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Cenni sulle proprieta ottiche di nanoparticelle; proprieta
ottiche di eterostrutture e strutture a confinamento
guantico (MQW, QW, QD). Silicio poroso e nanocristalli.
Cenni su laser a diodo (eterogiunzione, QD, VCSEL,
guantum cascade) e su cristalli fotonici.
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Interazione radiazione/nanoparticelle
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Effetti dell'interazione (“colore”) dipendono dalle
dimensioni delle nanoparticelle e dalla loro spaziatura
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Anche forti effetti nonlineari
(e dipendente da E)
ad es. utili per diagnostica

Fotoluminescenza (PL) di quantum dots
di diverse dimensioni
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AlGa,  As  Gahs

Confinamento quantico: superreticoli e MQW
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Da Bassani Grassano,
Fisica dello Stato Solido,
OBoringhieri (2000

Crescita di eterostrutture

--> matching reticolare (pseudomortf.)

--> strain/stress

--> critical thickness (e dislocazioni)
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Fig. 9.1. High resolution transmission electron 1"1'11C|'0gn-1ph (TFM) showing a GuAs/AlAs
superlattice for a [110] incident beam. (Courtesy of K. Ploog, Paul Drude Institute.
Berl

rlin.} In spite of the almost perfect interfaces, try (o identily possible Al atoms in Ga

sites and vice versa
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Confinamento quantico 2DEG in MQW

NeI blu (~400 nm) oggl si usa GaN

Da Yu and Cardona
Fundamentals of Semicond.

{_ Springer (1996)

Leghe stabili

Barriere di potenziale in MQW
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Es.: A=GaAs (E , ~ 1.5 eV, lattice 5.653 A)
B=AlAs (E , ~ 2.3 eV, lattice 5.62 A)
opp. B=Ga, Al As (con x typ. = 0.3)
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Buca di potenziale infinita e finita

Da Poole and Owens
Introduction to Nanotechn.

Wiley (2003)

238 CUANTUM WELLS, WIRES, AND DOTS

8.3 SITE AND DIMENSIONALITY EFFECTS 238
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Figure 9.11. Sketch of wavelunatians for the four lowsast anergy fevels (n=1—4) aof the
ona-dimansional infinite square wall. For each level the form of the wavefunciisn is ahven an
the left, and its party {sven or odd) Is indicatad on the right (From C. P. Pooia, Jr., Handhook o
Fhysics, Wiley, New York, 1998, p. 280 )

$.12. Skatch of g one-dimengional souare well showing how the anargy levals £ ol a
fribe well {right side, salld harizontal lines) lie baiow thair infinite wal countemans (left side,
gashed ines). (From G, P. Fools, Jr., Harmdbook of Phisics, Wikey, Naw York, 1298, p. 283.)

MQW (sistema 2DEG) crea
buche di potenziale unidimensionali
con livelli discreti che
dipendono dall’altezza delle pareti
(e dai potenziali di interfaccia)
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11.9.4 Nanostrutture 8 dimensionalith: ridetia

Pozzl quentici (W dall'inglese Quamnem Wedls) Un caso imteressants di na-
osomittura 51 presents quindo le barricre sono cod) spesse che ogni struto i@ ese
eacchinge si pus congiderare winlmente isolan dagh aliri In @l caso i3 simmetra
frasiazionale & completamente infermotta nella direzione =, dove la differenza tra
By ed £, p introduce un potcaziale di confisamento 15 1l sistema presente allora
sl discreti nells diregione =, i Comspondenza sd ognunn def quali si ba una
bancu bidimensionale in ke, &y (Louobanda),

Sviluppindo la soluzione generale in funzioni ¢ Bloch del enstalli perfer
ed wilizeando V'spprossimazions di considerare solo gl stati 8} massimo ed al
minimo della banda, con un procedimento analogo & guello wsalo per i campl
mugrieticl ¢ le impurezze, i gionge alla seguente cquazione par la funzone di
mvituppa;

[_ﬁ.z(lﬂ‘! L& 1 &

T \mE b g o T BT

o eg. di Schrodinger
) - el‘].{s}J L) Baple], (1191)

Cerchimmo uwnn poluzione del tipo:

czaik i onde piane lungo x ed y
r) = pnl e TR Y o (3 £11,92)

Sostituendo 1a (11.92) aella (11.91) &1 possono separare due equaziont mdipendenti:

[_ % % a e"‘rh{.z!] gihzh = Enfle (2} (11.93)
3 3 ) p i

(_ h. 4 :5: . % ) Sk | g ) (11.94)
£ ]

La soluzions della (11.94) ha come awtovalori qualli di une particellz libema di
meoversi nel plang oy

e LTI L S
Em_mh“-mkizmﬁh“- (11.935)
La zoluzlone della (11.93) dipende dalla forms di Viz), Nells ipodesi semplificansce
di una buca di za Ly & paret minite, s cthene:
Al nf o
Endll) = T I buca infinita 111.96)
ove nm 4. ..

