli elertroni per cui il gas dsulta globalmente neutro. . === 7‘|
Suppoumo anche di far subire :gli elettroni uno spostamento x ( piccolo ) S

Hispetto zgll iond positivi (come avviene nel processo di polarizzazione indotta da un campo elattrice).
La sity e qu.el.l.l ntﬂnﬁgmhdmm mpuﬁu.alcde]lcanchedaducsegmcheue’
creata sulle superfici ¢’ nex per cui, nello spazio intemo al volume, sazs’ presente un campo elettrico

E = > Ogni elettrone sara’ quindi soggetto ad una forza elastica di dehiamo
L]
2
ne'x
F‘_:—gE‘z—

per cui, una volta lasciato libero, I'elettrone, e con lui tutto il plasma

collettivamente, compira’ ocillazioni di fraquenza propra @) = i che e’ propro la fequenza di
plasma. In presenza di una forza esterna periodica, come quelld generata dal campo elettrico di
un'onda em., @, ¢'la frequenzz di dsonanza. A questa frequenza l'enetpia sottratta al’onds sara’
particolarmente elevata

Sinoti che la condizione @T >>1(edoe’ 7>>T )indica che il perioda T della oscillazione del
plastaa ¢ molto piv’ piccolo del tempo medio d'urto. Cio® vuol dire che gli eletroni effetrueranno un
gran numero di oscillazioni forzate di grande ampiezza ¢, alla fine, cederanno agli ioni tutta 'energia
sottratta all’ onda, energia che avevano nel frattempo accumulato sotto forma di energia cinetica.

IL MODELLO DI DRUDE DELLA CONDUCIBILITA’ ELETTRICA
Cottent stazionarie
In questo modello il moto dell'elettrone deatro un metallo, viene continuamente reso casuale dagli
urti con il reticolo entro cui I’ elettrone si muove. Se dentro il metallo &’ presente un campo elettrico
medio E Pelettrone, fra due urti successivi, verra’ accelerata da questo campo e I'equazione del moto
dell'elettrone (massa M, carica —¢€ ) sara’
mZ = eF.
dt
Al tempo 1 =0, I elettrone che aveva subito I'ultimo usto al tempo —T', avea’ acquistato una
yelocis' Um =T Matendo sa ttti gh elattron la velocits madia sere”sllors
m
—eE
—T
m

dove si ¢’ indicato con T il #empo medio d’ urto & cioe’ il valor medio di T calcolato su tutti gli
elettroni.

<Ve=

Se n¢' il numero di eletrront liberd per unita’ di volume, la densita’ di corrente sara’
L]
- ner =
=n(-e)<V¥>=——E.

m
La condueibilita’ statica sara’ allors:
ne'r

-

Nella magpior parte dei metalli 105 <7 <1075,
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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 neli’ origine sara”

d<v>

m =—my<V>—eEge"".

A secondo membro 'ultimo termine ¢’ Iz forza oscillante che il campo eleteico dell’ onda esercita
sull’ elettrone, mentre il primo tesmine, una forza di smorzamento viscoso, ¢ stato introdotto per
tenet conto degli urti dell’ elettrone con il reticolo, $i deve notare che si ¢’ fatta Pipotesi che il campo
elettrico non vari apprezzabilmente su distanze dell’ ordine degli spostamenti dell’ elettrone durante il
§u0 Moto.

Cercando una soluzione in cui < ¥ > oscilli con lu stessa frequenza @ si wova:

___ —eEe™
<Pr=—0
my —iw)
?IEZE

Da qui: _7 =a(—¢) <V >= per cui

no nat!u'ally no naturally
oceurring occuring
materials materials

ex>0

[T ]

Metal response at optical

Se si vuole che a frequenza zero, questo risultato riproduca la O statica, si vede che deve

esgsarey =—,
T

o) =2

Si puo’ scrivere in definitiva .
l-iwr

La conducibilita’ a basse ¢ ad alte frequenze.

Ricordando che nei metalli 7 ~10™*s si vede che, almeno fino alle frequenze delle microonde
(@ <10"s™), la conducibilita’ ¢ indipendente dalla frequenzz ed il suo valore ¢* uguale alla
conducibilita’ statica .

Quando invece &7 >>1, e cioe’p

Nei metalli, 2 queste frequenza, il contributo delle catiche libere alla costante dielettrica diviene allora
io(w) o, [
g EWT 0
dove abbiamo introdotto un nuovo parametro, la freguenga di plasma @, definita da
;= G _ne .
ET Egm -
Lz frequenza di plasma carattetizza il materiale conduttore; non dipende da 7, ma dipende
solamente dalla densita’ 7t dei portatori di carica. Nella maggior patte dei metalli @, ~10'57".
Nellultravioletto, sempte per i metalli, il contrbuto alla costante dielettrica delle cariche legate ¢’
motte-piccolo , per cul E(0),,; acostante dieletttica complessa ¢’ allora :

o5
ot
ione di onde e.m

e(w)=1-

Per quanto riguarda la proPegs

frequenza di riferimento precisa. Se la frequenza dell’ onda ¢’ @ <&, 1s € ¢ negativa per cui \/E
sara’ immaginaria pura: /g propagazions nel mexzo o impedita ¢ I onda, se incide sul metallo, verra’
interaments riffessa,

ffequenza di plasma costituisce allora una

w
Se iavece &) >y, JE ereale: pin’ precisamente 1 = ,{(1 —.;;-‘;- ¢ B=0percu /?ndapua’

propagarsi nel mezzo con attenxazzons molto picola { nelle nostre approssimazioni I attenuzzione ¢’
nulla).

