CdL Scienza dei Materiali - Fisica delle Nanotecnologie - a.a. 2004/5

Appunti & trasparenze - Parte 5

Versione 3b, Novembre 2004
Francesco Fuso, tel 0502214305, 0502214293 - fuso@df.unipi.it
http://www.df.unipi.it/~fuso/dida

Cenni sulle proprieta ottiche di nanoparticelle; proprieta ottiche
di eterostrutture e strutture a confinamento quantico (MQW,
QW, QD). Silicio poroso e nanocristalli. Cenni su laser a diodo
(eterogiunzione, QD, VCSEL, quantum cascade) e su cristalli
fotonici.
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Introduzione

Ottica (nel visible, | » 400- 700 nm ) Centinaia nm Decine nm
VS nanotecnologia (dlme_nS|on| typ._ < _100 nm) s g s
Apparentemente incompatibili!! ]
P s
.' J.-f e '
Ma.: |
-comportamento ottico di nanoparticelle e sistemi _ ; L . ff"'
nanostrutturati peculiare per dimensioni sotto lunghezza ——— Quantim wel
d’onda = / P
(metalli: scattering di Mie, plasmoni superficiali; e T o P, 22
semiconduttori: eccitoni, “atomi artificiali”, etc.) M = 7
. ana. .0 a0 a_ g . . Qpicalibes Chuantuim wire
-dispositivi optoelettronici “tradizionali” (LED, laser a diodo) S—
sfruttano film sottili e nanostrutture 2 ' ;
. =
- o . o ~ 7
-Nuovi dispositivi fotonici sfruttano nanotecnologie (“laser _
nanotecnologici”, Organic-LEDs, cristalli fotonici,...) Miprasphess optical caity Quantum dot
Flgure L1 Confinemenis of phisteiy and electmoms inoarious dimenstons and the configenm
i . ) i sl For thers The propagation deeectis is
-nanofotonica (es. campo prossimo, vedi SNOM)
Da P.N. Prasad,

Nanophotonics,
OWiley (2004
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Proprieta ottiche in nanoparticelle metalliche |
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The same composition
as modern glass

'~ Mysterious red color in Lycurgus Cup

The Lyewrgus Cup. Roman (4th cantury AD, British Museom (www thebriishmussern. s ih)

Dr. Juen-Kai Wang

X-ray analysis:

"% 70% Ag + 30% Au

=33

& " S0nm

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

See:
/~nano/93041702.pdf

Au nanoparticles
In soluzione

nm" “agglomerated

i

Gold Building Blocks

Atoms: -
colorless, 1 A

Gold clusters:
orange, nonmetallic,
<1 nm

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

Gold particies:
30-500 nm
metallic, turbid,
crimson to biue

Figure 1. Gold building blocks, from the
atomic to the mesoscopic, and their
changing colors.
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Proprieta ottiche in nanoparticelle metalliche Il

Grossolanamente:
— effetti di coerenza nella luce scatterata gia per | ~ size ;
— effetti di confinamento quantico per size << | (mean free path in metalli,...)

4 1.2 T st o et e |
|E| — @ —®  [nereasing o
! s .’.- Lk . 1D - -
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L :r : ./ n 0.80 . . .
as |- T AT Y Effetti dell'interazione
L gl T 3 060R " m A
LG . 4 - (“colore™) dipendono da
WL vt L T = b . ..
- il = 2 e dimensioni delle
. 5-;-_‘-;;-:-_--_-;-_--_-;-_-;--_-_-;g,;-f. ',}—x_ b, 5 N nanoparticelle e (da loro
TR T T - spaziatura)
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Figure 6. (a} Normaiized reflectance spectra for Au@5i0, (gold concentrically coated by
sifica) films as a function of the volume fraction & of Au. From the bottom curve upward,
o for each curve, respectively, s 0.01, 0.05, 0.10, 0.20, 0.30, 0.40, (.50, 0.60, 0.70, and
pure Au. (b) The normalized absorbance of a series of Au@ 5i0; films as a function of

particle spacing.
P ool i Rt i
{ > - = -y 5o :
Qs Z ) S S S 4l
SareLih '-;'r'l. i i

i) =X

Y & _:‘j“, 1
S, Ml Surbon Tenmnonsd Ubragmall (-2 hmi Ackisnng Dok Mating
i = [l rmj wih omine 3ok! Colad Aached Lintil 5ot Ehall i Comglgip

See MRS Bull. 26 (2001)

Flgure 56 Sclomutivs of fabrcation of el slellammind o sifles nanopmebicle. Drom Hi-
Tos L 202 E, reproduced wath pemmsssion,
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Proprieta ottiche in nanoparticelle metalliche Il

pendent oh the size and the shape of the nanoerys

tric environment surrounding the particles.

s For extrermzly small particles (=25 nm for gold), the shift of the surface plas-
rmon Band peak position is rather small. However, a broadening of (he peak is
ohserved,

® For larper nanoparticles (>23 nm for gold), the surface pissmon peak shows a
Tedl shift Flgun: 5.1 illuslrates these features for a series of gold nanopadicles

and perpendicular {tmnsverac! to the long exzis of the rod, Figure 3.1 shows
this splitting for 2 gold nanorod.

® The transverse mode resonance is close 1o that observed for spherical parti-
cles, but the longitudinal mode 18 considerably red-shifted, depending stremg-
Iy on the gspect ratio, which is the length divided by the width of the rid.

origin of these shifis is not due o quantum confinenient. The quantum ’
ot doeg affect the energy spacing of the various levels in the conduction band, " 0.20

1

H-::wevler, the quannzalion, derived HOM INE confinement, affects the conductive °
properties of the metal and is often used to describe the metal-to-insulator transition
occurring as the particle size is reduced from microscopic to nanoscopic size, When -

the dimensions of the metallic nanopartcles are large, the spacing of levels within the
conduction band is significanily less than the thermal energy, &7 (& is Boltizmann's
constant and T is the temperature in kelvin), and the particle exhibits 5 metallic be-
havior. When the nanoparticles approach a size at which the increased energy sepa-
£arion due to the quantum confinement effect (smaller length of the box for the free
electron ) is more than the thermal energy, an insutating behavior results because of
the presence of these discrete levels. However, the energy level separations are still
toe small to affect the optical properties of metals in the UV to the IR range,
Although a number of theoretical models have been proposed (Kelly et sl
2003), the original classical model of Mie (Born and Wolf, 1998) is often uted to

Wevslongdh Afnm
550 a0 G50 760 400

L PRI

Figare 5.1, Optical ahserpion specrasa gold sanoparticles of different sizes. From Link
and El-Sayved {1999, repraduced with peomssion,
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Figore 5.2, Absorhange of ; rom Link and El-Sayed (1999}, reproduced with
petmuission,

400 oG
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Richiami su onde in metalli e frequenza di plasma |

ONDE IN UN MEZZ0 CONDUTTORE

= BE
Fissara la frequenza & per un’ onda e n. pang di quesns frequenza sbbame: £ = e —iwE .

Mataralmente ¢ siamo sferit alla notazione complessa delf onds B ='E'ue'":'f"'”“ = Eagtheeof
svendo scelto, per magmors chuarezea, ' asze 7 lungn kel asmex lungn E,.
L]
Se l'onda st propaga in un mezzo cotdutore & condocibility' @, ned materale ser’ presente una
- - - 3D
dessita’ di corrente ] = O Lequazione & Maxwell rotf = J -E-E potra” allora essere nacrires

come: rofH =0E +£,6E = a’—E +E,EE e, in definsiiva:
""lw

Sivede allom che basta considetare una nueva codfante dieleutsica per i materale: alla £, che ¢l
contobute delle caniche legate, bisopna aggiunpere il contributo delle casiche libere & cioe’ quello che
nazce dalls conduzione.

Alle frequenze “basse” s € ched sono reali (e positiviy, Nei menalli o =10%(Q-m)™" «d
£ = | per evi, tenends conte del valore di £, oi vede che, fine a frequensze dell’ ardine di 107 4

pue’ ascuzace £ ¢ tenere solo il contobute delle canichie Abers i'—U— Inolice, fing s frequenze dell’
£

ardine di guelle delle microonde, la conducibilita’ o' indipendents dalla frequenzs ed & circs uguale
ills conducibilig’ statica & . Riscrdvendo semplicemente guanes gla” trovars nel covo del dielettric
non magnetizzabili { 4 =1 & un cago genemlissima ) s otbene .k—-—JE. Hzsendo J;EI—E .

