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Introduction to the topic

Optics (in the visible, A = 400—700 nm )
vs nanotechnology (dimensions typ. < 100 nm)
Different dimensional scales!!

But:
-Semiconducive nanostructures (e.g., MQW, QD)
are essential for providing peculiar optical features
exploited, for instance, in diode lasers

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

- Nanostructured materials can “manipulate”
radiation (e.g., photonic band gaps, near-field optics
(we will see more on that!))

Hundreds of nm Tens of nm
Confinement of Photon Confinement of Electron

ny /
Na

Table 1.1. Nanophotonics

[ Nanoscale optical science and technology J

Nanoscale confinement Nanoscale confinement Nanoscale
of radiation of matter photoprocesses

Optical planar waveguide Quantum well
Optical fiber Quantum wire

- \./ E
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.

Da P.N. Prasad,
Nanophotonics,
Wiley (2004)
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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 will be treated elsewhere

Major issues

“Conventional” (heterostructure) diode lasers vs “nanotechnological” lasers
(e.g., DBR, QD, VCSEL, ...) exploiting quantum 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 nanostructured
samples (e.g., photonic crystals)
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1. How to build a diode laser (or a LED)

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

f /

; \ 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)

Waveveclor k

Fig, 2.10. Electronic band structure of Si calculated by the pseudopotential technigue. The

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

Bulk semiconductors can be hardly
Da Yu and Cardona . ) .
Fundamentals of Semicond. used in optoelectronics devices
Springer (1996)
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Semiconductive heterostructures

AlLGa, ,As  GaAs
hY
- Heterostructures(superlattices): sequence
of layers made of semiconductors with
______ different gap energies
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ehh3 Fig. 9.1. High resol T " ety . S ; : . : PR ST .
s ig. .1 High resolution transmission electron 1111L|ngr.tph (TEM) showing a GaAs/AlAs
(b) superlattice for a [110] incident beam. (Courtesy of K. Ploog, Paul Drude Institute.
> Berlin) In spite of the almost perfect interfaces, try to identily possible Al atoms in Ga
sites and vice versa
Figura 11.31

Schema di un superreticolo formato con Al;Ga; . As/GaAs (c=

reticolare nella direzione z).

Da Bassani Grassano,
Fisica dello Stato Solido,

Boringhieri (2000)

na+ mb & il parametro

Heterostructure growth through MBE
--> Lattice matching (pseudomorphism)
--> strain/stress

--> critical thickness (and dislocation)
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Quantum Well |
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nement; hence they are given by the model of particle in
ox. The electronic energies in the other two dimensions

; are Tiot discrete and are given by the effective mass approximation
discussed in Chapter 2. Therefore, for E < ¥, the energy of an electron in the
conduction band is given as

PR RE R
8m*1? 2m*

Eppeor, = Ec “.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: n¥ 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 &, and &, 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 # is called
Thus n becomes a sub-band index. Figure 4.2 shows a two-di-
mensional plot of these sub-bands.

® For £>V, the energy levels of the electron are not quantized even along the 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.

. ;@. 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 lh and the
other to hh.

® Because of the finite value of the potential barrier (V # «), the wavefunc-

tions, as shown for levels # = 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 the interband tran-
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

In addition, there is an excitonic transition below the band-to-band transition.
These transitions are modifications of the corresponding transitions found for
a bulk semiconductor. In addition to the interband transitions, new transitions
between the different sub-bands (corresponding to different » values) within
the conduction band can occur. 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)

h2
Eff=(Ec—Ey) + W(

1

me

1

my

(4.2)
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Da Yu and Cardona Conflnement Of hOIES

Fundamentals of Semicond. -10
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 snherical 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 example
of hole subbands obtained by such calculations is shown by the solid curves in
Fig. 9.6 for a GaAs/Gag7Aly3As QW with well widths of 100 and 150 A [9.18].
The labeling of the bands suggests that they arise from either the heavy hole
(HH) or light hole (LH) bands of the bulk. We shall see that, strictly speaking,
this is not the case since the bulk valence bands are heavily mixed by V(z2).
These subbands can be qualitatively understood in the following way.

" Let us assume that the spin—orbit splitting of the hole bands is so large that
only the J = 3/2 heavy (J; = 3/2) and light (/; = 1/2) hole bands need be con-
sidered. Furthermore, the axis of quantization for J is chosen to be along the
growth direction. Their dispersions in the bulk crystal can be calculated from
the Luttinger Hamiltonian ¥, in (2.70), to which the confinement potential
V(z) must be added. As we saw in Sect. 4.2.4, the cubic term, proportional to
(y3 — ¥2), is small in most zinc-blende-type semiconductors. For simplicity we
neglect this term and further assume that the Luttinger parameters are identi-
cal in the layers A and B. With these simplifications, the hole Hamiltonian in
a QW becomes

How = LAANTS +5~£ V-2 L vn L vy A} +V(2).(9.14
QW= \2m 71 2 Y2 \"r ox Yay = “foz 2)-(0-14)

The Schrodinger equation corresponding to this Hamiltonian is not separa-
ble because of the terms J,J,(3/dx)(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

“Light” and “Heavy” Holes states appear

-20 S
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Fig. 9.6. Hole subband energies in a GaAs/Gag7Alp3As 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
ky). With this assumption the Schrodinger equation becomes separable into
two equations as in (9.6). The Hamiltonian for motion in the z direction be-
comes

2 2
(%) [(Vl + %) — 2y213] (%) + V() (9.15a)

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 sec
later) behaves, for the purpose of calculating the confinement properties with

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

thz)—l = (r1 ~ 2r2)/m, (9-16a)
while the J, = 1/2 state acts as if it had the lighter mass my,
l (mi)™" = (y1 + 2y2)/m. - (9.16b)

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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Quantum Well I

® Another major modification, introduced by quantum confinement, is in the
density of states. 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 E12.
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¥*/x? 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 n (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 i icini
of the bandgap is relatively large compared to th f emiconductor for

which D(E) vanishes. As is discussed below, a ma anifestation of this modifi-

cation of the density of states is in the strength of obtical transition> A maior factor

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 considerably enhanced for a quantum well compared to a bulk semicon-
ductor. This enhanced oscillator strength is particularly important in obtaining laser
action in quantum wells, as discussed in Section 4.4.