A

wavelengths: ¢<0
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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 medium 1, £1 is assumed real and positive. For the time being assume z9 to be real, but make

no assumption about its sign,

Medium

z
T dielectric (air) X
| metal

|

z2>0 x

&2

Medium

Figure 1: Interface between di

Waves at an interface
between materials with
different dielectric constants

http://courses.washington.edu/phys431/spr.pdf

2

o

Solution of the wave equation with the
above boundary conditions:

There are a set of solutions called “surface waves” which exist at the boundary between medinm
I and 2. These waves propagate along the surface z = 0. One set of such waves which has no y
component may be written in complex form as follows:

For medium 1, z =0,

E., = Ej L\
.E‘y = D El{k'r_d;!]lf_ (k - :T) z , lraj
0 )

B, = ikE (k- o)

E, = E T
ELI' = 0 Ei{kr—mt}e+(kg_£gfﬂ') :. [6)

E, = —ikE (;,2_52%:_)—1;2



Note the differences in sign between the two solutions. Provided that certain constraints are met,

these v»1ll sausﬁ the- br:nuncla,n mnd1t10ns 1111posed by Maxwel] 8 equatmns For these solutions to SU I‘face p | asmons at a

will be the case if (LQ .-,1-5-)1?'2 = () and fkg - .-,g-g-)w = 0 The boundar‘. t‘onchur:ms require

R metal/dielectric interface |

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

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

9\ 1/2
- kﬁ__,__w_ - I\“Q—'" W (7
€1 €5 = —€y £1 7)
c e
This can only be true plving for w we obtain the dispersion relation for surface waves:
()

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

surface waves to exist we must have sy < 0 and —so = &4,

Peculiar dispersion relation
(with aresonance condition)

We have assumed that 29 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 & 1) and that medium 2 is a metal. The free electron gas
model for metals gives
AT
wp
fwj=1-(— g
0=1-(2) 0

where w, = 4mne? fm (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, 256-7).

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

2 il 1
W = (ck) (1 t——s (wp;,wjg) , (10)

which after some rearranging becomes

A 12
ket

L 4 (ck)*

2
w
wﬁz.—f+[ck)2—

(1)




Surface plasmons Il

Dr. Juen-Kai Wang

2moy., —klz k-
Vm(r,f]=Jc k"c"{'}‘r ar) Surface potential due to surface charge 0y,
k

£i(@)E. (: =0 ‘m)= &(@)E. (z =0 .fﬂ)

* E, z=ﬂ+,m)= E:(z:'[}'.m)

i [J.'| (@) =—a:g[m}]

Plasmon resonance condition

R. H. Ritchis, Phys. Rev. 106, 874 (1957).

Sunface Polartons, edited by V. M. Agranovich and D, L. Mils (North-Holland, Amsteram, 1952
M. G. Cottam and D. B. Tiley, Infroducdion fo Surface and Superattice Excitations (Cambridgs University Press, Cambridige, 15

Boundary condition

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)

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

Surface plasmon dispersion

@2

Dr. Juen-Kai Wang
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Surface plasmons IV

- !

3 2 BE
!.-l ||'I.-_ = fll.;l I j } EI -lfi:l
¢t & +& c?

.« Surface plasmon cannot be excited
by a light beam incident in the normal
way in medium 1.

Raether-Kretschmann cnnfig uration
£

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

]

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

v “Electron density” waves develop
along the interface layer

!

Surface plasmon excitation requires
longitudinal waves

i . (-]
k, = q”% sin@ = f:_-,"‘%

_]

Surface plasmons can be
achieved only if “non-
conventional” excitation is used
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Spectroscopy based on surface plasmons (SPR)

SPR detection

Intenzily
: 1/ \n

4

GSONANGE
I} signal
Time:

L

Dr. Juen-Kai Wang
Optical
detection
Light- 4 -

Source

Polarized
light

Prism

S ip it [

gold film

SENSOTEram
Flow channel
ad Resonance .“ E
signal (kRU) AL
b h Uikkassa) "
= 1 e Sl
2w ¢ s
= ’ .'.l.'f
E Al
g =l &
20 &
E B mta
L] gt
10
R 12/ R
| r.‘ {
- || ek essssshssassass s -
o 1 T P T zln T SII]L e Y,

Surface concentration [radioactive m:.l.l'mnmnng'mn?:-
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Time (s)

Surface plasmons are frequently exploited in a variety of
applications, including highly-sensitive spectroscopy methods
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Polarization of a (dielectric) sphere |