6l ha
K- &y [ 1+1
E—H'i'ﬂ ——[E]

o,
Lhulrima ione mostiz che = f= |2
espressian B %6
Introdecendo il velore di k& nell' onda da cwl elamo parbn, svremo alls fine

Epgte= g g i I‘M'"J"g,d;q.u,c@h ot =-B= ik n = i,

ﬂ a—#r i -:t-wu:r },

B=" Ler

vy -

STGNIFICATO FISICO DELLA FREQUENZA DI PLASM S 3 "j."' L
Supponzem di exsers bt pregenzs di un g completamerie N e |
lnntate: 1' =n"=n sone e consentmzioni degl i pastoivt :ll"l.-"r,-""f =
£ degl elewrroal per cal  gas sl gobilmests mrut. - 4
anche di far sabirz izl clermoni wno sposmments & { piccsls ) ®

sivpes agli iond poaisivi {come srviene mel processo & paladrsssione indarts de oe cempe eetes),
La sitnarinee ¢ quells mmnnﬂlﬁpuhdmﬂ'npﬂﬂmhdﬂ:mh:&uﬂmdmu,
cresta mulle sapecBol of MEX per a, selle i pasle Ebeens il velume, dam’ piresente o sissgo elstteoy

E,-%?—.ﬂpjdtﬁmn vase’ quinel soggettn ad ua foers ddastics & dehizmo

F =—E =—1 pes cut, uas walo lusdiate lshern, eleszag

calletivamenie, compdn’ aclasiand di Segamaa g

plasma In pressnxa of oo form sviems pedodics, c3me g :
un'oads ey, ot o I frequenss di mannasaa, A guess Ewumtl":nu-@.t polirarta ellfaods sere’
particolrmonte elevab.

Sinod che la condizione @ 35 1 e doe’ T22T ) mdice'che i pemado T della cecillasiane del
plusina &' molio pn’ piecalo del teepe medie d'uce, Cis' vusl dre dhia gl elettesnl efetturmians us
goan nemeso di cecillasioni foezgre & grande ampier ¢, wils fine, cedemanng agli ion tuts Pentrgia
saeatts all* ande, ehergn ehe svevene gl Batterpa scowmalste soto fomma & enecpis cinetica.

L MODELLG DI DRUDE DELLA CONDUCIBILITA' ELETTRICA
Corrend stazionarie

I questn modells il mots delfeleteront dentn ai tetallo, viese cengineaments reso casuale dagli
vist] eovn 1] eetionbe sntme i 1" ehertrons s muove. S denos U meallo o' presente o cumpo elesren

media El'nl.um.:\qc, Era due wris successi, m'm:dm_ndlqlmmdﬂipdil'ﬂlﬂldmdﬂm
dell’elettrome {massa P1, cadica —¢ ) mn’

mE—l-\rE.
dr
Al rempn t“ﬂ,l'du:runtdnlh;l'ﬂluhjmi'lﬂlhhmﬂ1m —T , srea” acouistass uoe
. =eE ! _ ,
veloan' 1-'=TT Mediasndo va turt gk slston |s veloosta medis sure’ alloza
':'F‘.i:ﬂf
m
dove 12 & indicis con 4 fewps meddly o wlv 8 cioe’ @ vabor medio di T calrolato fr oo gli
eletranl,
Se me' il numers di elettroni liben per amim’ of volume, [o'deosii’ di eomente sam’
1
Jnniur;{inﬂﬂ
m
La condaeihili’ siates tim” allos
ae'r
o
et muggicir parte del menlli 1075 < £ <1075

gy =
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Richiami su onde in metalli e frequenza di plasma Il

Campl variabili

Se invece di un campo statico ' presents nel metalls wn' onda e.m. di fegquenza @0, teasuzando gh
effets mugnenic [ in generale melto piceol ), " equszione per la velosits' media diun elettrone che si
teovt nell’ arigene sama’

mdqib
dt

=—my<v>—eEe™"
A secando membree 'ultimo termine &' la fome cacillinte che il campo elettrico dell” onda esercits
sull' elertroae, mante il primo termine; una forza di smarzamento viscose, & stato looodatto per
tener conto degll wrti dell’ elertrone con [ reticole. 5 deve notre che o ¢ G Pipotesi che il campo
elettrico non varl spprezzabilments 1w distanze dell’ ordine depll spostamment dell’ eletrone durence il
tz0 meoto,
Cercando una solszions in og < ¥ > ascllli cop |2 stessa frequenza o s mova:
iy
ﬂﬁ::ifff-.
m(y —iat}
ne'E
-]'a'_t}
Py

Da qui J=ni-e)<in=

pecon

alw)=

ml:r far)

Alle frequenze ottiche, un metallo
presenta costante dielettrica e< 1

Assorbimento dipende da rapporto tra
frequenza onda e freq. di plasma

P.L. Braccini, Lezioni di Fisica Il
Per ing. TLC (Pisa, 2001)

Se =i vuole che o frequenza zero, queste drulinte dproduce b O stetcs, o vede che deve

eseere f = —,
r
o,
5i pug’ scovere in definin @) = —>—,
puo’ secivers ave () =

La conducibilita’ & basse ¢ ad alte fregoenze.

Ricordanda che nei memfli 7~ 1075 sivede che, almens fino ills Bequenze delle misroande
{mﬂlﬂ"x"rLhmﬂuﬂ'hﬁiu'c'mdipmdmmdlﬂlfmqumnndﬂmahkufuiud:ﬂh
condudhilin’ sisticn 0.

Quands invess T >> 1, e cine’ per @ > 10" 5™ { frequenze dell’ ulteswioletn ), ¢l puo’ serivere;
7
w)=i—L
o(w) e

Num:hﬂl..lqmtﬁmlqﬂﬁﬂbﬂﬁﬂt%hhtﬂhﬂlmudﬂmmdbn
Ef_ﬂffl-__ﬂ._ ﬂ.—.
E°T
mmmmmmnmmpm hﬁqmﬁpkmﬂ},duﬂnhd:

na’
ot =0 B

5T Lm
La frequenza di plasma casstterzza [ matesisle condutioce; non dipende da 7, ma dipende
solsmente dalls densita’ 1 dei portatos di casica. Nella maggior parte dei menlli @, ~10%57",
Nell'niraviolstio, sempre per | metslli, i contributo alla costinte dicleterica delle casiche legate &'
cosrance dieletrica complesss ¢ alloms ¢

e P p lefequenys di plastma costinusce allow nsa
ﬁqmdjﬂ.&d.ﬁmtaprm&h&qmmdnﬂ*mdlt @<y, la £ n:pmpﬂnu JE
sarn’ icxmaginaris pure: & propagrmome sl ez ¢ pedina ¢ 1 onda, ke incide o mrbadls, v

1
Se inwece &> W, VE emltpdu’pndlmmn-J[l-% e B =0pex cui fonds pin’
bropagersi wel mmeen con attemaayTany modi perods | nelle nostme spprossimaziond | atenunzione &
aulla),

= -
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Scattering di Mie ed effetti collettivi

descnibe the optical propemies of the metal nanoparcles, Oftznone utilizes a dipole
approximation 0 which the umllurmn of :.mdm:tlun elecirons [pLu.lmnu lnscllla-

uhmg the fisld direction whu-c m:: :I:w-:rns ane drv.-en 10 lhﬁ 3urf'ar.‘e 'l:}f the

nenoparticles as shown in Figure 5.3, A more rigotoos theon: (36 : 2043}
shows that this dipelar-type dispiacemant is spplicabls @ ml]er-nlzepmchs and
glves ns 10 @n extinction coefficient &, (measure of ahsoraiow 2nd scattering
strenpths ool lestively) by the following equation {Kieibig and Yellmer, 1945}

|§mNVei? £
A [gy+ 28] + &l

Hese & 15 the wavelsngth of High i i it comstant of the sarrannd-

ing medium, The terms & and B tcprcm ﬂm real and the imaginary parts of the
dielectric constant, e, of the metal (g, = £, + i) and are dependent on the fre.

queney o of light: 10 e, I8 sosall o weakly dependent on o, the sheorprion miasi-
mum correspending o the resonance condition is prodoced whes &, = —2g, leading
o & vanishing denominater, Henge, a aurfm.n.' ph!mrm resanance asarption is pro-
Mdamp‘ncalf-e e 4t o ndltn:rnl: -—Zemfulm

sl sive ci't'etl {Link and El-Saved, 2003}, In the case of nobie menals su:h a5 guld
thess are two types of consributions 10 the dielectric canstant of the mesal; One is
from the inner o ¢lecirons, which deseribes interband transition (from nner o or-
himls to the conduciion band), and de afer is from the free conduction slectrons,
Ihe lamter contribation, described by the Drode mode! (Bom and Waolf, 1998;
Kreibig and Vollmer, 1995, is given as

i
Epli)= | — m (3.2

where 1o, 15 the plasmaon frequency of the bulk mesal and -y 15 the dampang conatm
ralating fo the width of the plasmon resomance band, Tt relates (o the Hietme dgeo0i-
ated with the electron scamermg fiom varows processes. In the bulk metsl, v has
main comributions from etectron=electron scattening and electron—phonon scatter-
mg, but in small penoparticles, scatering of elecaums from the particle's bound-
aries (surfaces] becomes important. This sesttering produces o damping tenm vy that
18 inversely proportionsl to the particle redius ». This dependence of 5 on the parti-

cle size inteoduces 1.he EiF dependeme in Eﬂiu'! [thie 2y in B, (51} and, conse-
qumt]:.l.mtlu: surf s y H

igler-onder (such as
pa . : 5 hl:mmta imporiumnt, &5

_mﬁﬁ.lm 5 4 These r:an:nhurms wduce un even moro preagunced shift of
the plasmon resonance candition as the parficle size increases. This eFect for the
lnrger sire particle is refemed to 35 the expinric slze affect (Link and Fl-Sayed,