L'energia torele & dunque:

LA

nlk
Endieiy) = 5—1+ Fnf0). (11.97)
[i

Livelli e subbands in MQW, -~

subbands Wb E

Stati wheftronic: dispersione ¥

Figaia (153

Schesy i un preeo qenense (W oo midicasione . die (il de conlinesess gl
Shomnm| Ky by ko delle bneche (pesmmi 0w 0y loggeee Lo Somo panc slicoe b
wiemiamile 1.0k, by ) corivposdmi sl ol livelln, = |0 el i @ 0 psdisg) i
dpmispermlensy sl opn sipla 4 ceotnone

Come si vede 1n fig. 11.33a, essa ha forma parabolics in Sipendenza de k. e &y
& queste parabole sono separate fra loro della quantitd By (0. Lo pasbole £1k) in
due dimensioni sone chiamate sottobande ed hammo densitd di stab costinte come
indicato nel cap. § & mostmato in fig. 11.33b,

Considesande il potenziale finito, s ottiene uoa corresione alle espression
precedenti dalle oppormne ¢ondizioni &l contorno, IO calcolo per ghi stati di buca

& pid complesso per la depenernzione dells banda @i valenza, che mdiede wo
caleolo con I'operatore (k) onenuto dalls metrice di Luttinger. L'efferto prin-
cipals & ottenibile dalln simmetria ridotta, che richiede la separazione degh stati
i di massa pesante do qoelli di masss leggera Eyppy B Bopgy - - digavy and light hol
. In corspondenza a witi gh stat discreti si ottengono “sottobande” Enlks, ky),
| & netura bidimensionale. A titolo di eremipio riportiamo in fig. 11.34 rottobande
i calcolate di elettroni ¢ buche per il caso pid comune di pozzi quantici di Gaas,

{ confinati da Ga; - ;AlzAS (con == 0.3).

Da Bassani Grassano,
Fisica dello Stato Solido,
OBoringhieri (2000
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Da Bassani Grassano,
Fisica dello Stato Solido,

FUi quarrici,  In goesto casc, mediante tecniche opportune di elimingeions di
sostanze o di creazione di bariere nei piani si pud ofiencre confinemento laterale
anche nelly deresione g oltre che nella direzione -. Duoe pozzi quantici che si
incrocutng producono anch’essi un 1ale effoto,

In questo caso la simmetria traslerionale € preservata soManto nella direzione
o I nome & AL guantiel” & dato a tali pancstotiare, perche le sottobande sono
monidimensionall £ {kz), ¢ 0l confinamente ha loogo su una suparficis, che in
prims approssimazione ped essere congidarats cilindrica

Nei fili guantici il vantagpio & di overe conducibilith elettrica unidimensionale
e stati di radiazione che si propapano soltanto nella direzione . L'imporiamza per
i fnser & evidente, perché in tal caso la collimarione dells radiazions & octenuta
per effetto geometrico,

Punti quantici (.0.),  La pasostruthors. pinn difficile do otteners, ma anche
la pili complessa per § suol effem sulle propriezh omtiche & & trasporin, & guella
in cui il confinamenin del materiale 3 “gap" inferiore avviens jn wie e e le
dirdzioni dello spazic. Dal punto di visia dells simmetein di taslazions sipud
gllora dire che lo souttura @ a dimensionalith zero, & per questo viene chinmets
“punio guantice” (QD. dall'ioglese Quapum Dot 1 livelli di enerpis per gli
elettroni e per le buche sono solo livelli discret, nsobanti dal confinamenio. Si
pud ofiensre una prime grossolany spprossimazione per gl eletrond dal caleolo
qirantistico degl stati delle bucy cubica a pareti infinite di lato L,

R B
Fore iy s =Eg+—-=r,’;,-.5,{ﬂ§+ﬂ§+w. £11.92)
gt fnp.niy.ne = L2 )0 50 ottiene un &imile dsaltate per Je huche, con la
separazione fra stal di massa pesante e di missse leggera divuti Al confinamento.
1l caleole preciso, con poterziale finito, richiede anche in goesto caso vso delle
condizioni di continyitd el contermo e lo sviluppe delia maice di Lultinger per
e buche.