Here we study a dielectric matenial made sphere. It is polarized by a polarization vector i and we can decompose its In the space commmon to both spheres, charges compensate 2o that the electrical field iz not affected. In the infinitely

mternal electric feld E'_)m in a sum of contributions from the external surrcunding electric feld and the mnduced electnic 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
s0: acosd: “volume height”

dg= pdt
with dT = a.cos &8 d5

dog = pacos 843

and then we have:

J=E=,Oacos$‘ E =Z(IG

“Total” electric field b dO)(bar? &,) =

g |Ven by th e Applying the Gauss theorem to each sphere and then the supeposition theorem give, for the common part:
superposition of =z pal(3¢,) = -PI(3¢,)
“local” and Induced field

Schematic of a dielectric polarized sphere

“external” fields

- . The polanzation induced electric field s colinear but m the oppostte direction to the external field. Tt is called
Depolarizing electric field o
depolarizing field.

—
We must calculate the contributions from the different phenomena. The induced field By is calculated by decomposing
the sphere it two virtual spheres separated by an infinitesimal space we will note & along Cg so that the sphere 1 has a
— o volune density charge and the sphere 2 has a + volutne density charge. You can easily prove that these

Enowing the relation between the polarization vector and the electric field, we can deduce a global relation:

— = —
spheres together are equivalent to a single polarized one. By =By +Ey
P = &1 Ein
- IrEint
B =8y - ——
", r=&g-1

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

Internal field

(in a vacuum)

Internal field linearly depends on the external field

Fisica delle Nanotecnologie 2007/8 - ver. 6 - parte 6 - pag. 38




Polarization of a (dielectric) sphere Il

Complex permittivity sphere in a complex permittivity environment

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 component 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 amplimde 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 is 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 perrmittivity is now:

" *
Eop = E(Eany+ B)
where fe:rt is the complex electric permittivity of the surrounding environment of the sphere. and fi.r}:t the sphere

matenial one.
So, redomg the same calculations, we get

— g, =
Byt = no* | o*

28+ G
The dipolar moment, that we note #yy to be coherent with the rest of the notation, can be calculated by integrating

-

the peolarisation vector P on the sphere:

4 .=

Pt = 5 RS F

3
This allows us to establish the polarizability of the sphere m function of the electric field &, 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 Clausius-Massotti factor
here, but you can find its equivalent in thermal fields. conductivity (dlaxwell), optical refraction (Lorentz), etc.
Here, we will note 1t £ at)

2 o
Eint ~ Fant
g+ 280

Lorentz-Lorenz or
Clausius-Mossotti
relation

K@) =

b, 4 A 4

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

under an electric field. Fram 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 environment.

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 15 weakly polarizable in front of the surrounding environment, &qy <. The sphere acts ke a
capacity. T ou can find an excess of charges i the surrounding enwironment. In this case, the electrical fisld
path around the sphere have a tendancy to converge towards the center of the sphere, making a right angle
with the sphere's surface. The electric field Eint— has a weak amplitude. The resulting dipole 13 colinear but
with an opposite direction to E0—

The sphere is polanizable in a wealdy polarizable environtment, &y > . Here we can consider that the

*

envirenment 13 rather a good conductor before the dielectric sphere. So the charges collect to the mternal
—
sutface of the sphere and generate a strong electrical feld &5 Electnc field path arcund the sphere avord it

The resulting electrostatic dipole has the same direction as g

The sphere and the surrounding environment are approxmately equally polarizable, £y = £ The abzence of
polarizability 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 dipele generation in a dielectric sphere can be generalize to any kind of objects. The
geometry and properties of the object make calculation moere or less complicated. But we can imagine a way to use
this dipole generation to get an applied mechanical force on the object just with electric fislds. The most common
method used i this way involves non-uniform electric fields. Itis called dislectraphoresis.

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.xhtmi

Fisica delle Nanotecnologie 2007/8 - ver. 6 - parte 6 - pag. 39



Polarization of a metal nanosphere

Induced dipole by the applied field

3
E, . =Eye. + l e et 7 Eg(2cosfe, +sinbe
oul — =0 i +2£:| F D( E?)

U
= EZHE'I} Emr!

[ 1 & —E:] Effective dipole inside the sphere

ﬂ':4Hf"l : ~m

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

it 0w " 2
Coea(r)= [ dO[dg|Ef r*sind = A I T
Sed 6T ;'4 g ¥

0 0 4

2 2
3 k 4
i = —+—=+k
(sux am( ) f‘HE[H rlz + D
“Static” electric dipole like in SNOM

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

Enhanced near field (see apertureless
SNOM and TERS/SERS)
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Surface plasmons and nanoparticles

-

Electron collective motion in metal clusters

.................................................. Dr. Juen-Kai Wang

g ¢cloud

Resonant excitation

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
climuetthe conduction electrons inside the particle
move all T 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 etfects
and the excitation of higher-order (quadrupole and higher)
modes, the spectral signature of whi an be calculated by
retaining higher orders of tlheor}f 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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Scattering by a micro/nanosphere