2003), The position and the ehape of the plasmon sbsorption hand sl depends on

o |

' Scattermg by a metal sphere

Dr. Juen-Kal Wang
Induced dipole by the applied fleld

3
e~ i 5 :
E,, = Ee. .I.E O Y Ey(2cosfe, +ambey)
6+ 28, P

i
fr=e.a E

Effactiva dipala inside ths sphars

Near-fleld radiation power from i) (near-fiald scattering cross section)
A T 3 f 2
o - a3 R i
C )= | df|dpE] #"sinA = —| —+t—F+K
()= [ 8] dy] sy

o a

E?;.".t'- )= [ L -A-"D
r'1 H )

G Mie, Ann, Phys, (N | 25, 377 (1908,

£ ne nearsfigld electric field by pio

. |

Electron collective motion in metal clusters

Dr. Juen-Kai Wang

E Ekld AT, Metal
\,t-phm. t

1‘5 i

| L
e ¢loud "lsn.r'-"

Resonanl excitalion

Coherent oscillatory motion
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Effetti plasmonici superficiali (cenni)

Surface plasmon

Dr. Juen-Kal Wang
2na —kbe| f{hr—
Fiw lr,r)=—k ko k] o)

Surface potential dus to surfece chargs O,

g(m)E. (== U".m)= &alm)E. (: =0 .':'ri)

Boundary candition

R H. Ritchis, Phys, Rev. 708, B74 (1957). ) )
Surfece Polartans, adied by v, M. Agranovich and 0. L. Mills (Worth-Haand, Amsterdam, 1992).
M. G. Cottam and D. R, Tiley, infroduction o Surface and Superlattice Excitations {Cambridgs University Prass, Cambridge, 1588).

-

e |
b L. 2wt & o’
J'L|="'-r'7J;:—.* > 855
¢t & +E 2

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

Raether-Kretschmann configuration

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

ki =82 L sin g > o 2L

4 Y

Plasmoni
ed onde evanescenti

k

Surface plasmon dispersion ‘ Surface plasmon wave
e R A Dr. Jutn-Kal Wang IEILE L R L LT L LR ECE ELE LN UL NS S T Dr. Juen-Kal Wang
Dispersion relation 3 ¥

& 1 2 —
s B8 <0 gnd &0
o
a
For vacuum-metal surtaces, 1 .
[T .

4

Photen-tunneling microscope

L. Movatny, 8. Hechit and D W, Bohl J. Appl Dhys: 81, 1796 (1997),

Photon-tunneling image

Shear-force image

R
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Esempi di preparazione nanoparticelle metalliche

FOTORIDTTZIONE

Jut-% HAaCl, + HO/DMED

HOCH,CHOH + BVOH

evaparazions solvente

-]

@

Imaggiamenta
Poly e 400 Helos Halpuare
00 W70 s Wio s a 385 )

_ffm/ HOCH,CH,OH ¥ H'+¢'+ HOCH,C HOH

DH HOCH,CHOH —hY . H +¢+HOCH,CH=0

PREPARAZIONE DI NANOPARTICELLE D'ORO
STABILIZZATE DA AMMWINA O DA TIOL O:

mAuClq'tuj+ m(CH, ) (tAu2de) m[N(C,H”);AuCL;][mm]

CON AMMINA

m[H{CH, ?){AUCL{] mu“e]+n(alchjla.mmjna)m““¢]+3m8'[%]—.

AmCl,, Hau, Malchilarm ming) oy g Hr{alchilamming), o
+m[ECH ] {tduede kg )

CON TIOLO

m[N(C;H”);AuCl;]‘mmﬁ nCI!HHSH[m{ueﬂ] +3me

4’”01'(%]"' (AU\...)(C| ?I-I'!JSH)n(rduue]

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

Az=zorbanzala.u.l

SPETTRD UV EELATIVO & CAMPIONI IRRAGGIATI

& TEMFPI DIFFERENTI

0o 424 nm —— AUSENVDOH D min.

i =il A EVIOH 10 miine
_— -~ Au/EVTH 180 min
1 Jpr
0 549 nm
05 - L
04 25

._\:.“
0a ] ey
0z T T T T T T T T T T
aa0 400 500 &00 vo0 00

A[nm]

Dicroismo per spostamento del plasmone

T Sk EZGnM
*ES H T
A
— [HF=L
£ 4
B gds <
|:
£ 4
B oraro
=
=] . 5
i) 5,
& &35 4 "
1 -
[ -
paralkl "-_
Fai r=mem perpendicubar

T T T T T T T T g
4Rk dSg SRR SSr BCG BSE T TS 20k
wavakngth (nm]

Campioni stretched
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Semiconduttori (e dielettrici)

L"‘

Effetti plasmonici richiedono “elettroni
liberi”: effetti tipici per metalli (buoni
conduttori)

In semiconduttori? Importanza effetti di
confinamento quantico (cariche e

radiazione!!)

Storicamente: eterostrutture/superreticol

Sistemi disegnati e nanostrutturati
“artificialmente”

(Molecular Beam Epitaxy — MBE)

no naturally
OCCUring
materials

Figure 7. 2. An illustrative example of TEM micrograph of an MBE grown film containing
a ZnSe/ZnCdSe superlattice. The bright layers are ZnSe layers, and the dark layers are
ZnCdSe layers. Courtesy of Hong Luo, University at Buffalo.
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Confinamento quantico: superreticoli e MQW

AlGa, As  Gahs

Superreticolo: alternanza di strati di semicond.
diversi (tip. cresciuti per MBE)
(a) # ] " b P 1
; i Multiple Quantum Wells: superreticolo con spaziatura
= 'b o A 3 - - - - -
. + — sufficignte a impedire tunneling
G (proprigta ottiche --> size legataal ., nonl !
E. . -
,% | . y -
£ EALGa As) E, (GaAs) '11_‘ i * QZE*Q**!* ‘a“
Gy
E, B = Enm
—| ] :'m
flid AlAy
[ﬂ:l “*ﬂ‘,t*l*‘b‘”*ﬁ‘l"’ﬁb*“)‘l
3‘.= “‘".‘ A al.‘i-:h_,t A A, wd !\;‘L i o
Figura 1031 GaAs
Schema d s superretionls formto con Al AGaAs (o = na+ o @l parametne
Cmeficofare pedla direrinne £}
Da Bassani Grassano, ,24

Fisica dello Stato Solido,
OBoringhieri (2000

Crescita di eterostrutture

--> matching reticolare (pseudomorf.)
--> strain/stress

--> critical thickness (e dislocazioni)

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.
Berling) 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

Da Yu and Cardona
Nel blu (~400 nm) oggi si usa GaN Fundamentals of Semicond.

Barriere di potenziale in MQW

40 Springer (1996 A B A b A
Ank [ | \ 2P { ) [
{ [ { spessore typ. > 2 nm
| | | Lt
£ . ) Ry -
>
i L|.|| LT
v ] 1
. — 4
=20 I3 ] S i
= 20 | (N
::u t
EE
ﬁ G ]
[4) spessore typ. < 2 nm
. it
Leghe stabili ~ \o*" )  __ _ __ A
|anr=rETed | T -; ______
i T
il |
Fol
; | ! ;| ————— ® -—— -
34 i 5% e B fid Pl \E
Lastiiew gyt | Af
Fig. 2 A plid o he low tomporatune s g Pamilpapes o o maimiber o) senieondoe
tors wilh e dimnond gl dncblecd e Shpctore vorsis Lhenr laltice cummtants The vl 1 !
regdenes Peghlige b several Janulies of semicondeciions it gimiloe Bllee eoigiims Sunu m i Al
eanductoes foined I Safid s forne stuble alloys: [Chen AR, SBer A Senticosidoy Dot y i
Albvei (P enim. Mew York D655 Prage 1 R === =g _!:F =
iy sy
e - i ‘
ET : T
is f Fo gug ™ ['lii-"r U3, Sehemgtie duiermg o threc areggements of the coniinement of eleclrons and
34 \pai: ? g s Bl in MOWS aned supeclottices Tormed by iwo semicanduciors A B will Bl i
o hew ] EI-W 453 Bydomd £y, respectively Inotvpe | samplen botl the clectrons wnd Bolos are confines)
B2} ine \-..H‘,‘ mpai]| ERES - i the samie biver A, The enetgies o The conhned PRATTICICE e toproscniod DY red (s,
i = T e, I type TIA systems the clestrons und hotes ore confined o different [avers: Tvpe 113
o

salpres: e o spegial dase ol type T0A behavier. They are either small gy semiconduc s
ar e Ll

Es.: A=GaAs (E , ~ 1.5 eV, lattice 5.653 A)
B=AlAs (E ~ 2.3 eV, lattice 5.62 A)
ety iates the corsinistin of Shociu anagen . A e g opp. B=Ga, Al As (con x typ. 0 0.3)

——T
Ermissione el blu con GaN \&e MRS Bull. 27 (July 2002) Fisica delle Nanotecnologie 2004/5 - ver. 3b - parte 5 - pag. 13
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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
9.3 SIFE AND DIMENSIONALITY EFFECTS 238

) A\ " -
o ) =¥ 16E
A U .o EEp [ —t 52E;=E;
E2=4En— -------------- —
25Ey=E;
@) s N /N . E =
s | N2 \-/ 98  aven R, L
‘ 06E,=FE,
1
—1#2 8 o 172 m

$.12. Skatch of g one-dimensional souare well showing how the anargy el £ ol a
fibe well {right side, salld harizontal lines) lie baiow thair infinite wal countamans (left side,
gashed ines). (From G, P. Fools, Jr., Harmdbook of Phisics, Wikey, Naw York, 1298, p. 2853.)

