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Metodi ottici per I'osservazione e la realizzazione di
nanostrutture: richiami sulla diffrazione, cenni di microscopia
ottica, litografia ottica (maschere, resist, etching,...). Strategie
per superare il limite di diffrazione: litografia UV, VUV e raggi-
X, phase-shifting masks, etching anisotropo. Litografia
atomica. Cenni su nanoimprinting

15/11/2004 — 11.30+1 ITI M
18/11/2004 — 9.30+1 ITI M
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Introduzione: metodi ottici in micro- e nano-tecnologia

Obiettivi generali:

1. Sfruttare tecniche ottiche (radiazione visibile, UV) per produrre (“ritagliare”)
nanostrutture a partire da film sottili: litografia ottica;

2.  Sfruttare le stesse tecniche per analizzare le nanostrutture: mic7;/copia ottica

Luce
Master
5 N (maschera
R TN meccanica)
L I | Vil aa )
Vi Fotoresist

Pog BIH & senpsryneg BrrapEs vy 1 rReEp

Problematica fondamentale:
la lunghezza d’onda puo risultare “grande” rispetto alle dimensioni caratteristiche:
fenomeno della diffrazione ottica
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Da Hecht Zajac
Optics
Addison-Wesley (197 I Coharant DscIators

As a simple vet logical bridge betwesn the studies of
interfarance and diffeaction, consider the arrangement_ ol
Fig. 10.6. The illustration dapicis & linear array of & coherent
point pscillators {or radisting antennas), which are a:ach
identical even to their pojarization. For the moment, cansider
the oscillators to have no intrinsic phase difference, i.e. they
pach have the same epoch engie. The rays shawn are il
almost parallel, meeting at same very distant point P 1f the
gpatial axtent of the anay is comparatively small, tha separate
wave amplitudes grriving at @ will ba essentially equal,

having traveled nearly eguel distances, that is

'Eﬂ':rl:l = Eo(-"z] = Eo“l\'l Z Eu{r]-

The sum of the interfering spherical wavaleta vyields an
electric field at 2, given by the real part of

EF = Eﬂ{*’)&""‘" ey En{r}al'lkrz..ml i E“{r}ellﬂiﬁ"wrjl
0.1
It should be clear, from Section 9.1, that we need not ba

cencarned with the vecior nature of the alectric field for this
configuration. MNow then

E = E.,ljr]e“‘“‘a“*-[1 + giEtra=e) + gk rl N ali.Ilrr.--rn-].
The phass difference betwesn adjacent sources is obtained
from the expression 3 = kA and since A = ndsind, in a
madgiur of index 1, § = &kd'sin . Making use of Fig. 10:6, it
follows that 6 = kiry —ry), 28 = k¢, — ;) etc. Thus the
field at # may be written as

E= Enl:r)e' iwreﬁcr.” +> {eu] ) l:,l'-!]i + {em}a b -{s’“‘]"‘" I].
(10.2)
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Richiami su interferenza e diffrazione

The bracketed geometric saries has the value
(EMN s 1:”(3“’ — 1]

which can be rearranged inte the form

gNEI[gvIT | gk — 'I
i g 1] .

or aquivalently g

SN ﬂ"_"!"_‘i’? f

5in 442
The field than bagomas . Floo T0E & roburiii ln s
! sin A3 2
F = E &—I'uu Ahry =N -'1H2|( ___.___) o
alr) € §in 72 {10.3)

Notice thet if we define A to be the distance from the canter
of the line of osclltators to the point P, that is

A =4HN—1)dsing +r,,
then Eg. (10.3) takes on the form

sin i‘n‘_ﬁf?

sin 4/

Finally, then, the flux-density distribution within the diffrac-
tion pattern due to A coherant. identical, distant paint
sources in a llmear array is prapertional ta ££7 /2 for complex
Eor

£E= Eo{r]e“"‘"“"( (10.4)

_ s_ir_n‘_{.-".'rile
~ " ain? {2y
where f; (s the flux density from any single saurce erriving at
P (sew Problem 10.2 for a graphical derivatiaon of the Trradi-
ance), Fat N=0/=0 forN=1/!={, and for ¥ = 2,
{ e &1, cos? (4/2) in accord with Eq, {9.6). The functional
dependance of f on ! is mora apparent in the form
gin’ _[{Vt.&dﬂ) 5in '1].