Ridotta dimensionalita
--> engineered level scheme
(tip. E nel range ottico)

Nanostrutture 1D e OD (quantum wires and dots)

) ] ] 34, SPEGT_HDEG&PT 63
Soluzione colloidale di nanocrist.
1

| 1 1 I I

CdSe colloidal NCs
{T=2300 K}

ok G

=

| 1 | | 1
14 20 22 24 98 28 9.0

Nel bulk E~ 1.8/1.9 ev Photon Enargy (eV)

a=1.2nm

Oyptical Density

jure 327, Room-lemperaturs optlcal absorption spectra for CoBe colicidal neanocrysials
2gh with maan radi in the range from 1.2 to 4.1 nm. [From W, | Klimay, in Naha {20005,

| &, Chaptar 7. p. 464,

C.P.Poole F.J.Owens
Introd. to Nanotechnology
(Wiley, 2003)
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Cenni sugli eccitoni

Coppie elettrone-buca (ad es., generate via photon absorption) possono dare
origine a sistemi legati (per forza Coulomb.): eccitoni

il calcolo dell'energia di lsgame degh eccitont pud esssre effettunto in medo
analogo # quellix delle impurezze nei semicondotion @= le bande di valenza & di
conduzione sono sfenche e non degeneni. Analogamente & quanto visto nel cep, 11,
si rigava che § lvelli idrogencidi (riferiti alla cima dells banda di valenza) hamno

energie data dn;
T atomi artificiali con livelli idrogenoidi
R
g v g (12.107)
ove n & il munero quantico principale, = la costante dicletirica, e 4 la massa
ridotta del complesso eletirone-buca

¢ IO e
o me (12.108)
Nei semicondutioni sbbiamo visto che £ = 0} & p = 0.5, per cui I'ensrgia
di legame degli eccitoni sard dell'ordine di qualche decing di meV. A causa della
grande costante dielsitrica I'cocitone & dungue debolments legaro e la distanza
media eletirone-buca & dell’ordine di decine di distanze reticalari Un eccitone
::unlcpuil:e caratteristiche & chismato cocitone di Wannier-Mot, e ne discuteremo

Ricombinazione eccitoni --> fotoni

elevata probabilita di
ricombinazione (alta efficienza quant.)

In sistemi a conf. quant. si ha alta
prob. di avere eccitoni
(per overlap f.ni d’'onda e-h)

Gass Buffer MW Laer

l

Eyy, || Eyy

/\/

Fotoluminescenza
Jm
Riflettivits

\

/58

ﬂ
I1l:.i'l.'ll | 'I..E-i)'l

Foto Enargia (al)

1.48

Figurs 1228

Fluorescenen eccimaicy da en poszo queates (VW CaAwGay_ _ Alde e ] mbsmsio
Gads & 12 K By indics 18 potiziose dell'cecitors nel swbstusn, Ey, ed Eq gli vociton
d{hﬂumed&hnlwudqw.ﬁmmtﬂmu:mhﬁﬂumﬂ
picoo di bus legges compers solmnse wl e tempemtoe o facreseagy, mente b visi
bile in riftegiivith, (D ¥, Ches, B Cingnlimi. 1.0, Andreani, F Basdin o J. Massies, 1 Macvn
Chmsate D10, 547 || 9581,
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Effetti di eccitone in QD

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

AFM
images

e b

Ogni isola contiene

e nanocristalli (QD!!1)

¥ Nanocristalli isolati
. prodotti per MO-VPE

FL from a _ , o
single InP Signatures dell’effetto eccitonico in

Island nanoparticles (ancorate):
- aumento efficienza (PL da singola
isola)
- features spettrali con rimozione
1.65 : degenerazione (visibili a temp.
Energy (e¥) ambiente)

See Hessmann et al.
APL 68 (1996) Nel bulk E,~ 1.5 ev
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Silicio poroso (e nanocristalli di Si)

Pl Enchogs

Etztung Solulion, HF

Nanocristalli (nc-Si) di forma filamentare - =
creati nel bulk attraverso etching elettrochimico il
(in soluzione di HF) di silicio cristallino (c-Si)

Electropolishing (alta corrente):

+ 4e

si+6F ® SiFz?

= Fmply pore

e R HcM G0

Porizzazione (H evolve in sup.): Qe 8.2, oot for g i e .8 hyckopen oerice(HE- oo i e T
rrockice pares. (Wil penrsssion om 0. F Tromas of 3l o Haedbook of Nanosfrocieed

dmtmiais andd Mianalschidegy, H 5, Natwa, 8, Acadsmic Frass, San Dsagd, 2000, ol d

Si + 6F + 2H* ®2e SiF62'+ H2 ihagtos 1, p 173

*"- Hydrogen sanface grssivuthim

See Amato et al.