ST et o MQW (sistema 2DEG) crea
buche di potenziale unidimensionali

Figure 9.11. Sketch of wavetunstions for the four lowsst snergy lovels (n=1—< of the

~dimansional infini s ; . - - .

%@sﬁ; pm?ﬁﬂd:ﬂa ittt bioth b ol Lot con livelli discreti che
. Wilay, th, 1998, p. 280. ) , _
R 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 Quanmnem Wedls) Un caso imteressants di na-
ostmittura 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
frasiezionale & completamente inferrotta nella direzione =, dove la differenza tra
By ed £, p introduce un potcaziale di confizamento 15 1l sistema presente allora
sl discreti nells diregione =, i Comspondenza sd ognunn def quali si ba una
bancu bidimensionale in ke, &y (Lowobanda),

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

[_ﬁ.z(lﬂ‘! L& 1 &

T \mE b Ty o T BT

o eq. di Schrodinger
)_eﬁgﬂquq.£¢w1 (1191)

Cerchimmo uwnn poluzione del tipo:

ik i onde piane lungo x ed y
r) = et TR Y o (3 £11,92)

Sostituendo 1a (1192} aella (11.91) &1 possono separare due equaziont mdipendenti:

[_ ;1‘_:" % a e"‘rh{.z!] gihzh = Enfle (2} (11.93)
3 3 ) p i

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

La soluzions della (11.94) ha come awtovalori qualli di une particellz libema di
meoversi nel plang oy
e AT L S
Em_mh“-ﬁkﬁzﬁﬁhu' {1195}
La zoluzlone della (11.93) dipende dalla forms di Viz), Nells ipodesi semplificanrsce
i una buca di a parct mbnie, s otiiens;
And nt o
Enlih) = T I buca infinita 111.96)
ove nm 4. ..

L'energia torele & dunque:
ned
Enliy) = =0 4 Bnf0).

Im‘l'l

(11.97)

Livelli e subbands in MQW,

=

subbands

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, O calcolo per ghi stati di buca

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

Stati wheftronic: dispersione ¥
Figmea (153

Schesy i un peseo qenense (W) oo midicasione . die (il de conlinesess degil

Shomnm| Ky by ko deile bnche (pesmmi 0w 0y loggeee Lo Bomo panc mlicoe b
wiemiamile 10k, by ) corivmedmi sl ogel livelln, = |0 deslr i s 0 psdisg) i
dpmispermlensy sl opn sipfn 4 ceotnone

{ confinati da Ga; - ;AlzAS (con == 0.3).
e —= Fr
e 4
L St =Y —r e
==l e —— |
m: s

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

E
Dangith di stat

. digavy and light hol

es

Sistema discreto
di sottobande
(con rimozione deg.)

=1
O e ok o)
L] ¥ 2 3 ] 1 El
o i Lt o=t 1] i I
Tmrs 1134
Daprrvon: il arsbaer I::ﬂn wpmmn byl Bl el R W

DuhiGiag p Bl g As di B3

i Daretn o Sovchuriser. (P Hasds b vaierm. Ls s puoregrois woii b b qonidagnes
miwidn f 1l appreeeers she o R sl erploteae b polanes s
e dasawal La anayk ses o d mrew Sie s A costomorr w6l mm-
i alafln hacats ch entoros il Gl (D P Heum. (3 Cesra’ Posssie o i

Ay .

L [0 ertms (K A twen Prishie, Soedesie. HL wsd p d
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Da Bassani Grassano,
Fisica dello Stato Solido,
o 0

FUi quarrici,  In goesto caso, 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 -. Due pozzi quantici che si
incrocung. producono anch’essi un lale effoto,

In questo caso la simmetria traslerionale € preservata soManto nella direzione
o W onome & 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

Nel fili guantici il vantagpio & di avere 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 quantic (.0.),  La pasostruthors. pinn difficile do otteners, ma anche
la pill complessa per 1 suol effem sulle propriezh ofmtiche & & trasportn, & 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 siopud
gllora dire che lo soruttura @ a dimensionalith zero, & per questo viene chinmets
Ypunio guantice” (QD. dall'iaglese Quapum Doth 1 livelli di enerpis per gli
elettroni e per le buche sono sobo 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)
et fnp.iy.ne = L2 )0 50 ottiene un &imile dsaltate per le huche, econ la
separazione fra stall di massa pesante ¢ di missse legpera divuti Al confinamento.
Il caleole preciso, com poterziale finito, richiede anche in goesto caso uso 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 0D (quantum wires and dots)

) ) ) 34, SPEGT_HDEGOPT 63
Soluzione colloidale di nanocrist.
1

| 1 1 I I

CdSe colloidal NCs
{T=2300 K}

N8 G

e

| 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 nenocrysials
2gb with maan radi in the range from 1.2 to 4.1 nm. [From W, | Klimav, in Nahwa {20005,

. &, Chaptar 7. p. 464,

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

Fisica delle Nanotecnologie 2004/5 - ver. 3b - parte 5 - pag. 16




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 semicondotton = 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
B oam (12.107)
ove n & il munero quantico principale, = la costante dicletirica, e 4 la massa
ridotta del complesso eletirone-buca

¢ IO e
wme (12, 108)
Nei semicondutioni sbbisme 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
probabilita di avere eccitoni
(per overlap f.ni d’'onda e-h)

Gass Buffer MW Laer

l

Ey, || Eyy

/\/

Fotoluminescenza
Jm
Riflettivits

WL

1,46 1,58

Foto Enargia (al)

Figurs 1228

Fluorescenen eccimaicy da en poszo queates (VW CaAwGay__ Alde e ] mbsmsio
Gads & 12 K By indics 18 potiziose dedl'cecitors nel swbstuen, Ey, ed Eq gli vociton
d{hﬂumed&hnlwudqw.ﬁmmtﬂmu:mhﬁﬂumﬂ
picoo di o leggess compers solmnse sl e tempomtoe o facreeagy, mente b visi
bile in riflegiivith, (D ¥, Ches, B Cingalini. 1.0, Andreani, F Basdin & 1. Massies, 1 Macvn
Chmsate D10, 547 || 9581,
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Esempio di 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!!!)

¥ 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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QD isolati e in colloidi |

10-15mm

F 3

L

CORE

SHELL

POLYMER COATIMG

STREPTAVIDIN

Preparazione:

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

shell (znS) | . R
(TMS),Se Zn(Et), in TOP Immagine TEM nanocristalli core-shelll’ingrandimento e
reazione a 190°C 200,000 elabarraedi 20 nm.

controllo crescita spettroscopia UV-Vise
fotoluminscenza

Materiale tratto dal seminario di
Marco Cirillo, Apr. 2004
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QD isolati e in colloidi Il

MORMALIZED INTENSITY

S0r

oo 1Y

P10

V' 1o Experiment

an

Y| — EMA with Coulormb fem

I \ | | SEPM with Coulomb term
II'- |
o™ |
(1) CdSH-dﬂtS‘ P o ",

10 0 A0 40 0 B0

I —

ZnSe CdSe CdTe
T
T T T T T 1
il 400 480 =00 550 00 B50 700 750
EMISSION WAVELEMGTH [nm]
(ExCITaTION: ZN5e @ 290 nm, OTHERS @ 355 nm)
4.1 T T
35+ -
= 30r -
o 1
9 ]
¢ 2ar .
20r "
I N
1 5 1 1 1

10 20 Al 40 50 80 70
Diameter {A)
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QD come marcatori in biologia
Qdot”

: Manocrystal
weriy lnmine medified I -
A prby-acrylic acil S T Sireptavidin 0
i | - g | T .\,'_
- . i . \ '} I.I. = -'-I
et prnint 3R] el s, '
=4 S Sl o il e ot W .
= ,,_;.;' ! A I:. --;__:,;_:J_". ._,-:.-: Ly | .
b T L
i B :I:.I_-' .;:H-LI__I | i |||||I| L ||||||| (I |||||II L ||||||I LI |‘||||II LI |‘|||||I

PP il r.-uf.-mul adsorption T 1A 1 nm 10nm  100nm  1pm  10pm 100 pm
T conjugation GFP PE

SRS P e &
P RE S BTE s < Y T
I il = LT ot { 4 1 B
: e Ty = s e S oo g
e e A e N
4 e Ly R o
ot g cross limk LS TTR T
AT & T Atom Small Dye Auorescent Colloidal Bacterium  Animal
AT T Ly Molecules  Proteins Gold Cell

Quantum Dots preferiti a coloranti
molecolari per:

-Maggiore efficienza quantica;
-Maggiore “compatibilita™;
-Buona “flessibilita”
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Silicio poroso (e nanocristalli di Si)

Pl Enchogs

Etztung Solulion, HF

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

Electropolishing (alta corrente):

+4e

si+6F ® SiF2

= Fmply pore

e R HcM G0

Porizzazione (H evolve in sup.): 8.2, oot for g i e .8 yckopen oarice(HE o i e T
*L Hipdropon smface grssivutin  "Hroskice pores. (Wil pennsgion fom 0. # Tramas e 3, o Hesdbook of Sanosioced

dmtmuials andd Minalschidegy, H 5, Natwa, 8, Acadsmic Frass, San Dsagd, 2000, ol d

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

See Amato et al.