sin® [ (Aa/2) sin ]

(10.5)

=y {108}
The sin® [WM(kd/2) sin 1} term undergoes rapid fluctuations,
while the function modulating i [sin [{ka/2) sinf] ] 3,
varies relativaly slowly. The combinsd expression gives rise
to a series of sharp principal peaks separated by smalt
subsidiary maxima, The principal maxima occur in dirsctians
0,euchthat § = 2mr wheare m = 0, £1, +2,... . Becausa
d'= ke sin g

dsindl, = mi.. (10.7)

Si in? M§/2 in* 8121 = M =
ince [sin {21/ [&in* &¢2] or & =2mn (from 8 G [ S




L'Hégpital's rule) the principsl maxima bave values A/,
This is to be expected inasmuch as all of the oscillators are in
phase 8t that orientation, The systam will radiate a maximum
in a direction perpendicular to the erray {(m =00,=0
and =Y. As f increases, & increases and / falls off to zero at
M3/2 = n.its first minimum, Notethatif @ < Zin Eq. (10.7),
only the m = 0 or Zero-order principal maximum axists. /f
we were [poking at an ideslized lins source of elsctran-
osciffators separated By stomic distances, we coufd expect
onify that ore principal maximum in the light field.

The amenna aray of Fig. 107 can then transmit
radiation in the narrow beam or lobe corresponding to a
principal maximumn (the parabolic dishes shown reflect into
the forward direction and the radistion patiam is no longer
symmgtrical around the common axis.) Suppose that we
have & system in which we can introduce an intringic phase
shift of » betwean adjacent osclllators. In that case

& =kdsinit+e;
the various principal maxima will cccur at new anglas
dinf, =md = ¢k,

Concentrating on the central maximum m = Q, itz arigntation
!, can be varied at will by marely adjusting the valua of .
The principle of reversibility, which states that without
absorption, waye motion is raversible, laads to the same field
pattern for an antenna usad as gither a transmitter or raceiver.
The srray, functioning as a radio telescopa, can therefore be
"painted” by cambining the output from the individual
antennas with an sppropriate phase shift, ¢ introduced

between each of them. For g given ¢ the output of the system
corrasponds to the signal Impinging on the array from =
specific direction in space.

Figure 10.7 iz a photograph of the first multiple radio
interferometer designed by W. N. Christtansen and built in -
Aystralia in 1951. 1t conslsts of 32 parabolic antennas, esch
2 m in dismater, degignad to function in phase at the wavs-
length of the 21 cm hydrogen emission line, The sntenvss
are arranged along an gast—west baseline with 7 m sepersiing
each ona, This particutar amay utilizes tha sarth's rotetion
gs the scanning mechanism.

Examine Fig, 10.8 which depicts an icanlized line source
of slegtron-oscillators (e.g., the secondery sgurces of the
Huygens--Fresnel principle for a long slit whosa width ia
much less than A Huminated by plane waves). Each poim
emits a spherical wavelat which we write as

E= (5:,) git (it - kr)

axplicitly indicating the inverse r-dependence of the amgpli-
tude. The quantity £, ia said to be the source strength. The
prasent situation is distinct fram that of Fig. 10.6 in that now
the saurces are vary weak, their number, N, is tremendously
large and the separation betwesn tham vanishingly smail. A
minute, but finite segment of the aray Ay, will contsin
Ay, (/D) sources where O is the entire length of the array,

Diffrazione di Fraunhofer

Imagine then that the array is divided up inta M such seg-
ments, }.e.,  goes from ¥ to M. The contribution to the aleciric
field intensity at # from the jih segment is accordingly

[““ 1 Nal"l)
E = (rI)SIn I kfi]( o

provided that Ay; 18 so small that the osciflators within it
have a nagligibla relative phase diffarence (r, = cangtant}
and their fields simply add constructively. We can couse the
array 10 become a continuaus {coharent} line source by
latting N approach infinity. This description, basides being
fairly realistic on a macroscopic scele, also ailows the use of
the ealculus for mors complicaied geometries, Certainly as /¥
approacties infinity, the source sirangths of the individual
oscillators must diminish to near zero f the tatal output is 10
be finite,
source Strength per unit iength of the aray, that is

We can therefore defing a constant £ as the

T s
t = D lim { T,

W oar

(10.8)

Tha net field at P from &Il M segments is

L1]
E= ¥ E’ sin (it — kr) Ay,
iwt f
For 8 contlpuous ling source Ay; can becoms infin'nfasimat
{M— ) and the summation is then transformed into a
definita integral

2 gin (ot = ki)
E:.E,_I Pt =

iz r

{10.8)

whete r = #{y). The approximatians used to svaluate €q.