Fig. 2 High-resolution TEM of p [L{em, (1007] type porous silicon |potasity 35%) Struct. and Opt. Prop. of
showing silicon manocrystallites with 8 number of planes ranging from 4 to 10, The - . .
pranenge of broagd thifTusing ring in the ot responding TED pattam has been attribuled 1o Po-Si nanostructures
ihe presence of amorphous phiase o to (e one of disoriented microcrystfline clumemn (Gordon and Breach (1997)
with sizes below 1- 1S nm (ofler Berbeier and Halimeoui |22])
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Fotoluminescenza in po-Si

Silicio cristallino:
transizione indiretta
(bassa efficienza)

Fnoey Tev]

I DaF.F. etal., J. Appl. Phys
91 5405 (2002)

Fotoluminescenza di p-cavita di po-Si:
analisi SNOM --> aggregati di nanocristalli di Si

"comvolved" spectrum
4

Waveyedior k

T, 200 Elpctronw hanad structure of &calealated by the pseudopotental wechngue. The

el gmel Ahe et Snew fepmesent cateuliions with o monlocal and o leeal prendopsten-
thal cempecin i [Rel 2, o #1

T T T T T T [ T m' 1u L
10% g 2 .
Abs \ ! 3 g
102 % i
L 1 L] oL
T " T T T |} L T 1u o E::,:
10 . (b) E o £
Abs PL g
m
1

(%) sample positian
{\ fin nanometers]
— (350,350)
— (7070)
~— (0,0)
s A AR A " Effect of
6200 6400 00 6300 microcavity
Wavelenght A_ = (A) coupling with
\ near-field
Centri emettitori
in LED a Silicio poroso
PL SNOM

ABSORPTION COEFFICIENT & (cm™)

21
N
HOHHAL%U INTEN

=]

400 —&66 " Bh0 30003 nella PL

Flg | ‘Tplcal optical-abscrption and photolsteipesience specim af porons Si fitm
{o} L a2 pan, it Lo 3.8, and i) L s ¥ nen, Fros el [7]

RADIUS

Ruolo porosita (dim. nc-Si)
e passivazione (barriera)

— ] gm
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Laser a diodo a eterogiunzione (tradizionale)

o o MQW (eterostruttura)
“Ingredienti” per emissione laser: P

+ polarizzazione
- mezzo attivo (guadagno) __— | L
- cavita \ eterogiunzione (el. & buche!!)

(ulteriore elemento)
definizione laterale cavita

Interfaccia semicond/aria
+ piccole dimensioni (typ. <1 mm) |&«—

guida d’'onda

o+

cavita longitudinale

Metalle guida d'onda

kv : :
Conventional semiconductor laser:

RN I /
Light is generated across material's o g
band-—gap cavita |
—CB 7] cann il
/ ] i i
diode ) , . | ~ 650- 850 nm
laser: R £ | /
e Metallo
—J 0O QIEFE
k| Dimensioni typ.: 2mm X 50nmm x 1 mm
- (altezza x larghezza x lunghezza)
Emissione legata a ric. eccitoni free spectral range della cavita (piana parallela):

(grande guadagno, tunabilita,...) Dn =c/2l
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C.P.Poole F.J.Owens
Introd. to Nanotechnology

Laser “nanotecnologici”

(Wiley, 2003) W
L;
| =1.32mMm
p - matal Gans
24 Alg 0sGag A8 ok
o aon
2 1m Al gsGag 1ghs T
1900 A
Al g Gay A —
___fluuﬁ
, , Al oG, o As | =l
Guida d’'onda GaAs
>
""'-J.:.Gﬁt.:.""s o

|: quantum dot laser

A R e e —

Figure 9.24 provides a schemati s]lustraﬂnn ofa quunm-dat lager dicde grown
on an n-doped GrAs substrate (not shown). The top p-metal layer has a Gads
contact layer immediately below it. Between this contact layer above and the GaAs
substrate (not shown) below the diagram, thers are a pair of 2-um-thick
Alg gs Gy 15 As cladding or bounding layers that surround a 190-nm-thick wavegaide
made of Al Gag g As. The waveguide plays the mle of conducting the emitied
light to the sxit poris at the adges of the structure, Centered in the wavernide {dark

nﬂmlu] a.llnpe an. the figure labeled QD) is a 30-nm-thick GaAs region, and

are 12 monolayers of Ing ¢Gag ¢AS quantum dots with a
ensity of 1.5xm‘f';.:ml The inset at the bottorn of the figure was druwn to
spresent the details of the waveguide region, The length L and the width W varicd
smewhat from sample to sample, with L, = ranging from 1 to § mm, and W varying
enween 4 and 60 im. The facets or faces of the laser were coated with ZnSc/MgF,
igh-reflectivity (>95%) coatings that reflected the light back and forth inside
ugment the stimulsted emission. The laser light exited through the lateral edge of
1 laser.