Fig. 2 Highwresolution 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 microcrystnfline clumem (Gordon and Breach (1997)
with sizes below 1- 1S nm |ofler Berberier and Halimeoui |22])
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Fotoluminescenza in po-Si

Fanerey Tev']

Waveyecior &

Silicio cristallino:
transizione indiretta
(bassa efficienza)

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

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

"convolved" spectrum
4

fin nanometers]

{\(x,y) sample position

T, 300 Elpctronw band structure of Secaleolated by the pseocopotental wechinmgue. The
el gmel Ahe i Sne pepiesent catculinnons with o monkocal and o leeal prendopsten-

thalPespedively [Rell 2y, o 81

3,
3 |
s |

prs
[=]

3
SITY (arb.units)

>
@
"

ABSORPTION COEFFICIENT & (cm™)

1B
N
HOHHALIE?IU INTEN

Voo
400 75—t~ 70007200
WAVELENGTH (nm)

Flg 1 ‘Tplcal optical-abscrption and photolsteipesience specim al porons Si fitm

{o} L a2 pan, b Lo 3.5, and ¢ Ls ¥ e, Frosn el [T]

Ko

IRF
£

BAND GAF ENERGY

— (350,350)

— (7070)

- — (00)
R RSO " Effect of
6200 6400 6600 6s00  microcavity
Wavelenght A (A) coupling with
\ near-field
Centri emettitori
in LED a Silicio poroso
PL SNOM

RADIUS

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

nella PL

— ] 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

4

cavita longitudinale

Metallo guida d'onda

kv : :
Conventional semiconductor laser:

RN I /
Light is generated across material's o g
band-gap cavita |
\ —CB 7] can T
/ ] i i
diode ) , . | ~ 650- 850 nm
laser: R £ | /,
e Metallo
— 10 QIEFE
k| Dimensioni typ.: 2mm X 50mm 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;
| =1.32 mMm
p - matal Gans
Z UM Al s GEan nAS ok
" aon
2 1m Al gsGag 1ghs T
1900 A
Al 9By A —
_._fluu,h
, , Al oG, o As | =l
Guida d’'onda GaAs
>
'”-u.:.Gﬁt.:.As on -

| quantum dot laser

A R e e —

Figure 9.24 provides a schemati s]lustraﬂnn ofa quunm-dat laser 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
Al 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
etween 4 and 60 jim. The facets or faces of the lpser 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 the 190-nm-wide {Al; -G8, . As clatded) wavegide region tat containg tha
12 manclayers of InggGag pAs guantum dots (indicated by Q0) that do the lzsing. [From Park
et al, (1998} ]

107

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

a X0 Edge Emitler
|3 As Cleaved, L = 5040 pm .
< pulead /‘r
e / i i sogl
iminuire la corrente di soglia
; sl — . 9
E .--*"'-""
S WpT.mT Effetti non-radiativi (mediati da fononi
£ — = W=5am
g - o - W-28m peggiorano l'efficienza
ek
Temperatura {K)
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Laser “nanotecnologici” |l: cavita verticale (VCSEL)

Distributed Bragg Reflector structure
R Possibilita di depositare

f ﬁ strati sottili con spessore
AT controllato al monolayer

LA a&n 1004 1NIn  1aEn

L.:M“;N \p,_, ﬂ
: & = fabbricazione di microcavita

i
(ISR TAN I ol -\t i ' : " T
. 4 e “specchi” di Bragg

— T e = LallImme

il o T 3 & periods

[l 1 Trig oal Ll 1 i = _— - - b -

L i "
ol anig 1B iEan

'z o i i Il rebrrctive ke Wamaagths (mnl
oo 7, fap Pt gy refecio [PRR s asrg A g
frAaE - daver any e labhiade Kiloen by Aous-sHOR TR U (P S e _
ovtayors. b Foiate pinass a1 s DR mustace of i s rlectig bevn sach nisriace Figuie £ Fiiectanios soecinun 1
A e [ shfoachoe, Thee i Sign inclizilos. Pin 180" ahasa sl ihal ecus pon o PR (TR AN 8T A
Arretion BEV U e 10 T euia Surkde, A (i ass Throots assh t.n-:l!Tm e 20 pevions e A pends e See MRS Bull. 27 (July 2002)
amty penuils 0 o Hertl-wvemvg phaise AlUT Every mellacied Gfy (efevfs [0 she (R sotace e pulon). Dot s 0w I
e Iy ety TACT i pimiee Al sfiacing afpcnc Sedl el a0 Consinanlods i Jive it T B CLAs Sobiis
i Trighy st e tarces A e FREFT vy incdhaths Direedice rtlarctancos v Aifl T g B find gh-selierionicn

FEJNT OF G oo (R i [Tt
IR wEEanG

QD-Vertical Cavity Surface Emitting Laser

Light out $ Vantaggi VCSEL.:

Aty - cavita “corta”: qualita ottica,
| indipendenza dalla temp., ...
e | 1.75). (p|GaAs spacer | i i i i
1754 PH'-"H' 1+ i-thick microcavity active reglon - plCCOIG dimensioni: bassa Sog“a,

L 0D microcavity
1.75 ). (n)GaAs spacer . |

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

InA=z QD
| ~1.3mm

Gafs substrate ‘

Figure 8, Schemabc represeniation of & OO0 VCSEL CER; disttisted Sragn refecion
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Laser “nanotecnologici” |1l 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

QC-laser: Solo elettroni partecipano (mecc. unipolare)
Light is generated across designed energy gap €. fr‘L

matenals by design .1 ‘L
i s ‘&j
: L 1 % 1 g

band structure engineering and MBE
Firus,

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!!).
b Quindi fa tunneling attraverso la stretta barriera
W verso il livello 2 della buca 2 (il tunneling
|

Enangy

LA

coinvolge fononi). Il processo di emissione

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

iniettato!!)
ﬁlttp://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

Fisica delle Nanotecnologie 2004/5 - ver. 3b - parte 5 - pag. 28



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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Materiali organici ed optoelettronica

Organic dyes with conjugared 4-¢leciron systemss have attractsd a large and rapidly
increasing intsrest in the last siecade as possible materials for various electronie and
aptetlectronic devices because of their advantageous semiconductor properties. For
application as photoactive materials in photocopicrs, they have already reached marurity
and replaced inorganic semiconduetors on @ large scale. Efficient electroluminescence
(EL) from an organic solid was first demonsirated in large (50 jm 1o | mm thick) ginple
erystats of anthracene [1), (2], Although these devices showed a high EL guantum eff-
clency of up 10 § %, they were impractical due to the large applicd voltage (= 1000 V5
required to inject elestrons and hioles into the orystal. More recently, practical organic
_ light-emitting devices (OLEDS) consisti 3 il .

bole- and electron-transporting molecular materials [31, 141, (5L [6] or of spin-coated
thin potymer Hlms [7] [8] have been demonstrated with active device thicknesses of
onlya few Humdred Angstroms. Applying about 3 to 5V, they are already brighter than a
conventicnal TV screen with much ligher efficiencies, brilliant colors, large viewing
angle, switching times fast enough for video real lime image displays and lifetimes well
ahove 10,000 hours, The first displays based on organic semiconductors have become
eommercially available and companies like Ploneer and Philips and many others are cur-
rently developing this proesmising technology. Small independent fitms, such as
Universal Display Corporation m the U.S. and Cambridee Display Technology in tha
UK., have bzen created solely to tur these innovatiens into commercial realiry.

The large interest is not only caused by techinalogical espects such as the Jivw costs.
the possibility to prepare flexible large meen devices 3t low Process lempergtures on
palvimer foils, erid the alngs imited-variety of organic compounds that allow tuning
of e.g. enercy levels and emission colors. They also have some unique physical proper-
tiey and advantages compared lo nozganie semiconductors [9). Due to their low dielsc-
tri¢ ¢onstants, the refleciiun losses at interfaces arc lower than for LL-V-semiconduetors.
The internal fluorescence efficiency is clese 1 unity for some arganic dyes with their

55 i ion edge thus avoiding re-phsorption

losses in the devices. For this reason, it is possible 1 prepare efficient sapdwish struc-
tures of several OLEDs with different emissicn wavelengths [10]. The slectronic struge
ture of argani¢ semiconductors is largely defermined sy the individual molecules and
ouly weakly medified by solid state effects. Therefore_ interface :
Also, amorphous layers grown on chesp, Aexible substrates exhibit attrestive eleotrical
properties o allow for efficient electroluminescence. The amorphous matrices also
enzble the incorporation of 8 wids range of dopants, if necessacy inhigh concentrations.
to tune both the conduction type [5), [11] end the emussion wavelsngth [12], For
instance, the admixture of about 7 % ef phosphorescent d ves hag fed to OLEDS that con-
verl 1) % of the electrically excited molecslar states into visibls light with internal
efficiencies ¢lose to nmity 4], [13], [14].