vIInterband transition energy is no longer E;,p
vIntraband (intersubband) transitions available

DOS

Bulk Quantum well  Quantum wire Quantum dot

Density of states

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 ' i
Absonl'ption Luminescence

i o I |

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

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

Il calcolo dell’energia di legame degli eccitoni pud essere effettuato in modo of exciton formation due to confinement of

analogo a quello delle impurezze nei semiconduttori se le bande di valenza e di electrons and holes in the same layer
conduzione sono sferiche e non degeneri. Analogamente a quanto visto nel cap. 11,
st ricava che i livelli idrogenoidi (riferiti alla cima della banda di valenza) hanno
energie date da: '

ast 1 Hydrogen-like energy levels! GaAs Buffer MQW Layer
Bn=Eg— —— —, (12,107) S
2Rg2 m
ove n & il numero quantico principale, ¢ la costante dielettrica, e u la massa Ep |} Ey
ridotta del complesso elettrone-buca -
l=~1_*+L*. (12.108) ﬁ/
Ho Mg my E A
Nei semiconduttori abbiamo visto che e ~ 10 e p = 0.5m., per cui I'energia % "g
di legame degli eccitoni sard dell’ordine causa della £ E, g
grande costante dielettrica I'eccitone & dunque debolmente legato e la distanza _g =
media elettrone-buca & dell’ordine di decine di distanze reticolari. Un eccitone g .
con queste caratteristiche & chiamato eccitone di Wannier-Mott, e ne discuteremo E E,
Electron and hole system bound by

Coulomb forces L

@ | 1 L L | | | 1 L |
1,46 1,50 1,54 1,58

Exciton behaves like an hydrogen atom Foto Energia (aV)
(bUt for Some deg en eracy removal! :'lili.l;mﬂso:i'z?mitonica da un pozzo quantico (Q.W.) GaAs/Ga; _ _AlAs e dal substrato
. GaAs a 12 K. B, indica la posizione dell’eccitane nel substrato, By, ed E|; gli eccitoni
e.g . ||g ht and heavy hOle StateS) di buca pesante e di buca leggera nel Q.W. Per confronto # riportata anche la mifiettiviad. [I

picco di buca leggera compare soltanto ad alte temperature in fluorescenza, mentrs & visi-
bile in riflettivitd. (Da Y. Chen, R. Cingolani, L.C. Andreani, F, Bassani e I, Massies, Il Nucvo
Cimento D16, 847 (1988)). 1g. 9



A superlattice i3 formed by a periodic array of quantum structures (qugntum wglls,
quantufft 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 tl.le g.rowth (confine-
ment) direction. This type of multiple quantum wells is shovs.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.

e mnteraction among the quantum wells, one can use a perturba-
tion theory approach similar to-treati g identical interacting particles with degener-
ate energy states. As an example, let us take two quantum wells separated by a large
distance. At this large separation, each well has a set of quantized levels E, labeled
by quantum numbers n = 1, 2, . . . along the confinement direction (growth direc-
tion). As the two wells are brought close together so that the interaction between
them becomes possible, the same energy states £, of the two wells are no longer de-
generate. Two new states £,* and E, result from the symmetric (positive) overlap
and antisymmetric (negative) overlap of the wavefunctions of the well. The E; = E,
+A,and E; =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 » (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 in-
teractions 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 quan-
tum well limit, the width of such a miniband is 4A,, where A, is the interaction be-
tween two neighboring wells for the level ». This result is shown 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, ,Ga, sorxs~(barrier);-each-of width 9 nm. For this system,
the miniband energies are E; =26.6 meV and E, = 87 meV;\with the respective

idwidth of AE, = 2.3 meV and AE, = 20.2 meV (Barnham and Vvedensky,
2001). As expia aoove;-the-higher-energy miniband (E;) has a greater band-
width (AE,) than the lower energy miniband (AE)).

Multiple Quantum Wells

Z A
GaAs
AlGaAs
d E--
AlGaAs GaAs
Substrate
10, 4, .
- r4
d=d,+d,
a b

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

E jr
E, AE,
E, AE,
E.l-
AlGaAs GaAs
D
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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{stugeered)

Imisu‘:grmh

WE,| >

Kinds of MQW

B A B A
Al | typ. thickness > 2 nm
—i BT Most relevant configuration: electrons and
By B N holes are confined in the same layer
Y — Most favoured for exciton formation
AE,
e.g.. A=GaAs (E , ~ 1.4 eV, lattice 5.653 A)
" e , B=AlAs (E,; ~ 2.2 eV, lattice 5.62 A)
| typ. thickness <2 nm _
- or B=Ga, Al As (x typ. < 0.3)
Esn . Table 4.1. Semiconductor Material Parameters
=
Periodic Bandgap Bandgap Exciton Exciton
£y Table Energy Wavelength ~ Bohr Radius Binding
. Material Classification (eV) (pm) (nm) Energy (meV)
_____ o N R Cucl 1-VII 3.395 0.36 0.7 190
cds VI 2.583 0.48 2.8 29
CdSe 1-VI 1.89 0.67 49 16
GaN n-v 3.42 0.36 2.8
" y GaP m-v 226 0.55 10-6.5 13-20
InP m-v 1.35 0.92 11.3 5.1
Egn AT GaAs n-v 1.42 0.87 12.5 5
4 | AlAs -V 2.16 0.57 42 17
————— s o Si v 111 115 43 15
Egn j{* Ge v 0.66 1.88 25 3.6
F ; 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
Fig. 9.3. Schematie diagrams of three arrangements of the conflinement  PbS IV-VI 0.41 3 18 4.7
AIN m-v 6.026 0.2 1.96 80

holes in MOWSs and superlattices formed by two semiconductors A and

Ewy and £, respectively. In type 1 samples both the clectrons and holes are conlined
in the same layer A, The energies ol the confined particles are represented by red lines.
In type ITA systems the clectrons and holes are confined in different layers. Type 1B
samples are a speetal case of type 1A behavior. They are either small gap semiconductors

or senumetals
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Da Yu and Cardona

Fundamentals of Semicond.
Springer (1996)

Energy gap at 4.2 K [eV]