Figure 8.24. Schamatic [Mustration ol a quarturm dof near-infrared laser. The inset at the bottom
shows delails ol (he 190-nm-wide {Al; . Ga, . As clatded) waveguide region tat containg tha
12 manclayers of Iny g Gag pAs guantum dots (indicated by QD) that do the lzsing. [From Park
et al, (1998} ]

107

QDs usati per:
- ottenere | desiderata
- aumentare efficienza quantica

a (3D Edge Emitler
|3 As Cleaved, L = 5040 pm .
< pulead /‘r
e / i i sogl
iIminuire la corrente di soglia
: s — . 9
E .--*"'-""
S WpT.m Effetti non-radiativi (mediati da fononi
£ — = W=5am
g - - - W-28m peggiorano l'efficienza
ek
Temperatura {K)
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Laser “nanotecnologici” I1: cavita verticale (VCSEL)

Distributed Bragg Reflector structure
R Possibilita di depositare

f ﬁ strati sottili con spessore
" controllato al monolayer

LA a&n  100d N30 1aEn

!,.:M“““,N \p__, ﬂ
: = fabbricazione di microcavita

- || ! I
WO T BT ' b S 1000 [ B
thms @LM':'EH 1 e “specchi” di Bra
e e . e il p gg
[y T s m T _ | sperioss
=% il p— i e
[l ] .. Trig oal Ll 1 i |._L.: g ...--" | \ " _— - - b =
. - - e anip 1enn aFam
2 - L " o TIEF b g gl l-ﬁhﬂmm Woramssa gty [mm
oo 3, fap Dt gy refecio [PRR s asrg g
frAAE - daver any e lsehiade Kilooen by Aous-sHORC TR U (P S e _
etayes. (b Hotle phinsas a1 e DR nd;m_-mqgv@?rdmn_mnm nisriac Fagestn 2 FraWactiios specinar & air
v e DT siochve, The i sign oizaoo Vi 180 phase et al 00ews epon o 8 PO Gk Ada CIETT Ayl
rratian BEV A s b0 Tt CueR Surce A ol e pass throogl each guarfer ave 20 perions e A i See MRS Bull. 27 (July 2002)
ey peinidls A0 o ety prhas AN EVEry mtlieent ay refnms [0 e CER surace fuses e, Dt Thst s10W e
e Iy ety THCT i pimiee Al sfiacing alpcnc Sesdd el a0 consinanloks i Jie it Tt A L S el
i Trighy et e tarces A e FHEFT vy o inchathsd Direedice ratlartancos v AifN Thaptot gtvama fing Frigh-sef

FEJNT OF G oo PR riear [T
T waaanpr

QD-Vertical Cavity Surface Emitting Laser

Light out $ Vantaggi VCSEL.:

Aty - cavita “corta”: qualita ottica,
| indipendenza dalla temp., ...
e | 1755, (p}GaAs spacer — i i ioni: i
1755 {piGaAs spacer 1-i-thick mierocavity activersglon | - PiCCOle dimensioni: bassa soglia,

QD microcavity

B b 3
1.75 ). (n)GaAs spacer |

efficienza, ...
- emissione superficiale: integrazione,
densita, ...

InA=z QD
| ~1.3mMm

Gafs substrate ‘

Figure 8, Schemalic represeiiaiion of a G0 VOSEL CEA: (tstntited Sragn eiecion
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Laser “nanotecnologici” Ill: cascata quantica (QC)

Obiettivi:
- laser nel medio infrarosso con lunghezza d’'onda scelta ad-hoc (es. per analisi tracce)
- altissima efficienza (bassa corrente di soglia, elevata potenza)

B Mo Band-gap engineered attraverso film thickness
qc- =

faser:

Emissione di molti fotoni a cascata

— layer thickriess

QC-laser: Solo elettroni partecipano (mecc. unipolare)

Light is generated across designed energy gap 1 L 'y
b

. 3y = - ™% Il ! r
matenals by design r‘L lr T ‘l &
band structure engineering and MBE e mi‘L l T
' ‘ 4 1 é}
1 ¥
Fira ‘I‘.I. e LY

convetional laser quantum cascade |laser

Figure 2
‘ Un elettrone viene iniettato al livello 3 della

Chstirics buca 1, ed emette un fotone decadendo al
livello 2 (il DE dipende dallo spessore!!).
& Quindi fa tunneling attraverso la stretta barriera
W verso il livello 2 della buca 2 (il tunneling
|

Enangy

A

coinvolge fononi). Il processo di emissione

\j si puo allora ripetere in una configurazione
b e el “a cascata” (molti fotoni da un solo elettrone

iniettato!!)
ﬁttp://www.unine.ch/phys/meso
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Caratteristiche innovative del QC-laser

Quantum design of QC-laser
J. Faist F. Capassg C. Sifon, DL Siveo, J. N Balargeon, 4. L Huofchinsan, S M. G, Chu,
and A. Y. Cho, Apal Phys. Lefl 68, pp. 3680-3652 (1926),