Fipure 15; A flexible 0.18 mun thick
passive matrix OLED display fabricated
by Universal Display Corporation

Conducibilita materiali
organici
+
emissione ottica da
ricombinazione

diodi emettitori
organici:
(es.: per large panel
displays)
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Tecnologie emergenti |: emettitori di luce oraanici (OLEDS)

in OLEDs light- 2
emuung excitons are formed by the _E__.__ Cathode
recombination of electrically injected elec- 0 DR e osescinnne NG 0 8
trons and holes. Therefore, the organic layer LRI R ETL
system is sandwiched between two elec- - EMLHTL
trl:}des,meworquncnonofwl-uchmatches NNV TS i el i R N e | A

_the molecular orbital energy levels of the | Anode
adjacent organic lavers (Figure 2). Holes | i

are injected from the anode, which is 1su- %
ally the transparent electrode, consisting L ¥ Light emission
of indium tin oxide {ITO). The holes pro-

ceed via hopping of defect electrons in the b
HOMO (highest occupied molecular or-
bital) energy level of the hole-transporting HTL epL
maolecules, Similarly, electrons are injected 3 |

from the low-work-function cathode and AL '(\ Cathode
proceed via the LUMO (lowest unoccupied
molecular orbital) energy level of the il
electron-transport layer. From an electro-
chemical point of view, the charge-

transport mechanism can be regarded
1mmtual salid-state redox reactions involv-

ing molecular radical cations for hole
transport-and-radicaanions—tor_electron
transport, respectively. By recombinatiof; - -
singlet and triplet excited states are Figure 2. (a) Structure and

0 (b) energy-level diagram of a typical

HIL

5 | Anode

\Fa\ /S

v

“E (eV) ETL )

excitation-enar 2 gut—hgﬁt organic light-emitfing diode (OLED),
systems, however, with dopants acting as EIL = electron-injection fayer.
charge-carrier traps, recombination pre- ETL = efectron-transport layer, EML soc mrs Bull. 27 (duly 2002)

emission layer, HTL = hole-transpo
fayer, and HIL = hole-injection fayer.

OLED con emissione da polimeri o “assistita” da
coloranti (host-guest systems)

dominantly takes place at the dopant.*
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ERL

transpanent
anate

r T

Transparent Sunsirate

Figuré 11 SChematic cross section of an
anamic Thzht emutting device (OLELD)
ahomw g the conlacts, the electron lanspar
Imyver (ETL), the Tighr-cmiing Ly
(ENIE 3 and bole wronsport (ayer (HTL) Tha
el thicksness of the ergank lavers |5 tpes
cully arownd HImm

Figwee 24 Chemjoal stroctupss of
[&) Algy, it elecsnom dranspoet ind grecy
(limcescanl vinitisg museril and
(k) TP, 4 Ble sransposs mserial

Da R. Waser Ed., Nanoelectronics and
information technology (Wiley-VCH,
2003)

Materiali per OLEDs |

A scherngtic cross section of a convendonal, small molecule besed OLED svith three
arganie layess (g double heterostructure) s shown in Figwee 1. The top, ohmic, clec-
mn-injecting eleetrnde consists of 4 low work fanction meeal alloy, typically Mg-Ag or
Li-Al, deposited by wvacuum evaporadon. The hottom, hole-injecting lectrode is typically
 thin film of the bansparent semiconductor indiom: tin oxige (1T0), depodited onto the
subsate by sputtering or electron beam evaporation. Light s emiited through this elec-
trods when the device is operated in forward biay, ie., with the ITO bissed positive with
respect 1o (he top electrode. The next layer deposited is a hole wansporting layer (LITL) of
= material such as TPD. This is followed by the light emitting (EML) laver consisting of,
for exumple. Aly, for green light or & host material doped with fluorescent or phosphores-
cent dyes and optionally an additional electron ranspert layer (ETL), The chemical struc-
tures of NN-diphienv-N N -bis{3-methviphenv]il-1" binhenvl-4.4" diamine (TPDY and

mis (B-hydroxyquinoline) ahiminum (Alg,) are shown in Figure 2.

T TETTS wWRLLLGUAT WL UG UL COIOT QISplays,

Organic light emitting devices can prepared either fromsmall molecules

.Sn_ﬁc?:iun 217 4r from(po Vhile the basic phiysics of hoth clamses RN

sumilar, the fabrication processes are very diﬂ"eretftj?}:‘;n-;:ﬂ molecules are uaﬁ;emf
ited by thernal evaporation in high or ulizahigh vacuum, Altematively, the molegules cap
be evaparaied into & stream of 3 46t inen gasdirected o the substrate [17]. This so-called
organic vapor phage u:!gpnsl on_(OVPD) may provide o means for mar;musn‘c angd

; - e typical sublimation temperatures are
H00PC. The molecules often have a thermal decor puﬁiﬂamnpumm ﬁmfgigf tﬁ
the sublimation temperature. In this case, maredals can be putified by repeated sublimg-
Bon I vacyian or in an inert gas [18]. To separate componerts with different sublimarion
tgmpﬂatlures, lung glass tubes inside a furnace with tethperntyre gradient are used, Such
high purity materials are not oaly needed for keod device performance, but are essential
for long device operationsl Efetities. Therma) deposition in vacuum or in the gas phase
also allows for sasy fahrication of multilayer devices. With sophisticated multijayer
alr;:h_nrenrum. the distribution of charge carriers and excitons can be tuned (ep, e.a. Sec-
:;‘r:ljj[nnd 3;511 Smalilmlec;:]m weight devices with long lifetimes have heen deron-
6t acress The visible spectium [19], i t emigs “ienci
been reported for small-mulecular \i:rzﬂm [ﬂ : I'ne o i SrTCA {6 by
Polymers, on the ofher hand, cannot be deposited or purified by thermal ard
because their decomposition temperature is penerally I-::Efsr thmalﬁeir suh!hnﬁ?gg
perire. Devices are accordingly prepared from solution, e.g. by spin coating, A partic-
ular advantage : of palymers is thair adaptability 10 potentially low cost lerge-scale
display production by ink jet printing {20), With optitnized chemical synthesis and preri-
fication procedures, green and bluz polymers with high fluorescence efficiencies have
been obmined. Green polymeric OLEDs have alin reached operational lifetimes in
Z::;js ﬁgf mﬂaﬂj{lr i Pﬂ]}:]“jm; Gevices alsa have lower operating viltages than devipes
m smal molecules. However, using ¢ i ! i
o S et Hes 2 f Z controled dopirg, small molecular wedght

Polymers
Vs
Small molecules

Metodi fisici di
preparazione film
sottili
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Materiali per OLEDs Il

single molecule solid state
& lelectron 1A,

1d  Isolated Melecules and Molecular van der Waals Crysta :h! affinity &
The Fas: dronfc struciie of the class of organic malecules - B X

e L % wsed for PSS e
CLEDs 15 similar to the MZENE TISCOTReq im Chapter 5. They feature a w—eiiutmu ayse o LUMO
om de!ncallzqd aver the entire molesule and characterized by frontier arhitals know e =
the HOMO Hng‘_tc:tt oecupied meodecular orbisal) and LUMO (lowest utcccupied moles- -5
alar arbital). As discussed below, these twiy orbitals largely determine the electrical and @ [_._._...fs1 e
optical properties of buth the single melecnics and the modecular solids. The HOMO iz g £ T4

= absorption

fu‘]ly occupled bonding n—orbital, and the TUMO is an aulibonding unoccupied
b —-url.faual T’!:ms, the w-electrion-systew iz typically saturated (i.e. fully oecupied with
10 upaired spims); kenee intermolecular covalent bonds zannot form Cbnsequem]y the - y
solids formed of such molecyles are oni y bonded by weak van der Waals forces [’Jj.’ 1 sl

ihe overlap of the m-eleciron-system of adiacent molecyles 15 Amall, leading to an
enstgetic spining of the order of tens to a few lundred meV. Nevest heless, thiz splitting

i 3 ﬁi 1 H {]rd-'. | .| '
;;L:uter?;ﬂﬁ:?fi iﬂr:‘m ?Tgﬁggf?;:g: ?E::ta: L?;nmshmﬂ. :;n d;ﬁ;ke charge transport st Figure 3: lonization energy, electron affinity and
EREL ) gh = "FI ort hand . : s : : i
LUMO [evels split into a narrow electron transpont band. Note rh:ﬁ:he Ompﬂl:;;l: Bt eHikca, tranlsnmnl{S“ te:5;)iinasingle mole-
cule and formation of charge carrier and exciton

n—nrbitals of neighbouring moleeules is gengrally muech smaller than the frramolecy.

lar overlap of the p,—orbitals of neighbouring C-atotns inside the individual meleeules, bands in melecular solids from the respective

m&.;&; h;;ﬂg;:;ﬁ hl::::efl?ml::_ d'g‘“’ 1"’JEW‘}“'UTWWE of the molecule. malecular orbitals. The ionic energy levels are
orly 3 sl ¢ et ts¢ trom eack of the meleeular m—orbitals exhibit energetically stabilized in the solid state by the
¥ asmall eermolecular “‘-""—‘Ilﬂp- Such svelems are often called sl meeleonlar 55 { ; ; g -
1erms ar fow medecular wetght sysienms cven though the total number of atoms forming polarization energies P, and Py, for electrons and
holes, respectively. Note that an energetic stabiliza-

such small molecules can be o the order of fifty or more.
tion of a hole leads to an upward shift in this elec-

The sit where the large number of i
Lron energy picture,

C-uloms taking part in the T—conjugation leads to broad quasi-continuwous energy bands
of 7 —¢lectron states along the molecular chains. However, this does not imply that poly-
mers have larger charge camier mokiiities than small molecular weight solids hecauss
the inierchain overlap in pelymers tends to be small and mobilities are always limited by
the most encrgetically costly hopping steps — in this case a hop batween chains, In fact, : i iR ni ”
e highest mobilities tre achieved for highly ordered orystals of small, flat molecules Hitelll eISEret I Meteesle mislpeele
that form closaly packed stacks with high fntermolecuinr 7—elestron overlap [21], [22].