Fig. 9.2. A plot of the low temperature cnergy bandgaps of

4.0

1.0

0.0

/El'\‘k/,v—’/. ZII“ _:.\\"}HH_RSC

A]P (.‘Lju '\._Vlll[]_ql.l.L’
®
GaP
CdTe
Si
InSbh
4 5.6 5.8 6.0 6.2 6.4

Lattice constant [A]

Alloys (Plenum, New York 1995) Plate [

6.0

Stable alloys

8- 2 : a number ob senuconduc-
tors with the diamond and zinc-blende structure versus their lattice const

regions highlight several families of semiconductors witl

ants. The shaded

1 similar lattice constants. Semi

conductors joined by solid lines form stable alloys. [Chen A.B., Sher A Semiconductor

A wide choice of semiconductors
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Figure 1. Fundamental bandgap versus
basal-ptane lattice constant of nitride
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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 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

mlﬁ'.y L'H-Eﬁl L

T,

e

Active Medium

¥

Dutpust Coupler
R=80%

]

i

]: Inprut Godipbar
‘ i § R @ 100%:
1 [

Figure 4.16. The schematics of a laser cavity. R represents percentage reflection.

If gain is large, coupler 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 Barer Layer Substrate 1asing Wavelength (nm)
InGaN ' GaN GaN 400-450

InGaP InAlGaP GaAs 630.650

GaAs AlGaAs GaAs 800-500
InCiaAs GaAs GaAs 9001000
nAsP InGaAsP i 10601400
InGaAsP InGaAsP InP -~ 13001550
nGaAs - InGaAs? P 1550

InGeAs InP ijly 1550
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“Conventional” (heterojunction) diode laser

Inn the case of a semiconductor quantum well laser, the active medium is a nar-
row bandgap semiconducior je.g., GaAs) that is sandwiched between a p-doped
{excess holes) AlGaAs and an n-doped (excess clecirons) AlGaAs barrier layer.
However, in most sermiconducior Jasers, the doped lavers of AlGaAs are separated
from (GaAs by a thin undoped layer of same composition AlGaAs, The cavity is
formed by the cleaved crystal surfaces that act as reflectors, The general principle
for the semiconductor lasers can be illustrated by the schematic shown in Figure
417 for 2 double heterostructure semicanductor laser, The ohemic comacts on the
top and bottom inject electrons end holes into the active region, which in this design
I8 significantly thicker (=100 nm) than 2 quantum well. The electrons and holes
combirte in the active region (CGads in the present case) 1o emit a photon. The
threshold current density (current per cross=sectional area) is defined as the curment
density required for the onset of stimulated emission and hence lasing. At this cur-
rent density, the optical pain produced in the mediom by stimubited emission just
balances the optical Joss due to various factors (g, scattering, absorption loss,
etc.}. A thick active layer in the double heterosiruchure also acis as & wavegusde to
confing the optical waves. The oufpul emerges from the edges, hence this configu-
ration is also referred to produce edge emitting laser action.

The case of & quantum well laser, where a single quantum well of dimensions
<10 nm {depends on the matenal) is usad as the active layer, is referred to 3z 3QW
{single quantum well) laser. This thickness is too small 1o confine the optical wave,
which then leaks into the confining barvier region. To sinulanesushy confing the
catriers in the quantom well and the opfical wave around i1, one uses a layer for op-
tical confinernent in which the quantum well is embedded,

MQW frequently used as the active
medium in order to enhance amplification
(and reduce the threshold current)

|4——-- 200 pm —I-|

__,_:,‘._:."' g
: E:;QA;;- S i £ﬂ g
CaVity A1GE.{E’\S i .. fl # 3 ¢
Gahs _;_—?
Gals substrate / K:._.,
free spectral range for a
plane-parallel cavity
Av = c/2l

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

Conventional semiconductor laser:
Light is generated across material’ s

band-gap
—> __ com g

diode
laser:
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C.P.Poole F.J.Owens
Introd. to Nanotechnology

(Wiley, 2003) L
p - metal GaAS
A=1.32pm
; 2 um Al g5Gag 15AS S0
v QD
2 um Alg gsGag 45As T
" 1900 A
Alg g5Gag 15As - e
. 300 A
Waveguide Alg 05Gag gsAs |- o=
» GaAs |

Ing sGag sAs QD

Figure 9.24_. Schematic illustration of a quantum dot near-infryred laser. The inset at the bottom
shows details of the 190-nm-wide (Al 3-Ga, 1sAs cladded) wayeguide region that contains the

12 monolayers of IngsGag 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
Aly 35Gay, 15 As cladding or bounding layers that surround a 190-nm-thick waveguide
n_mde of Al;osGaggsAs. 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 IngsGag sAs 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 L¢ and the width W varied
omewhat from sample to sample, with L. = ranging from 1 to 5Smm, and W varying
etween 4 and 60 um. 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 |: QD

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

Da P.N. Prasad,
Nanophotonics,

::‘i itey (2004)

-

2

Output Power [mW]
8

3

N S

600

[=]

0 200 400

Pump Current [mA]

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

QD lasers appealing for enhanced gain (but
fabrication of QD arrays is far from obvious)
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see Mrs Bul. 27 uy 2002y Nanotechnological” diode lasers II: VCSEL

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

| w2 oM ossst different refractive index and highly
controlled thickness

Cavity

- 0.680 .oty ) )
o280 980 1000 1020 1040
. g 20 periods
@ a 4
mLH % . -
' bilayers f p-type contact
0.0 -
1.0 output light aperture r pdoped DER (output coup e
[ 5 periods
20 . oxide or implant layer with
_____ LIV gain layer n 2-30 p.m current aperture
i A . A
i I P . N 800 1000 1200 Fy
Figure 1. {a} Distributed Bragg reflector (DBR) structure using a high-refractive-index Wavelength (nm)

quarter-wave layer on the subsirate foflowed by m low-index/high-index (LH) quarter-wave
bilayers. (b) Relative phases at the DBR surface of light rays reflected from each interface
within the DBR structure. The minus sign indicales the 180° phase shift that occurs upon
reflection 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 retums to the DBR surface
shifted by exactly 180" in phase. All reflecied eleciric fields thus add constructively to give
a high net reflectance for the DBR, even if individual interface reflectances are smalil,

n-doped DBR

Figure 2. Reflectance spectrum in air o
of a 1000-nm GaAs/AlAs DBR for

20 periods and 5 periods {lower

two plols). Dashed lines show the
reflectance from a bare GaAs substrate.
Top plot shows the high-reflectance
region of the 20-period mirrar near the
Aasian wavelengih.