10¢ } o =50 For the dielectrics: well investigated
¢ b Geometric oplics .  owm01,” Raindrops problem (colour of the sky, of the
1 .! . clouds), e.g., in atmospherics
ol \ . Drizzle
r (um) 10 o
0 droplets
107 Smoke, dust,
02 . scaflering | haze Two main regimes are usually recongnized:
,{ Solar  Terrestrial Weather | - Rayleigh (for d << 1)
10 "radi&'[i?ﬂ riladialinln , |mdar| Air molecules | . (ford ~< 1)
1 10 100 100 w0 o1’
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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PO (cos8)

7,(cosB) =
7 0
A few words on Mie |
Relazioni fondamentali della teoria di Mie. 7,(cosb) = ;—9 PY(cosh)

Considerando una particella di raggio a, l'intensita / nel punto P ad una distanza r
sufficientemente lontana dalla particella si esprime tramite due relazioni che
descrivono l'andamento di 7 in funzione dell'angolo # individuato dalla posizione rappresentati da:
dell'osservatore sul piano di scattering.

P (cos8) sono le funzioni di Legendre di 1° specie ed i termini a, e 4, sono

a =Y @y, (BH—m %(ﬁ)_y/ (@) dove 2=  ka
S v (BH-my,(He () A
particella
z LA ACLAC U ACLAC) f-ma
m‘;—n(a) Wn(ﬁj_ Wn (ﬁj‘; (C‘-’)
a = raggio particella
m = indice di rifrazione
itermini (), y,(&), e &, () sono delle funzioni cosi definite:
Nell caso di ;I)olall'izzazione secondo l'asse X e considerando come piano di scattering W, (@)= (,ﬁ(afZ)fLéJ | (ka) JeN sono le funzioni half-integrali
il piano yz, si ottiene: ! nem
A 2 di Bessel e Newmann
5 =W| |
T 1
Yol@)=—(7Ka[2)2N | (Ka)
Nel caso invece di polarizzazione secondo l'asse Y: &
B oop (@) =y, (Ka) +iy, (ka)
I, =—~1s)|
4rr

| Prof. Franco Francini “Dispense di Metrologia Ottica” Corso di Laurea in Ottica dell’Universith degli Studi di Firenz |Ch€ LY anche essere D

Nel caso piu' generale di una radiazione non polarizzata si ha che l'intensita’ © m '
\ ‘ . . . . R (=" (n +m)! e
scatterata [, puo' essere scomposta in due parti con polarizzazione perpendicolare e w,(a)=2"a" 27
. : : —m!i(2n+2m+1)!
parallela al piano di scattering: m=
1 %’. l—(lﬂ - Zm + 1] 5] Formula di Rayleigh

Z, ()= > '
72 \ 2% mmT(n—m+1
= 1,+1, __A (IS ‘2 + |S |2 ] =0 { ) Nel caso in ¢ b relazioni di Mie si semplificano notevolmente e nel
= = 1 2 S . .
! 2 87r? ) caso di radiaziong dente non polarizzata si ha:

87'a® ‘ n’ -1},

1—+ZJIU+CDSZ d) n=n,/n, Ra_yl e| g h

\n

P

I'termini S, e S, sono espressi da: el

n, ¢ l'indice di rifrazione della particella, n, quello del mezzo.

— 2n+1 [
1= Z an:z'n(cosElen tn(COSQ}] L'espressione precedente e' chiamata formula di Rayleigh ed e’ composta dai

mn(n+1) - . . R L
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

2n+1 ; : .
Sz — [an T, (cos®) +b”;rn (COSQ)] osservazione (Fig.3a) :
mhnn+l)
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http://scienceworld.wolfram.com/physics/MieScattering.html

Scattering by spherical particles. This s the simplast type of scattering, since twa af the
scattering coefficlent must Identically equal z=rd dus to symmatry. The farmal rigaraus
stlutlon Is usually attributed to Gustav Mie (1908). Although the salutlon to the sphere
problem appears to been attained praviously, Mie was the first to publish It A discussion
of tha history of SCatterng from a sphars ks given by Kerker (1969],

The Mie scattering selutlon begins with the macroscoplc Maxwell equatians, Using the
complex represantation of the alactric flald E and auxillary magnetic fleld H, the Maxwell
2quatians assUMmE the farm

V-E = ] (1
vH o= 0 2
VK = iwpH 3
VxH = —iwels 4
Denning
K = uwltep, 5

the VeCmor wave aquations become

-3 L2 .
VE+FE = 0 )

V'H + FH

L}

0. 7

Tne next step Is to define a scalar function 4@ from which two vactors M and N can be

constructad by appropriate application of vector darivatvas. In rns out that the function
4 and two vectors can be defined In such a way that, if 47 Is a solutien to the scalar

wave equation, M and N are also solutions of the same vector wave egquation.
Furthermore, when defined appropritely, M and N also satlsfy the requirements for
elactromagnatic fields, They are therefore called vectar spherical harmonics @ by analogy
with £na (scalar) spherical narmanics & encountared throsghout mathematical physics.