Livelli discreti di energia compaiono in sistemi basati su piccole
molecole o Van der Waals crystals
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Materiali per OLEDs Il

In the solid state, the optical gap is 0.5 1o 1V smaller than the vlecironic gap [24]
dug to the Coulomb energy gainad when a free electron and hole meet at 2 molecule w
ferm an gxeited state or excilon [9]. Molecular excilons are different from hydrogenic
Wannier-excitons found in Morganie semiconductors. In a8 molecular Frenke! weriion
the electron and the hole are localized on the same molecule, tvpically on the same lig
and. In ordered orysials, bands of Frenkel excitons can be formed by wave-tvpe linea
combination of melecular excitations, i.e. the exciton may be delocalized even though
the clectron and the hole arg coulombically bound. For closely packed materials of fla
molecules, the ensrgy of these delocalized states mey differ from an excitalion on ar
individual, free molecule by several hundsed meV, This leads to the fommation of brosg
exciton bands, and the absarption of the solid differs significantly from single molecule:
i solulion (%], Accordingly, the excitons couple swongly the phonon system, which ca
lead to exeiton sclf-trapping by excimer formarion [25). Here, an excimer is an exaites
state shared by btwo, adjacent molecules, causing them to bind somewhat moze tightly
than in their ground state, thus giving rise 1o 2 tiew, lwer energy excitation than tha
afforded by a simpla Frenkel state, Excimers provide additicnal channels for non-radia
tive decay (e.g. aggregate quenching), Therefore, non-planar maolecules that form amer
phous, loosely packed solids are typically chosen for OLEDa. In this latier case, i
optical absorption speetrum is similar in solution and in the sohid state since the Frenke
gacilon s jocalized on a single moiecnle. This excitarion can diffuse eround the solid b
hopping trmsport. For Alg,, e.g.. the exciton Lifetime is 16 ns [26], leading 1o & diffusior
length of 10 — 20 nm [26], [27].

W,
1 s

\ || /—“'" Emissione
b e o .
S rotovibrazionale
a (Vs eccitoni nei

solidi inorganici)

Figare 4 Poweptial coecpy limes and
wibronie bevils for g F!'-u'|||||-.| alila
and the first exoited stire S| a2 o fanetice
ol i condigneraton coordlnae {1 e llec
g the e lecu lar atomide distices
Ihe electronic rransitions without
chutige i ¢ ape wways most pro-
nesneetd i the spoctis, Clearly, the
dhrempion winvelenstin (Black ) e
larger. in genetal, han the emisdion
el empthy (preenl, causing wrad shif
Gl thi crmeaaiomn speciiunm with respect Ly
e Bibramitinn spectram

2.3  Charge Carrier Transport

A3 in the case of cotventional crvstalline ssmiconductors such az 51, perfec: molecular
erystals show band-like charge camrier transport ot low temperatures even though the
bards are significanily energetically namower in organdc materbals [21]. However, at
rocm tepperaturs, carriers are ofien localized oo individual molecules [21] sinee the
endrgy batds marrow at higher temperatre along with increasing thermally induced
molecular vibrations and lathee vibrations (phonons) thet reduce the mtarmolecular
n=electron overlap. Bventoally, the electron-phonon interaction energies exceed the elec-
tronic bandwidth and charge carriers become trapped on individual molecules. In con-
rrast, wider Bandwidths exist in conventione] semdconductors dus o the considerably
tighter covalent interatomic bonds. [n this case, lartice vibrational ensrgies ere nmch
smatler than the electromic bandwidth, significancly reducing the probability of elec-
tronic Jocalization (i.c, szl trapping) on an mdividual constituent lattice atom. Thes:e
efteris lead te typical room tempemiure hopping mebilities of ~1 em*/Vs for most
organic single crystals: which s two 10 three orders of magnitude lower than chserved
for converttional semieonductors, Furthemmore, the charge carrer mobility decraases by
anothar fout to six orders of magaitude due to skuctural disorder in amorphous or poly-
crystallice thin films Here. a distribution in the trapping engrgy (the polanization
energy) due to the distribution in relative molecular orientations characteristic of disoe-
dered solids, leads o 2 distributiom of the energetic density of transport sties (DOS)
[23]: conseguently electron tranaport can be described by variable-raigs hopping in the
tails of these distributions [28]. In such a sicuation. the effective mobility increaces with
the density of injegizd carriers or the elestron donor or aceeptor dopant density, respec-
tvely: With incressing eceipation, the highly localized atates desp in the tail of the dis-
tribution saturate while states close to the center of the DOS become occupied. Here,
the dersity of stales 15 high, the mean hopping distance 1s correspondingty reduced, and
the hopping rate incregses, This leads 1o 2 superlinear inceéans of conductlvity with the
doping concentration [29] and, for undoped samples. to o current that increases rapidly
with the applied voltage [30] {c.f Section 3,55

Meccanismi di trasporto delle cariche basati
su hopping elettronico
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Operazione OLEDs

3.2 Single and Double Layer OLEDs

The eperation prineiple of a single laver OLED is schematically shown [n Figae 5. For
such devices, the exciton recombination region is near the middle of the device if mjce-

tion of hules Trom the anode and elecirons from the cathode | mm the organic materizl is

wally efficient, and the mobhiliti Orherwise the
active region whers excitons are formad moves close lo one nf the electriwles which
leads t0 a reduced efficiency: The type of carrier which is more mobile or more effi-
cigntly injected has a higher probability of reaching the onposite elecirode without heing
captured by the epposite charge type (ihereby reducing ~). Moreover, excitons formed
close o an elestrode may be quenched by defeots or diffuse 1o the electrode where they
non-radiatively recombine.
Typical OLEDs therefore consist of at least W o7 thres lavers nf@
materiaiz {¢.T Figurs [, 78 -ncr..rq;urcuuu devices, The single
hetera|unction gevice of Tang and van 3lyke 2 t'::u]smm g of TPD and Alg, sandwiched
berween 1TO and Al marked a breakthrough in low voltnge, bigh efficicncy device per-
formance. In their OL ED, the energy levels were chosen uch that there wes only 4 small
harrier 10 hiole njection from the hodz ransport layer (HTL) into the light ermission layer
(EML), while electrons from the ML met 2 high bamier so they were not eble o pene-

trate inte the HTL. Consequently., there are almost no loss by electrons reaching the

anede. U the other hand, the hole mobility in the TML was much lower than the elec-
wan mobility, Therefore, the active region is close 1o the hetercinterfice inthe ML, {6,
roughly in the middle of the OLED structurs, thus avaiding the problems encounterad in
single layer devives (see, for example, Ref, [33]).

Even in the double laver OLED, losses by koles reaching the cathadis or by quench-
ing at the cathode can be significant, especially if the thickasss of the EML is low, L8,
on the order of the exciron diffusion length, However, thin layers of these low mobsliny
(and hence high resistance ) layers are desirable to minimize the operating voltage. Con-
sequently, optimized devices comprise a second heterojunction: An electron transport
laver (ETL) is inserted between the EML and the cathode, Bt should have a wider
HOMO-LLIMO gap and & larger lonization potential than the EML so (hat neither exci-
tons mor holes from the EML can penetrere into the ETL [34] (e Figure 5). Therefore,
thus layer is variously referred to as the hole-blocking ar exciten blocking layer (HBL or
EBL, respectively). Such heterojunction architectures are self-balancing due to their
intarmal barrers, Le. they guararnies »—1 withow requiring either the mothilitics or con-
lact injection barriers o be equal.

Anode

Cethode

Figure 5 Enargy level seheimw for a din-
glz lover (top) and docble heterajunction
CLED (hettorn) with pa apphzd bias vol-
wge I showing the vacwim energy lavel
i¥,.. the Perm l=vels ¥ and workfuno-
tioma 42 i the metel i contacts ond the
hale and elestron trenspon levels of ihe
organic lavers. The level offsets anthe
ofganic hetergjunetions are detzmnmincd by
the different iomzaton enermes £, and
clectron affinities 4, of the adjaceit layers.