The laser cavity design discussed so far is that of an edge-emitting laser, also l
known as an in-plane laser, where the laser output emerges from the edge. Howev- ) n-type contact
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- Vertl C al CaV|ty SU I’faCe Em |tt| n g L aser
larly popular geometry is that of a vertical cavity SEL, abbreviated as VCSEL. This
geometry is shown in Figure 4.20. It utilizes an active medium such as multiple
quantum wells sandwiched between two distributed Bragg reflectors (DBR), each

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 €s. . .
GaAs with refractive index ~3.5 and AlAs with refractive index 2.9, each layer be- - Su rfaC e emission fo rin teg ration In
ing a quarter of a wavelength thick. These DBRs act as the two mirrors of a vertical ;

cavity. Thus, both the active layer (InGaAs) and the DBR structures (GaAs, AlAs) (0] p to el ectronics ;

can be produced in a continuons growth process. e ” . . 20e c
An advantage offered by a VCSEL is that the lateral dimensions of the laser can S h ort” cavi ty . tem p . Stab I l Ity , O p tic al

be controlled, which offers the advantage that the laser dimensions can be tailored u al |t .

to match the fiber core for fiber coupling. An issue to deal with in VCSEL is the q y’ B

heating effect occurring in a complex multilayer structure, as the current is injected

through a high series resistance of the DERs.

Small overall size, low threshold
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“Nanotechnological” diode lasers Ill: 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)

yre | Ul

[ ¥s ™
convetional laser quantum cascade laser
. R ¢ In contrast to the lasers discussed above, which involve the recombination of
CB ® an electron in the conduction band and a hole in the valence band, the QC
QC- —» lasers use only electrons in the conduction band. Hence they are also called
laser: /\ /\/\/\ hy unipolar lasers.

ﬂ_- ¢ Unlike the quantum-confined lasers discussed above, which involve an inter-
— aver thickness band transition between the conduction band and the valence band, the QC
lasers involve intraband (inter-sub-band) transition of electrons between the
various sub-bands corresponding to different quantized levels of the conduc-

QC-laser: tion band. These sub-bands have been discussed in Section 4.1
Li ght i igned en ergy gc ® Inthe 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.

materials by design”,

bhand structure engineering and MBE

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

Fisica delle Nanotecnologie 2005/6 - ver. 4 - parte 5 - pag. 17



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 into

d by the interaction between wells, which haveultrathin (1-3 nm) b
layers. The active region is where the electron makes a transitionfrom-a-highersub-
band to a lower sub-band, producing lasing action. The electrons are injected from
left to right by the application of an electric field of 70 kV/cm as shown in the slope
diagram. Under this field, electrons are injected from the ground state g of the mini-
band of the injector to the upper level 3 of the active region. The thinnest well in the
active region next to the injector facilitates electron tunneling from the injector into
the upper level in the active region. The laser transition, represented by the wiggly
arrow, occurs between levels 3 and 2, because there are more electron populations
in level 3 than in level 2. The composition and the thickness of the wells in the ac-

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

level 1.

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

trons into a miniband of the adjacent injector, After relaxing into the ground state g
of the injector, the electrons are re-injected into the next active region. Each succes-
sive active region is at a lower energy than the one before; thus the active regions

INJECTOR

ACTIVE

~ REGION

Minigap \}

r INJECTOR

Miniband Iy
aiviNmi ACTIVE
r g 3 [ ~REGION
Minigap| ™

2
1 ” Miniband

55.1 nm 3l

A

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

AT W\/\aﬁgw

e iv]
1

Energy

/

Distance

Careful engineering and manufacturing of electron injector and
active layers allow to achieve an efficient cascade behavior
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Quantum Cascade lasers Il

Quantum design of QC-faser

J. Faist F. Capasso C. Siton, DL Siveo, J. N Batllargeon, 4. L Hufchinsan, 5. N 5. Chu,

and A. Y. Cho, Appl. Phys. Lett 68, pp. 3650-3652 (1996).

ACTIVE
| REGION

Py INJECTOR

(typically ~ 30)

1
Ll
=

NIBAN

/ 2 + layer thicknesses designed to
= . . . :
" =
0.6 ek N - provide population inversion
well and barrier ad N SRS
+ designed for tunneling transport
¥
55 .1 nm =

Lucent Technologies

Sell Labs nnovations

+ multiple QWs under external
applied electric field

+ band-offset = 500 - 800 meV

s ACTIVE through lattice matched or
P, REGION

strain-compensated n InP
+ 1 -100 active regions/injectors

O .

Key characteristics of QC-lasers

+ 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

h .
Room temperature, pulsed, single-mode
QC-DFB laser @ 2. ~ 4.65 um

4.67
'3
E assf .
= 10 & =
= AL
'@ AE3 454 488 452 10 %
L1 Wiavelength (bm) E
[ o
z =
o o481+
=
.""I.ll:l: “.]3 |_|J'Il
d.EE A B n 3 3 0 3 Al s 3 m 3 0 1 um 3 n 1 3§
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Temperature (K) Current (A)
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Wide wavelength-range of QC lasers

QC lasers cover
entire mid-infrared
wavelength range
(34-17 um) by
tailoring layer
thicknesses of the
same material

=
(W]
T
|

Optical power (a.u.)

3 5 ' 10 15
Wavelength {um)

Peak output power (mWW)

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

QC-/aser crystal grown by
Molecufar Beam Epitaxy (MBE)

Ultra high purity MBE is the key for
QC fabrication

" TEM / SEM image

Cross-seclion of @ few stages of QC-laser crystal  crystal growih one atomic fayer at a time

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

+ atomically flat layer interfaces _— =
Heterogeneous Cascades (multi-%. generation)
So far: ) —
H de: single stack of
omogeneous cascade: _/_l_ﬂ_'_\_ﬂ- 30 identical active regions & injectors =
c
Now: E
Stacked cascades: Interdigitated Cooperative N —
cascades: cascades: - - —
= =
ﬂ TEM by 5. M. George Chu e

Charge transport How to design
) : between stages? cooperation?
Dﬁemm electric - OK see next VGs!
field across sub-
stacks? - OK
Further implementations Ui e 0 y
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2. Quantum Dots and photoluminescence

4.1.3 Quantum Dots 5

Quantum dots represent t.he 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 artificial atom
because the electron is dimensionally confined just like in an atom (where an 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 /,, l,, and I.. The energy
levels for an electron in such a case have only discrete values given as

e G () (3]

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.