{10.9) must depend on the positian of P with respect to the
atray and will therefore make the distinction bevween Fraun-
hofar and Frasnal diffraction. The cohearent optical line
source doas not now axist as a physical entity but we will
make good use of it gs a mathgmancal device.

10.2 FRAUNHOFER DIFFRACTION

10.2.1 The Single Blit

Return to Fig, 10.8 where now the point of obsarvation is
very distant from the coherent {ing source and B » 0.
Undst these circumstances r(y) never deviates appreciab!y
trom its midpoint value & so that the quantity {F /R 8t Fis
essentially constant for all elements dy. [t follows fram Eq.
£10.9) that the field at # due to the differsntial segmant of the

source dy is

o = %sin (et ~ kr) dy, (10.10)
where (£, /A) dy is the amplitude of the wave. Notica that
the phase is very much more gensitive to varistions in riy)
than is the amplitude so that we will have to be more careful
about intraducing appreximations into it. We can axpand
riy), in pracisely the same Mannar as was done in Problem
{9.4), 1o get it as an expficit function of p, thue

r=R—ysind + (y¥/2R)cos’l +-- -, {1011}

whare 0l ig measured from the xz-gtana. The third term can bg
ignored 5o long as its contribution to the phase is insignifi-
cant evan when y = +D/2, i.e. (aD*/4iA) cos® U must hle
negligitla. This will Be true for all velues of # when R is
adeguately large and we Bgsin have the Fraunhgfat corjdl—
tian. The distance ¢ is then linear in y. Substituting inte
Eq. (10.10) and intagrating leads to

(3R]
E = E!'J‘ gin [t — k(R — ysin )] ay, {10.12}
R) oz
and finally
£,.Dsin [(AD/2ysin{]
_hben e wt— kAY. (1013
E=-g “lpidsing S S L
To simplify the appssiancs of things let
= kD/2) sinfl (10.14)
s that .
-2l (sl’lf)sin {0t — kR). (10.15)
SRR

The quantity most readily measured is the irradiance (for-
getting the constants) H{d) = (£ or

LDy ein B)?
o 1 (_‘3 .
2y R i)
whare ¢sin? (wt — &AYy = 1, When i =0, siln i = 1 and
Hith = 1{0) which corresponds to the principal mammu_m.
The iradiance resulting from en idesiized coferent line
B ration is then -

{10.16)

5 {10.17)

ot using the sinc 4nd Table 1 of the

Appandix)
) = J{0} sinc? 1.

There is symmatry about the y-axis and this expressin:.}n

holds for @ measured in any plane containing that axis.
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Diffrazione ottica

Limite ultimo nella risoluzione spaziale dei metodi ottici:
fenomeno della diffrazione

- senf= 22 “Cono di diffusione”:
|‘ A | p sing~1/a
| LA - senfl= u_ liae s
I r/ \ ;
a 1_ t _ i _
| |'
\/ | ' ita diffratta:
H L senie o — Intensna_d atta
| | . | ~ 1, (sina/a)?
‘ -9 0
| - senf=Z5 con:
| = a=pasinq/lI
i

La diffrazione da un sistema ottico con apertura numerica NA
limita la risoluzione spaziale ad un valore ~ 0.6 | /NA
(limite di Abbe)
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Criteri per la risoluzione spaziale

Da Brandon Kaplan
Microstruct. Charact.

3121 POINTSOURCE AHBE IMaE i D811 of. Materials
Toe calcubated inteseity diRtriution nggimed 9 parsiiel beam of it velling slang pslre Wiley (1999)

shie axis of @ tin lens and rowght oo focus atthe Focal distmee (Fig: 3.8}, Fo¥ the
cydimdeically pommptric cage, the vatio of the peak intengities for the primary and
secondary peaks m the inlensity distrbotion &8 ea 821, while the widih of the
priveary peak is given by the Abbe eguation o8 folkows:

Abbe

|
|

1) Rayleigh

where A v the wivelength of e rafiation, 15 the sperture {haif-angle) of the leos
{determinsd by the ratlo of the lens radius 10 its focal kenpth), and j is the refrectve
index of the medum between the lens and e focal pomd (p = | for airk.