Strutture a doppia barriera “costringono” ricombinazione
all’interfaccia e riducono perdite di carica per conduzione
tra anodo e catodo
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OLEDs con coloranti
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Figure 7: Chemical structure and energy level
scheme for the metalorgame phosphor, Ir{ppy),
(from [38]) . The ligand singlet state { 'ligand) and
metal-to-ligand charge-transfer singlet state
{JMLC‘T=S|J were determined by the abserption
peaks in toluene solution (107 M), Also, the triplet
MLCT state { "MLCT=T,) was estimated from the
phesphorescence peak. kg, e, and 1y are quan-
tum yields for nonemissive transitions from
'MLCT intrinsic phosphorescent transitions, and
nonemissive transitions from "MLCT, respectively.
Also. &g is the yield for imtersystem crossing
from 'MLCT to "MLCT,

3.4 High Efficiency Phosphorescent OLEDs

The internal quantum efficiency of fluorescent OLEDs cannot exceed 25 % because of
the singlet-triplet-ratio r discussed above. As shown in Figure 6, there are three ways to
form a triplet and only one way to form a singlet. This intrinsic limitation can be over-
come by incorporating phosphorescent guest molecules into a host matrix material to
generate light from both the triplet and the singlet excitons, and achieve internal quan-
tum efficiencies close to unity [13], [14].

ligand
2850M i _,) s electrical
H excitation
i o)
! 25% . f
IMLCT e g
— = 3&0an ;
= f15%
B Prse
- LA, S et
U A i 2> — 515nm
= N/" optical } i
| gxcitation S
o= =t ' KNPE Kp=>Kyo
ground state :
\J i \074

Doping con coloranti aumenta efficienza quantica (singoletto e tripletto eccitati in
contemporanea) e permette tunabilita (scelta colore)
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Esempi di materiali in OLEDs

Fabbricazione |

Figure 1 OLED devices can be divided into two-classes: small-
rnolecule devices and organic-polymer devices. Small-

rolecule devices are fabricated using vacuum evaporation

technlques iwhereas polymer structures can be applied

Cathodea 1ME:A'E] using spin-casting or even ink-jet printing technigues,
Qriginating at Eastman Kodak Co, (Rochester, NY), the

| small-maolecule technology has achieved

| cornrnercialization,

. | /—= Eleclron-transport Materiali
| .;':.\,‘,'.."::l.l:a"' Iayar {Alq } one of the most basic OLED dewice structures Uses an
3 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

== Typ. thick. 50 nm

-

L T s B = Hole-transport NPB/ala,/Ma:Ag), where ITO is the transparent anode and
" IEFET (NPR) Mqg:ag is the cathode, The energy barriers between the
v | ! highest occupied molecular orbital (HOMO) and lowest
Liaht \ 1 unoccupied molecular orbital (LUMO) levels are aboot 0.4
g i - Anode {ITEI-} and 0.9 eV, respectively, which are sufficiently high to
| localize the hales in the MPB layer and electrons in the alg,
1 layer, Recombination of these charges occurs across the
Substrate {Glﬂﬂl} barriers, with holes primarily mosxing into alq3. This effect
produces excited states or excitons in aln:|3 that ernit a
Oemagazine (SPIE, Feb 2001) green fliorescence with its characteristic efficiency. The
overall external guanturn efficiency is about 1% in photons
Doping eritted per charge passing throuagh the GOLED dewice,
Altering the basic two-layer structure to include a Durata!!
lurninescent layer between thE.! hDIE-tranEpD.ﬁ: Iar_.re_r and the The reliability of OLED devices has been the major concern
galectrnn—tran_spnr‘tllar_.rer can yvield QLED I:|E'-.-'IE_E5 with much for practical applications, It has, however, improved
!rruprwed Eﬂ:!menqes. i) well-l-:nclwn_ scheme is to dope the substantially over the years. Using various sets of organic
interface region with molecules of high fluorescence materialz, many laboratories have reported achieving
efficiencies, as in the three-layer NPB/alg. 1 C540/alg lurninance life (half decay) on the order of 10,000 hours in
I 3 3 devices of all colors using various sets of organic
structure. Here, -3|'II3 1sthe host and C540, a coumarin raterials. Some of the reliability problems, such as the

deterioration of the reactive cathode, have been

laser dye, is the dopant present at a concentration of about adequately addressed with engineering scolutions. The miore

1%. The luminescent layer is simply a part of the 'E'l':la basic problem of organic material degradation is now
electron-transport laver doped with ©540, Because of the better understood. For instance, it has been shown by
enhanced flusrescence from the dopant, the Zoran Popovic of MErnX k_iana-:laJ Inc. l{T-:ur’u:u_ntu:-J Ontarm}_

. L 2 g that it is the haole carrier in Alg3 thatis partially respaonsible
electroluminescence efficiency of thn_a doped QLED device fur-the OLED detradition and Femedise fap cush 5
can exceed that of the undoped device by a factor of twa degradation include deliberate introduction of stahilizing
to three, 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 economiche!!)

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

¢ Richiamo dalla fisica dello stato solido:
Second g ] - .
aloro per una catena di atomi, la f.ne d’'onda elettronica vede un
band. > ; 3 : c . A
Forbkidenand | 4L [T T 3, 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 wavewssion & lor 8 ons-dimensianal kne ol atoms

important result is that there is an energy gap of width £, meaning that there-arg
Possibile interpretazione certain wavelengths or wavevectors that will not propagate in the lattice. This is a
) 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.

Eq. 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:/incer-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 I (centinaia di nm)

« Breaking of the crystal symmetry - crystal defects.

» Defects: Enable the appearance of localized field states. 20



Operazione di cristalli fotonici (pc) |

0.8

0.7

\
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0.4

/

TM PHOTONIC BAND GAP

C.P.Poole F.J.Owens
Introd. to Nanotechnology
(Wiley, 2003)
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Esempio di semplice pc 2D
Figure .31, A pan of the dispersion ralationship of a photonia crestal mods, TM™, of a pholanic

(cilindri dielettrici equispaziati)  emwstal made of a squars e of akemina rods. The crdinate scale Is the frequancy £ muktipled
by the Fﬂﬁﬁﬁ;;ﬁ]nm by the speed of lignt c. [Adapted from J. D. dparnopoulos,

Rimuovendo una linea, si

o o

L Lh ]

'Tl ]
Lidl o Q)

rimuove localmente il gap =
& 03
i E
. . , 5 0.2 —
effetto di guida d’onda i E
E oo :
< ) I A LY RN 0 Y Y A T T T " R O L i
Q 2.1 02 0.3 0.4 0.5
Guide d’'onda (senza raggio minimo VREVEDTER TR

Figure 5.32. Ettec! of ramaving one row of reds from & square Iattice of a pholania erystal, 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, D. Joanopoulos, Niture 386, 143 (1867) ]
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Operazione di cristalli fotonici (pc) Il

e lzht out

Distribuzione delle perdite per

acagare bonateeaesE i nestpdeom
evanescenti investigabile con
SNOM

Trghit i

Fipure .23, Theoretical modeling of field distnbutien around & defeet path way, pradu
i sharp bemd m lghe propagution. From Mekis ot al. 1996 ), reproduced with permission

1 i - - . = .
Fignre 9248 A helion-ncon laser slows os it enuess thi waveguide al the boticny and it
i | el a " s T - .
thet phitemic crystal ot the top, wheve i undergoes a:sharp bend o propagste i the lait wol

right dinectionys, Froo Barker and Chiarttin | 20041, represducedd with pemmission

“Pieghe” ad angolo retto possibili senza perdite
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Alcuni esempi di cristalli fotonici |
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Figure 9038, Yerieal deposinion methed for crvsiallzation of collond
dluced with permssen rom Joanoopouliss, [, Nasgee A1, 257238 (2

Fignre %04 Scoming elegtron microscope (SEM) inmge of the palystyrene/sr phatonic
crvaral, prepared by the vertical depasition imothod

Al W"i" juh""bﬂ | Iﬁ\
&) (I || Possibilita di impiego di
tecniche e materiali “speciali”

Trarsmiftaros %]
&
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Figure 9.1. Typical transmission (a} and reflection (k) spectr of a photonic crystal p
duced by cloze-packing of polystyrene spheres. The diamerers of the polysivrene spheres .
220 nm for ransmattance study and 230 mn for reflection measurement,
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Alcuni esempi di cristalli fotonici Il

Figure 5. A scanning electron
micrograph of a 30 photonic crystal.
This struclure was assembied by
sedimentation of monodisperse
colloidal silica on a femplate, 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)

Eigure 4. Scanning ewctron mizrograph of & perodi aray of sican m;m; Fab;;ﬂafeﬂi:w
Dy anisciropic efahing, T s piltars sng 205 A i dlameter AT A jum idlicd
etrpture possessss o bandgap of around 1.5 em o tansverse magieiic pm:rj W.

By ramoving & artay of pilars, 4 wiveouices Dend may b fabricated. g and o
wavenLides are miemated with tha phedonic crystal

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