It Is @ stralghtforward exercise to obtaln the solutien te the scalar wave eguatlon. Singe
the particle s assumed to have spharical symmetry, spharical codrginates are the obvious

choice far the coorginate system in which to exprass V- . Incidentally, It Is evident that
the scattering proglem for other particle shapes could concelvably be solved by, af this
Juncture, choosing a coorginate system in which the paricle shape assumed a particularly
simpde farm. RETUMIng now to the spherical problem, a straightforward separation of
varlables in the spherical wave equation iImmediately yields a genaral solution

]
z [AM" cos{ma) F™ (cos @)z, (kr) + B sin(md) B™ (cos 8) 2, (kr)], (8)

g[“'li

where ™[} are assodated Legendre polynomials @ and zp,(z) are spherical Besse

munctions @, This Infinite series still does not solve the problem, however. The difficulty Is
that the baundary canditicns are spedified In spherical coordinates {In keeping with the
symmetry of the particle), but the Incident wave s planar and s still given in Cartasian
coordinates. [n order te axprass the Incldent wave and boundary conditions In the same
coordinate system, It s therefore necassary to either expand the plana wave In vector
cal h =@, or the sphara boundary conditions In appropriate Cartesian

tes, @ The conventional although by no means trivial approach |s to expand the
plane wave In vector spherical harmonics @, The calculus @ becomes quite Involved, so
anly the selution will be quoted here. The dasired expansion of the complex plane wave
fdenoted E. ) In terms af spherical harmanics turns out to b2 given by

i o0
2 LML B M AL N AL NG ) 9

m=—{ =l

If the plane wave Is polarized In the x-direction and maoving alang the z-axis, then only
m = 1 contributes, so the expansion becomes

o 20+ 1 Mzt N ()
E rr[n+'|} iNL ) e

A few words on Mie Il

Tha combinatian of vactar spherical harmaonics @ occurring In this axpansion can b2 split
into twao scalar components, each of which contalns a spharical Bessal function of the first
kind. The Initial fleld outside tha sphare 5 now Knowmn,

Two additlonal flelds must be computed: the scatterad wave gutside the sphere, and the
wave produced inside the sphere Itself. Bath are similar to the expansion af the Inddant
wave In form, but the scatterad wave outside the sphere Involves spherical Hanksl
functions of e first kind @, while that Inside Involves spherical Bessel functions of the

Irst kind ¥, The reasan for this apparent asymmeatry Is readily explained. The Hankal F I h 1 I
funcrigns @ are linear combinatons of the Bassal functiens of tha first kind @, which are Or pure y Sp erlca
singular at Infinity, and Bessel functions af the second kind [also Known as Waber ar

Maumann functions), which are singular at the origin. It is because of the Bassal runcoon a rtiCIeS a n
aof the second kings' unphysical singularicy at the arlgin that tha Interior wave must be p b]

oHmposad only of Bessel functlans of the Tirst kKing

Tna boundary conditions require that the transversa compenents of the total electric and an alyt I C aI S o I u tl O n

magnetic flalds {egual to the sum of Incldent and scatiered figlds minus the Interior flekd) . ar .

a2qual zere at the surface. The flelds determined above are now Insertad Into the t d b g th
boundary Conditlons, and four expressions obtained, one for each component of the eXIS S escrl In e
internal and scattered fields, However, If the permeabllity of the particle and medium are

lgentical, then the Tour eXpressions reduce t only two, TNe seres of CoNsIants obtamed Scatte r| ng CrOSS'

are denated ay, and b, . Thesa expressions, in slightly simplified form, are given by

Geody and ¥ung (1989}, By defining supplamentary functions m,(z) and r,(z), the E SeCtlon (derlved |n
and H flelds may be axpressed In reasonably concise form. Fram these expressions, the

ST TN 5, Sar &, 2re aly commed | ' terms of Bessel and
S Legendre functions)

518 = E Yy l}lllnf.,l:ﬂlhrﬂ] + by T [ 008 H]] 111]
[12)

5 g
Sal#) 2 +1 cos ) + iy T cost]]. 113

2 o0
= z!{'_!n + 1R, + by) [14)

[1%]

s . .
=Y (2n+ 1)(jan® + |balf.
=

sl

whera eguation (1 It form of Goody and Yung's {1939) emoneaus agquatian
[7.67a). The effort rEﬂuIre-:I III obtain thase solutlons was sul:ustantlal Indead. Howewvear,
an analytlcal salutlon to the scattering problem s now Known. Unforiunataly, the infinite
sarles which must be evaluated exhiblts inconveniently slow convargance. In fact, to
aibtaln accerate results for a sphere with a size factor