(4.7)

D(E) = ;S(E ~E) (4.8)

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 ap. 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 comparable 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 1s 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 -vII 3.395 0.36 0.7 190
CdS II-VI 2.583 0.48 2.8 29
CdSe II-VI 1.89 0.67 4.9 16
GaN v 342 0.36 2.8
GaP -V 2.26 0.55 10-6.5 13-20
InP -V 1.35 0.92 11.3 5.1
GaAs v 1.42 0.87 12.5 5
AlAs -v 2.16 0.57 42 17
Si v 1.11 1.15 43 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 IV-VI 0.41 3 18 47
AIN -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* “8 SiF 2 +H,

Fig.?: High-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 [227). )

y e — P

: %w Hydrogen surface passivation

con

Pt Electrede

¥

Etching Solution, HF

| | Teflen Cell
o il

O-ring
Backside Si Wafer
Electrical =
Connection

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

See Amato et al.

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

Photoluminescence of po-Si

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

{a) L~2nm, (b) L = 3.5nm, and (¢) L~ 9 nm. From Ref. [7].
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Da F.F. et al., J. Appl. Phys
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NC in colloidal solutions

CdSe nanocrystals in solution

| | ) 1 I | i

CdSe colloidal NCs
(T=300K)

o+ AP -
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ZnSe CdSe CdTe
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EMISSION WAVELENGTH [nm]
(ExCiTaTION: ZN5SE @ 290 nm., OTHERS @ 365 nm)

0 | | | | | |
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Bulk E~ 1.8/1.9 ev 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. [ Klimov, in Nalwa {2000},
| 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)

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

Energy (e¥)

See Hessmann et al.
APL 68 (1996) Bulk Eg~ 1.5ev
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This section describes semiconductor nanostructures that consist of a quantum dot
core with one or more overlayers of a wider bandgap semiconductor. The core-
shell quantum dots consist of 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-

nescence feature). In the case of a core-shell structure, changing the shell can be
used to manipulate the nature of carrier confinement in the core, thus affecting the
optical properties. Furthermore, an overcoating with a wider bandgap semicon-
ductor passivates the surface nonradiative recombination sites, thereby improving
the luminescence efficiency of the quantum dot. In the case of QDQW structures,
additional tuning of the energy levels and carrier wavefunctions can be obtained
by varying the nature and the width of the quantum well surrounding the quantum
dot.

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

the results reported by Dabbousi et al. for the CdSe-ZnS core-shell quantum dots
are summarized below:

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

For the same size CdSe quantum dot (~4 nm), as the coverage of the ZnS
overlayer increases, the photoluminescence spectra show an increased red
shift of emission peak compared to the absorption peak, with an increase in

Core/shell Quantum Dots

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

at higher coverage was suggested to arise from defects in the ZnS shell pro-
ducing new nonradiative recombination sites.

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

More recently, we developed a rapid wet chemical approach to produce core-
shell structures using novel chemical precursors which allows us to make 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 oi
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

——
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INF/ZnSe  InP/CdS
. N,
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Figure 4.14. Photoluminescence spectra of InP quantum dots and the various core-shell
structures involving InP core of some diameter (~3 nim).
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Functionalization of core/shell QDs

:/[faculty.washington.edu/stenkamp/strep.html

10-15mm

L

F 3

CORE

SHELL

FOLYMER COATING

STREFTAVIDIM

Preparazione:

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

Shell (ZnS) . Electron Micrograph. Transzrmission electron microscopy can be used
(TMS)ZS e Zn(Et)2 in TOP to directly immage Gdot core-shell nanocrystals, The darker regions
. o are the crystallites, Like several of QDC's products, these core-shell
reazione a 190°C nanacrystals are rod-like in structure, The magnification is 200,000
controllo crescita spettroscopia UV-Vis e and the scale bar iz 20 nm.

fotoluminscenza

The shell can be further
functionalized in order to be

Materiale tratto dal seminario di . . .
Marco Cirillo, Apr. 2004 compatible with organics
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Fluorescence marker applications

Qdot”
Manocrystal
actylamine modificd o
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Atom Small Dye Auorescent Colloldal Bacterium  Animal
Molecules Proteins Gold Cell

QDs preferred to molecular dyes
for:

-Larger quantum efficiency;
-Larger “compatibility”;

-High degree of versatility

See www.qdots.com

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

-
Mysterious red color in Lycurgus Cup Gold Building Blocks
Dr. Juen-Kai Wang
X-ray analysis: Atoms: A 8
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10 l 3 “transparent”
’ ?T 'Sﬂ_:um ' Bﬂ_':um These Ag-Au nanoparticles (—300 ppm)
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 .
color effects shown by the Cup. Gold particles:
30-500 nm
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The Lycurgus Cup, Roman (dth century AD), British Musevm (www.thebrifshmussum. sc.uk) crimson to blue
See:
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Figure 1. Gold building blocks, from the
aftomic to the mesoscopic, and their
changing colors.
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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 cnergy 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 i e ele
magnetic field. These oscillations produce surface
noted that the term “surface plasmons” is used to describe-the €xcitations at the
metal-dielectric interface in the case of flat surfaces, where the plasmons can only
be excited by using special geometries (e.g., the Kretschmann geometry as de-
scribed in Chapter 2) required for matching of the wavevector, kg, of the surface
plasmon wave with that of light producing it. In the case of metal nanostructures
(e.g., nanoparticles), plasmon oscillations are localized and thus not characterized
by a wavevector ksp- To make a distinction, the plasmon modes in metallic nanopar-
ticles are also sometimes referred to as localized surface plasmons. These localized
plasmons are excited by light absorption in the nanoparticles, with the specific ab-
sorption bands being referred to as Pplasmon bands, Yo excite these localized plas-
mons in metallic nanostructures, no special-reome such as those required fo
itati ielectric 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 surrounding the nanoparticles.
Such field enhancement has been used for apertureless near-field microscopy. An-
other application presented by the metallic nanoparticles is that using an array of in-
teracting metallic nanoparticles; light can be coupled and propagated as an elantra.

magnetic wave through a dimension of nanometers in cross section, much smaller

than the optical waveguiding dimension.