ACTIVE
| REGION

0.9 nm thick
well and barrier

+ multiple QWs under external

Key characteristics of QC-lasers

applied electric field

¢ band-oifset = 500 - 800 meV
through latltice matched or
strain-compensated n InP

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

INJECTOR

seLBEBEE
Il\ REGION
I

+ layer thicknesses designed to
provide population inversion
>>-E

725 meV

Ta2
+ designed for tunneling transport

55 .1 nm

Lucent Technologies 0
ol Labs rnovatians a

h“]zﬂr:af:rm temperature, pulsed, single-mode
QC-DFB laser @ # ~ 4.65 um

AET

. - #00
1 2 ]
‘|:§L ags b 2 % 4 300
= 2 b =
= & f
L & d 200
@ Winselongth () ;_E 1
5 2 ;
481 7100
= . 1
0.73 pm ]
d&g B i g B o . nt 3 3 3 i B i n g 5 1 L ] u
L4 100 150 200 250 300 4
Temperalure (k) Current {A)

Peak oulpud power [mi)

(es.:monitor per tracce di CO)

+ 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

Wide wavelength-range of QC lasers

Optical power (au.)

D&

5 10
\Wavelength {.m)

QC lasers cover
entire mid-infrared
wavelength range
(3.4-17 um) by
tailoring layer
thicknesses of the
same material
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Fabbricazione di QC-laser

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

Combinazione di MBE (controllo spessori)
e litografia (definizione laterale)

" TEM / SEM image

Cross-section of 3 few stages of QC-faser crysfal  crystal growth one atomic layer at a fime

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

ko e :
Heterogeneous Cascades (multi-i. generation)
Sa far!
H de: single stack of
omogeneous cascade: j_" 30 identical active regions & injectors
Now,
Stacked cascades: Interdigitated Cooperative
ﬂ cascades cascades = —— — — —
ﬂ TEM by 5. N. George Chu RS Y
- Charge transport How to design
. between stages? cooperation?
D:ﬁerent electric - 0K see next VG&s!
field across sub-
stacks? - OK
Future possibili implementazioni: il 0 R

€S.: cascata eterogenea
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Tecnologie emergenti I: emettitori di luce organici (OLEDS)

]

in OLEDs light-
emuung excitons are formed by the L————- Cathode
recombination of electrically injected elec- — EresrrTae el ETL
trons and holes. Therefore, the organic layer - /i 1 EML
system is sandwiched between two elec- B ; HTL
fTDdES, the work fl.llt'lEﬁOl"l of which matches __|_ AN TR s ”"“THIT.]__]__I_:"LAnDde

“the molecular orbital energy levels of the & i | Conducibilita material
adjacent organic layers (Figure 2). Holes ici

are injected from the anode, which is usu- Y ¥ Light emission organici
ally the transparent electrode, consisting +

of md.mrn tin ::inde (ITO). The holes pro- |£| . :
ceed via hopping of defect electrons in the emissione ottica da

HOMO (highest occupied molecular or- HTL emi i ' i
bhital) eher gl - fmph 5 _ e A e ricombinazione
gv level of the nole-transporting e Cathode

maolecules, Similarly, electrons are injected HIL | @
trom the low-work-function cathode and 4 |- indi itori
proceed via the LUMO (lowest unoccupied diodi emet.tlForl
molecular orbital) energy level of the = | Anode - organicl.
electron-transport layer. From an electro- i \Fo -
chemical point of view, the charge- w v - (e per_ ElES e
transport mechanism can be regarded as E (eV) ETL gL displays)
mutual salid-state redox reactions involv- _ B
ing molecular radical cations for hole Figure 2. (a) Structitre and
transport-atic ' ai-anions—torelectron (b) energy-level diagram of a typical
transport, respectively. By recombinatiom; organic light-emitting diode (OLED),
singlet and triplet excited states are EIL = electron-injection layer.

: 76 ETL — electron-transport layer, EML — See MRS Bull, 27 (July 2002) |

emission layer, HTL = hole-fransport

guest—host layer, and HIL = hole-injection layer

BY ]
systems, however, with dopants acting as

charge-carrier traps, recombination pre-
dominantly takes place at the dopant. OLED con emissione da polimeri o “assistita”

>
da coloranti (host-guest systems)
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Esempi di materiali in OLEDs

Figure 1

Cathode (Mg:Ag)

| /—= Electiron-transpon
; fayer (Alg,)

e
B

== Typ. thick. 50 nm

-

| = Hole-transport
layer (NPE)

I
e ee——
-

\ - Anode (ITO)

Substrate (Glass)

Oemagazine (SPIE, Feb 2001)

Doping ____

Altering the basic two-layer structure to include a
luminescent laver between the hole-transport layver and the
electron-transport laver can wield OLED devices with much
improved efficiencies. & well-known scheme is to dope the
interface region with molecules of high fluorezcence
efficiencies, as in the three-layer r“-.ll='En..-“aI|:|3:CS-ﬁlIII,-“aIn:|3

structure. Here, -E|I|:|3 1sthe host and C540, a coumarin

laser dve, is the dopant present at a concentration of about
1%, The luminescent layer is simply a part of the E|I|:|3

electron-transport layer doped with 2540, Because of the
enhanced fluorescence from the dopant, the
electroluminescence efficiency of the doped OLED device
can excesd that af the undoped device by a factor of two
to three.