L ., Accuracy is larger for
smaller size particles

=

approximataly x terms must be evaluated. Practlical evaluation of these serles must
therefore be undertaken with the ald of computers. Even then, however, a calculatan
using the Mie theory as currently formulated becomes less and less practical for ¢ 3= 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. Extinction 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.. = %2(3” +1)Refa,+ 5.},
(f{‘f‘)‘ nal
(2)

where £ = 2n/h (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

——= Diraction of incident light

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

=ssion for the particle polarizability e

(1)

with the compleX e=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 Frohlich frequency where the de-
nominator shows a minimum, limited by the imaginary part
of e 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 k., measure of absorption and scattering
strengths collectively) by the following equation (Kreibig and Volimer, 1995):

_ 18mNTe}? &
. A [e2 +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 dielectric constant of the surround-
ing medium, The terms &, and &, represent the real and the imaginary parts of the
dielectric constant, &, 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
to a vanishing denominator. Hence, a surface plasmon resonance absorption is pro-
duced at optical frequency w at which the resonance condition g, = —2e, is fulfilled.
he size dependence of the surface plasmon resonance comes from the size depen-

cdrelecinic constant £ of the metal. This is often described as the intrin-
si¢ size ef’fect {Link and El-Sayed, 2003). In the case of noble metals such as gold,
there are two types of contributions to the dielectric constant of the metal: One is
from the inner d electrons, which describes interband transition (from inner 4 or-
bitals to the conduction band), and the other is from the free conduction electrons.
The latter contribution, described by the Drude model (Born and Wolf, 1998;
Kreibig and Vollmer, 1993), is given as

2

(1]
Bplw) = | — ——t— (5.2)

w? + Fyw

where w, is the plasmon frequency of the bulk metal 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, y 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 r. This dependence of vy on the parti-
cle size introduces the size dependence in g5(w) [thus &, in Eq. (5.1)] and, conse-
quently, in the surface plasmon resonance condition,

Fisica delle Nanotecnologie 2007/8 - ver. 6 - parte 6 - pag. 46



Scattering by metal nanoparticles Il

er-order (such as
quadrupoar cha distortiorrof comduction electrons becmnes important, as

shown in Flgure 5 4. These contributions induce an even more pronounced shift of
the plasmon resonance condition as the particle size increases. This effect for the
larger size particle is referred to as the extrinsic 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 intensity 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

Wanvedanath [pim)
215 1 05
2] 77T e Colioidal absorption | 14
| +— Mie theory .
1.04 »— thin fiim absorption {12 __
e : o
5 s
@ 089, e
8 ol T
] 5 06 oy _§
o
g 044 2
=
. 02 8
004 {
s 10 1.5 d“ 25 JCI 35 E':l ‘1‘- 50
o 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 aqueous solution of 30-nm Ao 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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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 can be explained using a classical di-
~ _electric picture. The light absorption by metallic nanoparticles is described by co-
herent oscillation of the electrons, which is induced by-interaction with ele
magnetic field. These oscillations produce surface t should be
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
(e.g., nanoparticles), plasmon oscillations are localized and thus not characterized
by a wavevector k... To make a distinction, the n-medes in metallic nanopar-

ticles are also sometimes referred to as hese localized
¢ nanoparticles, with the specific ab-

plasmons are excited by light absorption in
sorption bands being referred to as plasmon bands. To excite these localized plas-
I - Cd ire (] D

mons in metallic nanostructures, n ] :
itati ectric interface, is required. The spe-

cific wavelengths of light absorption producing plasmon oscillations are called sur-
face plasmon 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 otndi nan
Such field enhancement has been used
other application presented by the me

magnetic wave through a dimension of nanometers in cross section, much smaller
than the optical waveguiding dimension.

Metal

E;-;—iiclql_,f-g“‘rn\_
A | Ld
Pasle

4 ] 1 " o118 . o - e ¥ ro [\ _]'l\ el ;“_
Figure 5.3. Schematic of plasmon oscillation in a metal nanosphere. From Ke 3

(2003), reproduced with permission.

® For metallic nanoparticles significantly smaller than the wavelength of light,
light absorption is within a narrow wavelength range. The waYelength gf 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 pla§-
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 shoyvs a
red shift. Figure 5.1 illustrates these features for a series of gold nanoparticles
of different sizes.

Wavelength A/nm

350 400 450 500 550 600 650 700 750 800
I L B e B AR M o SN
1.0 .
0.8 Gold nanoparticles
8
] ~
g 06 F
8 T
L e Sy
oar NS
0.2 .

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

Fisica delle Nanotecnologie 2007/8 - ver. 6 - parte 6 - pag. 48



Optical behavior of metal nanoparticles Ili

The origin of these shifts isnot due to quantum confinement_The quantum con-
finement does affect the energy spacing o

¢ various levels in the conduction band.

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

properties of the metal and is often used to describe the metal-to-insulator transition R ed S h | ft (0] b serve d al SOaAas 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 1on Of t h e environmen t

conduction band is significantly less than the thermal energy, T (k is Boltzmann’s
constant and T is the temperature in kelvin), and the particle exhibits a metallic be-

dielectric constant

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
electron) is more than the thermal energy, an insulating behavior results because of
the presence of these discrete levels. However, the energy level separations are still
too small to affect the optical properties of metals in the UV to the IR range.