E-field «7_ Metal
A | L1 | P sphere
A ey f r\
{ | i | )
Y A | N |
i \-\\'\ l..
Figure 5.3. Schematic of plasmon oscillation in a metal nanosphere. From Kelly et al.

(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 plas-
mon band peak position is rather small. However, a broadening of the peak is
observed.

® For larger nanoparticles (>25 nm for gold), the surface plasmon peak 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

LI B B | T T 1T
llll'lll'Illll'llllllllllllll'!llll T

1.0

08

06 -

Absorbance

0.4

0.2

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

Free electron coherent
oscillations in metal nanoparticles
do rule the optical behavior
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Optical behavior of metal nanoparticles Il

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

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

Plasmon explanation not

properties of the metal and is often used to describe the metal-to-insulator transition I
occurring as the particle size is reduced from microscopic to nanoscopic size. When (d Ire Ct l y) con ne C t ed tO
the dimensions of the metallic nanoparticles are large, the spacing of levels within the q uan t um con f lnemen t

conduction band is significantly less than the thermal energy, k7T (k is Boltzmann’s
constant and T is the temperature in kelvin), and the particle exhibits a metallic be-
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.

Au nanoparticle core surrounded by SiO2 shell
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S T 1ot .
08 | e e
Ineraasing g ,’ e
: £ o O.BOF
i ? St :
08 - = m k
Lt et - £ %
i fag g Dy ; 2 060k
i -',.f \‘_\ g ——
i 3 a’.-'--J "f-_h“\ i . e
Ol escmai g e sl i ~ 5
: s, %% = 040
e L ___/r,.’ Ly E
Color depends on both Eomim T N 5
. . e B S e B RN S 0,20
e ...—-———-v-._.__._.-—‘ i / l““‘--..
size and spacing s L ~——
[l it s e A e
::':.:,I'.:;::I::.'.;: ;-;'::-_::-_-:r-_:-—l-:?l_f-_l A :—Iw-_l.h;_. =
500 600 700 A00

0
300 FA0 0 400 450 500 BED GO0 650 7o
Wavalength (nrm)

Wavelength (nm}

Figure 6. (a) Normalized reflectance Spectra u@ Si0. (gold concentrically coated b
sifica) films as a function of the vdiume fraction & of ALl ward,
o for each curve, respectively is 0.01, 0.05, 0.10, 0.20, 0.30, (.40, 0.50, 0.60, 0.70, and

pure Au. (b) The normalizéd absorbance of a series of Au@ 5i0. films as a function of
particle spacing.
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Reminders of plasma frequency and waves in metals |

ONDE IN UN MEZZO CONDUTTORE

-

. . . . s _OE ., =
Fissata la frequenza @ per un’ onda e.m. piana di questa frequenza abbiamo: E = 3 =—iwk .
: i1

Naturalmente ci siamo riferiti alla notazione complessa dell’ onda E =QE0ei(h_m) = Eoe'(kz“m‘) i

avendo scelto, per maggiore chiarezza, I’ asse Z lungo kel assex lungo ED ;
L]

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

o = = -~ =< dD
densita’ di cortente J = OF, L'equazione di Maxwell rotH =J +a— potra’ allora essere tisctittd
t

o~ - = FE 2 . .
come: YOIH = OE+ EEE = 0 ——+ EEE e, in definitiva:
b f1 7}

rotH = &}

Si vede allora che basta considerare una nuova costante dielettrica per il materiale: alla £, che €’ il
contributo delle cariche legate, bisogna aggiungere il conttibuto delle catiche libere e cioe’ quello che
nasce dalla conduzione.

Alle frequenze “basse” sia € che T sono reali {e positivi). Nei metall & = 10° Q -J‘i"l)—1
& = 1 per cui, tenendo conto del valore di &;, si vede che, fino a frequenze dell’ ordine di 10" si

puc’ trascurare £ e tenere solo il contributo delle cariche libere § JInoltre, fino a frequenze dell’
£y
ordine di quelle delle microonde, la conducibilita’ ¢’ indipendente dalla frequenza ed e’ circa ugnale

alla conducibilita’ statica &, . Risctivendo semplicemente quanto gia® trovato nel caso dei dielettrici
1+i

a

non magnetizzabili ( 4 = =1 ¢ un caso generalissimo ) si ottiene: k= -———-\/E Essendo \/- JE ;
c

si ha

1+

\/E=n+iﬁ= oy ﬁ

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

L’ultima espressione mostra che A= =

——ﬂz r(—nz ) a

E=Ee®™™ =Fe< e° iedaquiedala rotE==B= ik nE=iwB,

n+iff | T ke o P.L. Braccini, Lezioni di Fisica Il
Eec“ e ]

¢ Per ing. TLC (Pisa, 2001)

oy sl

SIGNIFICATO FISICO DELDA FREQUENZA DI PLASMA. il
Suppomrno di essete in presenza di un gas comapletamTes | A // A
ionizzato; n* =1~ =R sono le concentrazioni degli joni positivi i‘){ 'f,-"' // -1
e degli elettroni per cui il gas dsulta globalmente neutro. : — K7‘|

Supponiamo anche di far subire agli eletttoni uno spostamento x ( piceolo )
tispetto 2gli ioni positivi (come avviene nel processo di polarizzazione indotta da un campo elettrico).
La situazione ¢’ quella mostrata nella figurs: la densita’ superficiale delle cariche dei due segnichesie’
creata sulle superfici e’ nex per cui, nello spazio intemo al volume, sara’ presente un campo eletirico

E, = f—:-’f , Ogai lettrone sasa’ quindi soggetto ad una forza elastica di richismo

collettivamente, compira’ ocillazioni & frequenza propria

plasma. In presenza di una forza esterna periodica, come quella generata dal campo elettrico di
un’onds em., @, ¢ la frequenza di fsonanza. A questa frequenza energia sottratta al'ondz sara’
particolarmente elevata,