Fabbricazione |

QLED devices can be divided into two classes: small-
malecule devices and organic-polyrmer devices. Small-
rolecule devices are fabricated using vacuum evaporation
technlques iwhereas polymer structures can be applied
using spin-casting or even ink-jet printing technigues,
Qriginating at Eastman Kodak Co, (Rochester, NY), the
small-maolecule technology has achieved
cornrnercialization,

Materiali

Cne of the most basic OLED dewvice structures uses an
arganic material called NPB as the hole-transport layer and
tris-G-hydroxyguinaling aluminum (alq3} as the electron-

transport layer, & typical structure incorporates lavers of
indiarn tin oxides NPE-,-"anS,-"magnesium-deed silver (ITaS

NF‘E-.--"a||:|3.--"r'-'1|;|:.|!'.|;|]|J where ITD is the transparent anode and

Ma:ha is the cathode, The eneray barriers between the
highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) levels are aboot 0.4
and 0.9 eV, respectively, which are sufficiently high to
lozalize the holes in the MPB layer and electrons in the .E|I|:|3

layer, Recombination of these charges occurs across the
barriers, with haoles prirmarily riosxing into alq3. This effect

produces excited states or excitons in aln:|3 that ernit a

green fluorescence with its characteristic efficiency, The
overall external guanturn efficiency is about 1% in photons
eritted per charge passing throuagh the GOLED dewice,

Duratal!!

The rehability of OLED dewices has been the major concern
for practical applications. It has, however, improved
substantially over the years. Using warious sets of organic
rmaterials, many laboratories have reported achieving
lurninance life (half decay) on the order of 10,000 hours In
devices of all calors using various sets of arganic
rmaterials., Some of the reliability problems, such as the
deterioration of the reactive cathode, have been
adequately addressed with engineering solutions, The more
basic problem of organic material degradation is now
better understood. Forinstance, it has been shown by
Zoran Popovic of Rerox Canada, Inc. (Toronto, Gntano)
that it is the haole carrier in Alg3 thatis partially respaonsible
forthe GLED degradation; and remedies for such a
degradation include deliberate introduction of stabilizing
dopants,
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Combinazione OLED + QD

Mobile phones with small colour displays using organic LEDs are already commercially

hoton conversion, »-conjugated molecules in organic LEDs have the advantage of colour

lavailable. The images are generated through fluorescence, as electrons make transitions between
orbital states of n-conjugated organic molecules (the n-bond arizes from the overlap of the 27
orbitals of electrons in carbon atoms). As well ag having high quantum efficiency for electron-to-

ability, so that they can be used to build full-colour displays of red—green—blue (RGB) Emissione molecolare
emitters. _
But there i also a drawback: the emission spectra of n-conjugated molecules are very broad, (es. conj. polymers)
typically spanning 50 to 100 nm (the "full width at half-maximum’, or FWHM; Fig, 1, inzet). This e a banda larga!!
range of molecular fluorescence is caused by the vibrational and rotational motion of atoms

inside the »-conjugated molecules. So with an organic LED, it is difficult to get, for example,
pure red light emitted with high quantum efficiency. Nevertheless, sharp RGB emission has been
demonstrated from LEDs based on some specific materials, such ag europium chelates,
aggregated structures of cyanine dyes or layered inorganic—organic perovskite compounds. But
these LEDs have not achieved the emission efficiency or device durability needed for practical

display applications% 2

Coe et al., Nature 420 800 (2002)

Imtensity
of photan
emission

Full width at
R -maEimum

— Wavalength

Siiver contant
Magnesium-sliver cathode
Elsction-transport layer
Hole-blocking layer

Layer of CdSa quantum dots
Hola-transport layer

Inctium tin oxide

Glass substrate

nc-CdSe prodotti da dispersioni in
soluzione (tecniche economichel!!)