Color depends on
particle size, features
of the sorrounding
dielectric and
interparticle spacing
(collective interparticle
effects!)

[ —

Au nanoparticle core surrouncjed by SiO, shell
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Figure 6. (a) Normatized reflectance Specira L@ Si0, (gold concentrically coated b
sifica) films as a funciion of the yolume fraction < of Ad. ward,

¢ for each curve, respectivi

particle spacing.

Cis .01, 0.05, 0.10, 0.20, 0.30, 0.40, 0.50, 0.60, 0.70, and
d absorbance of a series of Au@ 5i0. films as a function of
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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

SERLIRGI

— Molecules

0‘%} o (i)c@g& o 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

Albert Potman see,eg., photonics performance of various devices

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

B. Interacting particle ensembles as a basis for
applications of metal nanoparticles in optical devices

e

C

Advances in particle synthesis and fabrication tech-
niques (for example, Refs. 22, 27, and 28) have recently
allowed for studies of ordered arrays of noble-metal nano-
particles. In such arrays, each nanoparticle with a diameter
much smaller than the wavelength h of the exciting light acts
as an electric dipole. Thus, two types of electromagnetic in-
teractions between the particles can be distinguished, de-
pending on the spacing d between adjacent nanoparticles.
For particle spacings on the order of the exciting wavelength
\. far-field dipolar interactions with a d~' dependence domi-
nate. Work on regular two-dimensional arrays of Au nano-
particles has indeed confirmed the existence of such interac-
tions, and quantified their influence on both the spectral
position of the collective dipolar extinction peak and the
plasmon damping characteristics.” Figures 3(a) and 3(b)
show an example of the dependence of both extinction peak
and plasmon decay time on the grating constant d for a regu-
lar square array of 150-nm-diameter Au nanoparticles. Both
the variation of the spectral position and width of the reso-
nances can be explained by assuming far-field dipolar
interactions—the ensemble acts effectively as a grating, lead-
ing to increased radiation damping of the collective reso-
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
resonance.”

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

extinction [arb. units]
energy (eV)

1 1 1 L
700 7500 BOO SO

wavelength [nm]

decay time [fs]

) ' L )
450 500 550 G0
prating constant [nm]

For pafticle spacings much smaller than the wavelength
of light/near-field dipolar interactions between adjacent par-
ticles/vith a distance dependence of 4~ dominate. ™! These
stighgly distance-dependent interactions lead to a splitting of
e plasmon dipolar peak for regular one-dimensional arrays
of metal nanoparticles as seen in Fig. 3(c) for ordered arrays
of 30-nm Au particles. The spectral position of the extinction
peak for far-field excitation shows a blueshift for polarization
perpendicular to the chain axis (T), 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 microsccw,?\2 confirming a strongly en-
hanced field between the particles [Fig. 3(d)]. indicative of
near-field coupling.

)

214 T T T
2124 e . T J FIG. 3. (Color online) (a,b) Measured
T ek extinction spectrum (a) and plasmon
2404 . decay time (b) for regular two-
S dimensional (2D) square arrays of Au
2.08- o J nanoparticles (adapted from Ref. 29,
L copyright by the American Physical
2,06 If S ] Society). Both the spectral position
o~ and the decay time of the collective
2 4 . J dipolar plasmon mode show a marked

variation with grating constant due to

far-field dipolar interactions. (c) Mea-
sured spectral position of the collec-
tive of one-
dimensional arrays of closely spaced
Au nanoparticles for longitudinal (L)
and transverse polarizations (T). Also
shown are results of a simple near-
field point-dipolar coupling  model
(solid lines) and finite-difference time-
domain simulations (stars). (d) Optical
near-field around such a chain ob-
tained using collection mode near-field
optical microscopy (left) and numeri-
cal simulations (right), adapted from
Ref. 32.

Maier, Atwater, JAP (2005)

P lasmon  resonances

j msﬁnaﬂy

4 0.4

-8

-
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One application of near-field coupling between particles
in ordered arrays is the use of such structures as waveguides
for electromagnetic energies al optical frequencies with a
lateral mode profile below the diffraction limit of ]ight.ﬁ'ﬂ
Indeed, it has been shown both thﬂomtical]}'34 and
experimema]]j,'y\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 Il

Final goal: surface plasmon nanophotonic waveguides

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

____‘a.._-_.'_q:—LlL.:J B D N e e
P00V F0 FENVAM TLDr 4B 0

Plasmonics: energy transfer Eﬁétéﬁc integrated circuits on silicon
and confinement of light Plasmonic
below the diffraction limit

Plasmon waveguides can

break the miniaturization

limits imposed by optics

(with the side advantage
of integrability)

!
19

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 nanoparticles with relatively
controlled shape and size (issue well established for catalyst fabrication!)