Sinoti che la condizione @T >>1( edoe’ 7>>T )indica che il periodo T dellz oscillazione del
plasma ¢’ meolto piu’ piccolo del tempo medio d'urte, Cie’ vuol dire che gli elettroni effettueranno un
gran numeto di oscillazioni forzate di grande ampiezza ¢, alla fine, cederanno agli iond tutfa Penergia
sottratta all’ onda, enetgia che avevano nel frattempo accumulato sotto forma di energia cinetica.

|
I
[
i
L

0

2
ne'x
=—gE =-~

' per cui, una volta lasciato libero, Pelettrone, e con lni tutto i plasma
o

IL MODELLO DI DRUDE DELLA CONDUCIBILITA’ ELETTRICA

Cortenti stazionarie

In questo modello il moto dell’slettrone dentro un metallo, viene continuamente reso casuale daghi

uti con il reticolo entro cui I’ elettrone si muove. Se dentra il metallo e’ presente un campo elettrico

medio E Pelettrone, fra due urti successivi, verra’ accelerato da questo campo e equazione del moto
dell’elettrone {massa m , carica —¢ ) sara’

m—=—¢E.
dt

Al tempo ¢ =0, ! elettrone che aveva subito l'ultimo urto al tempo —T, avra’ acquistato una

—eE : : ;
velocita' ¥ =——T . Mediande su tutti gli elettroni la velocita media sara’ allora

m
—¢E
<Y p=—ist
m

dove si ¢ indicato con T il fempo medio &’ urio e cioe’ il valor medio di T calcolato su tutti gli
elettroni.

Se ne’ il numero di elettroni liberi per unita’ di volume, la densita’ di corrente sara’

2
Fenacis=lBly,
m

La conducibilita’ statica sara’ allora:

Nella magpior parte dei metalli 107 s <7 <1075,
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Reminders of plasma frequency and waves in metals Il

Campi variabili

Se invece di un campo statico €’ presente nel metailo un’ onda e.m. di frequenza @, trasurando gl
effert magnetici ( in generale molto piccoli), I' equazione pet la velocita’ media di un elettrone che si
trovi nell’ origine sara’;

m2272 =—my <V >—eEe™"
A secondo membro Maltimo termine ¢ la forza oscillante che il campo elettrico dell’ onda esercita
sull’ elettrone, mentre il primo tesmine, una fotza di smorzamento viscoso, €’ stato introdotto per
tenet conto degli urti dell’ elettrone con il reticolo. Si deve notare che si o fatra Fipotesi che il campo
elettrico non vari apprezzabilmente su distanze dell’ ordine degli spostamenti dell’ elettrone durante il
suo moto. _

Cercando una soluzione in cui < ¥ > oscilli con la stessa frequenza @ si trova:

- __ —eEe™ -
<Po=—=V —
m(y —iw)

ne*E

Da qui: _-]' =p(—€)<V>=~———— percu

diclectrics,

no naturally
occuring
materials

e>10

po<0

Metal response at optical
wavelengths: €< 0

Absorption depends on op / ®

Se si vuole che a frequenza zero, questo risultato siproduca la &, statica, si vede che deve
essere) =

a,

Si puo’ scrivere in definitiva o) = ——.
l-iwr

La conducibilita’ a basse ¢ ad alte frequenze.

Ricordando che nei metalli 7 ~ 1075 si vede che, almeno fino alle frequenze delle microonde
(@ <101 .5'_1) , Ia conducibflita’ ¢’ indipendente dalle frequenzz ed it suo valare ¢’ ugnale alla
conducibilita’ statica &,.

Quando invece W1 >>1, e cloe’ per @ >> 1057 ( frequenze dell’ ultravioletto ), si puc’ scrivere:

. 0,
ol@)=i— .
ar

Nei metalt, 2 queste frequenze, il contributo delle cariche libere alla costante dieletirica diviene allora
iow) o6, _
&t @'t o
dove abbiamo introdotto un nuove parametro, la freguenta df plasma @, definita da
' o, _ne’
w: = ——L TS e
ET Em
La frequenza di plasma caratterizza il materiale conduttore; non dipende da 7, ma dipende
solamente dalla densita’ 71 dei portatori di carica. Nella maggior patte dei metalli @p — 10%s7",
Nellultravioletto, sempte per i metalli, il contdbuto alla costante d:eletrnca delle cmche legate ¢’
molto piccolo, per cul E(0),,p0e 2,508

Pt:r quanto riguarda la propg ione di onde e

- frequenza di rifetimento precisa. Se la frequenza dell’ onda ¢* @ <@, , Ia £ ¢ negativa per cui -J_

sara’ immaginaria pura: & propagazione nel mezgzo ¢’ fmpediva ¢ I onda, s¢ incide sul matallo, verra
interamente riflessa, ;

w
Se invece @ > Wy, JE e reale: piry precisamente n= 1’(1—.---»‘-;- e f=0pe cui l'andapﬂo’

propagars nel meszo con aftennaigons molto piccola { nelle nostre app:ossnnazmm I attenuazione ¢’
nulla),

F. |
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Reminders of surface plasmons

Longitudinal waves (excited,
e.g., by evanescent waves)
propagating on a metal surface

e |
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*. Surface plasmon cannot be excited

by a light beam incident in the normal
way in medium 1.

Raether-Kretschmann configuration
£

Excitation condition for surface plasmon
at the 2/3 interface.
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Plasmon resonances can
occur on a metal surface

Plasmon resonance

Surface plasmon

Dr. Juen-Kai Wang
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Plasmon resonance condition

R. H. Ritchie, Phys. Rev. 106, 874 (1957).
Surface Polantons, edited by V. M. Agranovich and D, L. Mills (Novif-Holand, Amsterdam, 1952).
M. . Cottam and D. R. Titey, infroduction fo Sunface and Supedatiice Excitalions (Cambridge Universdty Press, Cambridge, 1580).