Intensity

Figure 3,19 The Ralgigh resolusion eriterien requires thil tao point salimees ol infimiy b
anangulas separation which s sufficient to place the maoximum mtensity of the primasy image
peik of grg sorte ot the position of the first mimmum of the second

Abbe Limit
Fipure 3.8 The Abbe cguathon glves the widih of the firt intessity peak fia fhe isage ol Sratierad
puint abject ol imfinity in terms of the angular wpernire of the leny « and the wavelength of 1

b= b
it 2 Irlﬁnsl?y
Diatrbution deb
| ,—’\ = |=
Criteri di risoluzione validi sia per | j e

microscopia che per litografia Appparent Otject Size

“ 3 A ’ f!;m:.‘r-'ll Lacge objects of dimeter o gre Blarred by the diffvaction Timit & derived from

(per reCIprOCIta ) fhe Abbe relationship, but objects smaller than the Abbe width are stll detectable in the

| micengcope, although the anbensity bs meduced und they hive an apparent width given by the
Ablbe egwutinn
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Da Hecht Zajac
Optics
Addison-Wesley (197

Exat pupil

Fig. 5.B6 A rudimeniary compound microscops

f

¥

fe

Objective

Microscopia ottica

Da Brandon Kaplan
Microstruct. Charact.
of Materials

the magnifying power of the entire system is the product )
Wiley (1999)

of the transverse lingar maegnification of the objective,
My, and the angular magnification of the eyepiece. M, ,

that is Profondita di campo

MFP = M M (5.70)

Racall that My = —x,/F {5.21_3]. and_ wit‘h this in mind most, 3¢ the eesolutian svailable fivr s sbject i focus i the image it by
but mot all, manufaciurers design their microscopes suchthat o aperture of the objective lens, it folioss that the object need nit be at
the distance (corresponding to x;) from the second focus  cran ohiect distance from the lens w, but may be displsced from: this plane
af the objective to the first focus of the eyepiece is standBr-  wur merificing any resolusion (Flz, 1.13). The distance over which the objeel

dized at 160 mm. This distance, known as the tube length,  wnnin focus is defined as this deph of field,
is denoted by L Int the figura. {(Some suthors define tube
langth &8 the image distance of tha ohjective.) Hence, with 132}
tha fingl imaga at infinity and the standard near point taken
as 10 inches or 254 mm '
160254
; we={ - 2UF) B
and the image s inverted (M.P. < 0), Accordingly. the L':"J,:Imib::m;u?;"uf mhmxrdﬁlmdmﬂfﬁl??ﬁﬁlﬁiﬁ:
barrel of an objective with a focal length £, of say 32 mm will = may be observed withoul loas af sespiution of the nage piene is stightly displeced. so
be engraved with the markings 5x (or x5} indicating & there i an adlowed depth of foctis 23
power of 5. Cambined with a 10x ayepieca (, = 1 ingh]  wher 7 i half the angle sobtended by (he objective aperture ot the focel pein,
the microscope M.P, would then be 50 x. Sirmarly, the image will remamn m focus 4 ot 25 despleesd fom s geometrically
Fron siop— A T T : : defined position at o distance ¢ from the lens, The datnce over which Se imags
remaims in foens s termed the depeh of fecas, os follows:
(3.3}
. . whierz \ is the magnification, {Both ol theks sxpreamond fequations (3.2} and (33))
M ICFOSCO pIO ure appoximnte pd paseme that e objectve can be treated as 2 “tin keos’, which
. ] is never the chse i & commercisl msinumenr) Smee the resolution s given by
fo=Ihbld psime = (6] e/NA, 1L follows that the of feld decreases as the
0 b|ett|VO+OCU lare (+ e ) nitmmerical aperture mereases. For the Righest image mumu. The specimen shoaid
be positioned to an accwracy of better than 0.5 pm, which determines the- requred
mechanica| siabifity of the specinen siage.
The depifi of focus & considerbly less eritical. Besnog o nind thet s
magnification of the order of 100 is necessary if ail of the resalved detml i6 o be
Entrance pupil recardend. displacerwonts of the order a millmete are acceptable