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

I:1 Ratio 1:5 Ratio I Thermal Removal of Polymer Cap
Cubes with {I'D{I} faces Terrahedra with {111} faces
T & -.' : 1 '-.'4.. : .ﬁ,"fil
[ 1 1-...!I #
gy : Wi et
. ealds, » ':". '
!l'h : "
. J & " ',I-E' ;
o

FIGURE 1 Plannum nanoparticles synthesized in colloidal solution
and having different shapes (11-nm cubes on the left and ~7-nm
tetrahedrans on the right) & The potential use of these nanoparticles
for different types of catalyses drives our research interest in these
particles. Do these different shapes have different catalytic proper-

Abundance ( % )

- As pect Rﬂtlﬂ

Il ES? i [ Mt i Gonsege-5 _
: LI 1 A e 7
b1 s U
a g Sy
4 5 RYEE
< : /\ an
N l 7 AWA \
. e
JLUMESd NUMBER 4 bl w0 w0 1000 ang C T R TR
Some Interesting Properties of ' ACCOUNTS Wavelength () wavetengt o
. Metals Confined in Time and —of — FIGURE 3. (a) TEMimage of gold nanorods synthesized electrochemically in micallar solution®® under the best conditions. (b) Size distribution
For details see, €.9.,: Nanometer Space of Different CH[-M ICAL of the nanorods. (c] Absorption spectrum of these nanorods. (d) Simulated spectra of nanorods of different aspect (length to wicth) ratios.

Shapes RESEARCH'

MOSTATA & BT _QAVED*
APRIL 2001
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An example of preparation method

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

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

Frequently, thiol molecules (SAM, we will see
more on them) are used to stabilize Au
nanoparticles in solution
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4. An emerging technology: photonic crystals (a few words)

€

Second
allowed

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

Firs A 2! ~ the appearance of energy gap for the electron
allowed .
barid | | wavefunction
|

| 1

n 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)

important result is that there is an enérgy gap of width E;, meaning that there -are
POSSIbIe Interpretatlon for 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

the gap occurrence. by a distance 4 containing the atoms of the lattice. The path difference between two
B ragg -like interference 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 5in © is a half-wavelength,
1 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

Already seen in DBR: of the electrons,

Radiation and particles
do behave similarly!!

Eqg. Schroedinger --> eq. Helmoltz

2 @’
VH(r) + 5[—07]H(r} =10
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Photonic band gap crystals |

Equivalent crystal representations: by

r+R. |
QO
CQOpP OO |
. . . . . raeiprmf“attma See http:/nccr-gp.epfl.ch/gpproject9.htm
(1* Brillouin zone)
T

) O (F+R,,)=e e @ (F)

b, E‘ -5,=2%-8,}

5(F) = &(F +R,,) o, (k) = o (k+G,,)

primitive lattice vectors k c I"BZ.:

—,

R,, =m-a +n-a G,, = p-b, +fi"f’_l-
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).

« Exhibits wavelenath regimes where
710 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

=
o

o
~
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]

wlevaddogants

TM PHOTONIC BAND GAP C.P.Poole F.J.Owens

_: Introd. to Nanotechnology
(Wiley, 2003)

e
@

=1 LLENRARANRRRANE LEAN LR

FREQUENCY ({fa/c)
[ ]
'S

o ©
-

o

WAVE VECTOR (K)

A simple 2D PC (reg. array o .
i ] ) Figure 6.31. A part of the dispersicn reiationship of a photonic crystal mods, TM, of a photonic
Of d ie | e Ctrl C Cyl N d e I'S) 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 5 Hiotas
removed (or created) 5
. B 2
Waveguiding effects =
-. | I0.1I - 101.21 - JO?SI - IUll.él-I - I0.5
Integrated waveguides with HASIEEE PR
no minimum bending e i S L il s 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 Il

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
the 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

Meniscus

Colloidal
™, suspension

Silicon water
Silicon water

Temperature|
gradient

Figure 9.13. Vertical deposition method for crystallization of colloid:
duced with permission from Joannopoulos, J. D., Nature 414, 257-258 (2

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

Huge interest in
developing economic and

Transmittance [%]
& 8 8
‘—hh___\_‘_hz‘-
Reflectance [%]
& 23

L - .
2| . of I reliable methods for PC
W oL \“\%m mass fabrication
440 460 480 500 520 540 580 580 600 450 500 550 600 650 TOO
Wavslength [nm] 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.

Fisica delle Nanotecnologie 2007/8 - ver. 6 - parte 6 - pag. 59



Examples of PCs Il

See MRS Bull. 26 (Aug 2001)

Figure 5. A scanning electron
micrograph of a 3D photonic crystal.
This structure was assembfed by
sedimentation of monodisperse
colfoidal silica on a template, thus—

forming an fcc structure. Subsequen thy;
molten selenium, which has an index
of refraction of 2.5 in the near-infrared
and very fow absorption, was imbibed
into the interstitial space, and the

silica was etched away to produce

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

Open question: 3D PC?

Figure 4. Scanning electron micrograph of a periodic array of silicon pitlars fabricated using
deep anisotropic elching. The silicon pillars are 205 nm in diamefer and 5 um tafl. 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 outpuit

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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