Surface plasmon dispersion

Dr. Juen-Kai Wang
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A few words on Mie scattering

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 1l
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 nd
gives rise to an extinction coefficient &, (measure of absorption and scattering
strengths collectively) by the following equation (Kreibig and Voltmer, 1995);

~ IBmNVe}? e
A [s, +28,)% + &}

Rox (5.1

is the wavelength of light, and e, is the dielectric constant of the surrou
ing medium. The terms &, and &, represent the real and the imaginary parts of the
i i of the metal {g,, = £, + ig;) and are dep Te-

quency w of light, If &, is small or weakly dependent on o, the absorption maxi-
mum corresponding to the resonance condition is produced when &, = —2e,, leading
to a vanishing denominator. Hence, a surface plasmon resonance absorption is pro-
duced at optical frequency w at which the resonance condition £, = —2¢, is fulfilled.
~Thesizedeperndernce of the surface plasmmon resomance comeys Yo e size depen-
dence of the dielectric constant £ of the metal. This is often described as the intrin-
si¢ size effect {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 d 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, 1995), is given as

2

_ e (5.2)

Eofw)=1- o’ + iyo

where w,, is the plasmon frequency of the bulk metal and -y is the damping constant
relating to the width of the plasmon resonance band. It relates to the lifetime associ-
ated with the electron scattering from various processes. In the bulk metal, v has
main contributions from electron—electron scattering and electron—phonon scatter-
ing, but in small nanoparticles, scattering of electrons from the particle’s bound-
aries (surfaces) becomnes important. This scattering produces a damping term =y that
is inversely proportional to the particle radius r. This dependence of -y 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.

or larger-size nanoparticles (>25 nm for gold particles), higher-order (such as
quadrupolaryc istort jon electrons becomes important, as

~ shown in Figure 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 g, 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 Vollmer, 1995). This effect of enhancing the
plasmon absorption by using a higher dielectric constant surrounding medium

-

k
Electron collective motion in metal clusters

Dr. Juen-Kai Wang
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Resonant excitation

Coherent oscillatory motion

Mie scattering applies to metal nanoparticles
and explains plasmon-like resonances in
terms of electron collective motion
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Examples of preparation methods for metal nanoparticles

Materiale tratto dal seminario di ‘
M. Barnabo. Apr. 2004
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4. An emerging technology: photonic crystals (a few words)

€

Second
allowed

_ band _
Forbidden band :

In solid-state physics:

In a crystal lattice, a periodic potential leads to
the appearance of energy gap for the electron
wavefunction

i
A

A |
allowed '

band |I :
| l
x g
o o C.P.Poole F.J.Owens
Introd. to Nanotechnology
Figure 6.29. Curve of energy E 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
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

Possible interpretation for

the gap occurrence. by a distance d 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 24 sin ® 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

VIH(r) + a[—‘g;] H(r =10
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Photonic band gap crystals |

Equivalent crystal representations: by
K ]
©00Q00 kLl

r+R, |

B ——
2nf See http://ncer-gp.epfl.ch/gpproject9.htm
reciprocal lattice
(1* Brillouin zone)

o, (F+R,,) =" d,(F)
primitive lattice vectors ke *BZ." {E”Er | d "EJ _ Znhu}
5(F)= &(F +R,,) o (k) = o (k+G,,)
.ﬁm = m-EI+n-ﬁ_1__ ﬂ‘rw = ;J~E?+q-§_[_

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).

—-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.

« Exhibits wavelenath regimes where
@10 propagating solutions are allowed



Photonic band gap crystals Il
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T™M PHOTONIC BAND GAP C.P.Poole F.J.Owens
Introd. to Nanotechnology

(Wiley, 2003)

o
w2

N\ AR RASAN RRRANE LEANLELS
el

FREQUENCY (fa/c)
o
=

o o
S

=)

WAVE VECTOR (K)

A simple 2D PC (reg. arra
p . . g y Figure 6.31. A part of the dispersion relationship of a photonic crystal mode, T™, of a photonic
Of d |e I eCtn C Cyl N d e rs) crystal made of a square lattice of alumina rods. The ordinate scale is the frequency f multiplied

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

By engineering the array 0.5 pm—
the band gap can be locally e
removed (or created) 5 03
: £ o
Waveguiding effects T o1
DIIIIII.JLIIJIIIII||IIL
0 01 0.2 0.3 0.4 0.5
Integrated waveguides with SN B EE RN
= C Figure 6.32. Effect of re i f rods 1 latti faph i I, which
NOo MinimMmum ben d In g introduces a level (guidgziﬂxlf;i;n?nf?lOforiide;ingSQ_ﬁ;&Oé:d:ﬁl;tz :cilgt;n;i:r:frset;u;cﬁ f

multiplied by the lattice parameter a divided by the speed of light c. [Adapted from
angle can be Created J. D. Joannopoulos, Mature 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 9.2.4. A helium-neon laser glows as it enters the waveguide at the bottom and hits
tl_lc photonic crystal at the top, where it undergoes a sharp bend to propagate in the left and
right directions. From Parker and Charlton (2000}, reproduced with permission.
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Examples of PCs |

b Sili

Silica particles

Meniscus

Colloidal
% suspension

e
B
B
f o
o

Silicon water

? Temperat u;gE'.
i

i gradient

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

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 [%]
g_ &
‘-\.___1‘_
Reflectance [%]
3

40 | f 40 P
L o )
2| . »] | N reliable methods for PC
" U oL v \“\~—~»~ mass fabrication
440 480 480 500 520 540 580 580 600 450 500 550 AD0 BR0 YOO
Wavelength [nm] Wavelength [nm]
(a) (b}

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

See MRS Bull. 26 (Aug 2001)

Figure 5. A scanning efectron
micrograph of a 3D photonic crystal.
This structure was assembied Dy
sedimentation of monodisperse
colloidal silica on a femplate, 1nus

forming an fcc structure. Subsequen thy;
molten selenium, which has an index
of refraction of 25 in the near-infrared
and very low absorption, was imbibed
into the interstitial space, and the

sifica was etched away to produce

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

Open question: 3D PC?

.'.,.:-:p : *"*"“‘“‘“"""’*"1 10 {rn

i 4. Scanning electron micrograph of a periodic array qf silicon piliars fabricated using
Zfegggimfsorropfc egrchmg. The silicon pillars are 205 nm in diameter and5 Ju:rnjra.f,t ];fg;s_l
structure possesses a bandgap of around 1.5 pm for transverse magnetic po %nzatr ut'

By removing an array of pillars, a wavegw’afe bend may be fabricated. Input and oup
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

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

v New diode lasers configuration available thanks to
nanotechnology

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

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

v New possibilities exist to condition radiation in integrated
optoelectronic devices thanks to photonic band gap crystals
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