Doping con nanocristalli di CdSe
(QDs) esalta efficienza e restringe
banda
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Tecnologie emergenti 1 cristalli a band gap fotonico (cenni)

€ Richiamo dalla fisica dello stato solido:
Second c . : .
aloroa per una catena di atomi, la f.ne d’onda elettronica vede un
bana. > ; 3 ! . c A
Forbkidenand | 4L [T T 1, potenziale a bande con un gap di energie proibite
“Fe '
ii1|-|:::'f&3

band

C.P.Poole F.J.Owens
Introd. to Nanotechnology
(Wiley, 2003)

Figure 6.28. Curve of energy £ plotted versus wavewvssion & lor 8 ons-dimensianal kne ol atoms

important result is that there is an energy gap of width £, meaning that there-are
Possibile interpretazione certain wavelengths or wavevectors that will not propagate in the lattice. This is a
i i result of Bragg reflections. Consider a series of parallel planes in a lattice separated
alternativa per il gap: by a distance d containing the atoms of the lattice. The path difference between two
interferenza (d istruttiva) waves reflected from adjacent planes is 24 sin @, where & is the angle of incidence
i . of the wavevector to the planes, If the path difference 2d 5in © is a half-wavelength,
di Bragg (vedi DBR...) the reflected waves will destructively interfere, and cannot propagate in the lattice, so
there is an energy gap. This is a result of the lattice periodicity and the wave nature

of the electrons.

Eqg. Schroedinger --> eq. Helmoltz

VIH(F) + a[fg;] H() =0
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Onde elettromagnetiche in cristalli artificiali

Equivalent crystal representations: l b,
.__.ka:.i M
I ‘ b,
<:> r| x k,
e

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

reciprocal lattice
{1 Brillouin zone)

D, (ﬁ 4 ﬁm“) = """ @, (F)
primitive lattice vectors E c |"B7. {E E = E =i }
e 3y | | i
E(F) = E(F+ f._ér.w.l) {ﬂk(j.:] = “"'.R (E+(;P¥)
R, =m-d +n-d G = pb+q-b

Photonic Crystals:
= Strong periodic perturbation of

dielectric material.

Creazione di cristalli artificiali
dielettrici con band gap in range
visibile o near-IR

» Constitutes an artificial dielectric
crystal structure
= the photonic crysral (PC).

» Exhibits wavelenaoth regimes where
7o propagating solutions are allowed
=-the photonic bandgap (PBG).

Spaziature e dimensioni tipiche
frazioni di | (centinaia di nm)

« Breaking of the crystal symmetry - crystal defects.

» Defects: Enable the appearance of localized field states.

.22



Operazione di cristalli fotonici (pc)

0.8

0.7

\

0E

Band gap

(13-]
0.4

/

TM PHOTONIC BAND CAP

C.P.Poole F.J.Owens
Introd. to Nanotechnology
(Wiley, 2003)

0.3
0.2

FREQUENCY (fa'c)

0.7

WAVE VECTOR (K}

Esempio di semplice pc 2D
Figure §.31. A pan of the dispersion ralaionship of a photonia crestal mods, TM, of a pholanic

(cilindri dielettrici equispaziati)  emwstalmade of a squars amice of akenina rods. The crdinata seale Is the fraquency £ mutipled
by the F;ﬁﬁrﬁ;:ﬁ]nm by the speed of lignt c. [Acapted from J. D. doarnopoulos,

Rimuovendo una linea, si

o o
L Lh ]

T }

Lidl o Q)

rimuove localmente il gap =
& 03
i E
= = ’ 5 02 E
effetto di guida d’onda i 3
E oo 1
oL 0 I A LY Y 0 Y Y A T T T " O O i
0 2.1 02 0.3 0.4 0.5
Guide d’onda (senza raggio minimo TIRENETOR g

Figure 5.32. Effscl of ramoving ore row of reds lrom & square lattice of a pholanic crystal, which

d| Curvatura), microcaVita, SpeCChi, intreduces a level (guided mode) in the lorbidden gap The ordinate scala s the Trequency £

. . g e mufliphed by the lathice parameter g divided oy the speed of light o [Adspted fom
etc. integrabili su dispositivi J, . Joanopoulos, Niture 386, 143 (1867) ]
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Alcuni esempi di cristalli fotonici

Figure 5. A scanning electron
micrograph of a 3D photonic crystal.
This struclure was assembled by
sedimentation of monodisperse
colloldal silica on a template, thus~

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

silica was etched away to produce

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

Problema aperto:
dimensionalita > 2

| See MRS Bull. 26 (Aug 2001)

10N jum

Eigures 4. Scanning giéetron micrograph of 4 perodic ary of sican p.l;m‘r; Fat-.:‘-;?rz-ﬁ;:yng
Dl anisciropic efahing, T s piltars sng 205 A i clameter e A jum B
atrptue possassss i handgap of around 1.8 jem fof fangverse magieiic pm:rj j ‘.

By ramoving & artay of pilars, 4 waveouics Dend may ba fabrieated. T S ouied
wtveguidss are mtsgratad with the photoric crystal

Micro e nanofabbricazione
per dispositivi integrati in campo ottico,
optoelettronico e fotonico
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