Limite diffrazione invalicabile
(ma esistono strategie per aumentare
contrasto)

Fisica delle Nanotecnologie 2004/5 - ver.3 - parte 8 - pag. 7



Imicmsmpl confocall, precursor del microsgopio con
eccltazlons 2 due totoni per 2 visualizrazione tridi-
mensionala di struliure bialogichs, penmetiono di ossar-
vare ad aita risoluzione un singolo plano di un campione.
Innanzitutto, la luce (giafa in a) viena focalizzata con Un
abiettivoin un fascio a forma dl clessidra, In modo che la
porzione pil fsietta dal fasolo colpisea una piccola re-
gione del camplone alla profondité desiderata. Quind la
luce riflessa da qusla regione (bl viene focalizzata In
un punto o fatla passare atiraversc un forelling In una
maschoera posta davant al rdvelalore.

Microscopia ottica confocale

SIMPLIFIED OPTICS OF A LSCM

SOURCE PINHOLE
(ILLUMINATING APERTURE)

LIGHT SOURCE
{0.g. LASER)

FOCAL PLANE

PHOTODETECTOR
[PHOTCMULTIPLIER)

DICHRDIC MIRRDR
{BEAM SPLITTER]

\Fy OBJECTIVE LENS

SPECIMEN
I FOCUS

m— IN-FOCUS LIGHT RAYE
m— QUT-0F-FOCUS LIGHT RAYS

Lance Ladic

Melio stesso tempe la maschera blocca la magglor
parie dsliz luca rillesss dalle parll dal campione: che &l
trovano sOpra [rosso i b) @ solto (grancions) il piano
presceito. Infine, ia luce viene tatta scorrers rapidaman:
{e sul campions fino & che nen vieng analizzate intero
planc. Per rendere pill veloce || procedimente dl scan-
sionae, alcunl migrogoopt confocall sono dotat! di un di-
soo ¢he conlisne cenfinaia di forellinl, attraverso | qual
wigne Inviata e raccelta la luce (o). || disco ruota per ga-
rantire che nella sganslans venga coperto oghi pumis
del pigna, )

fadic@es ubc.cx

Laser Scanning Confocal Micr.
--> risoluzione dipende
da focalizz. laser ([0 0.5 pm)
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Applicazioni confocale: solid-state e biophysics

Conforal photolumimescence images of a ITI-VI lazer structure she
ZnCdeelZnsSefinldgs5e separate cotfinement heterostructure:

“Degradazione’ di eterostrutture

Microcapsula di fluido con cromofori

Confocale: possibilita mappatura “3D”
(per campioni luminescenti o con cromofori)
con alta risoluzione spaziale
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Definizione litografica di strutture

Generalmente I'obiettivo € definire lateralmente delle strutture per realizzare un dispositivo, cioe
creare un pattern con risoluzione spaziale pari alla dimensione laterale minima delle strutture

desiderate (dal um degli anni ‘80 a sotto i 100 nm per i prossimi anni)

Generalmente tecniche di tipo top-down (cioé rimozione localizzata di zone di film,...)

Tecnica maggiormente diffusa: litografia ottica (e con fasci di cariche)

)

@

€l

El B lon B 25

ectron Beam on Beam =

EU‘J E_UV KI-Ra\_.r Projection Projection @
ithography Lithography Lithography Lithography Lithography

Microstructure on Subslrate
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Litografia ottica

Ingredienti litografia ottica:

- radiazione e.m. (ben collimata!)

- maschera meccanica (trasp/opaca)
- fotoresist (ben depositato!)

- sviluppo ed etching

Vantaggi “evidenti” litografia ottica:
- flessibilita

- semplicita

- “parallelismo” di processo

- scalabilita

1. Impressione

Luce

Master
(maschera

Ty, meeeane=)

Fotoresist

Susbtrato (ovvero film da patternare)

Risoluzione spaziale finale dipende da
diversi fattori:

Lunghezza d’onda, qualita fotoresist,
processo di etching, etc.

2. Sviluppo

Fotoresist
impressionato

3. Etching Substrato

patternato
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Configurazioni maschera

S = wl Proiezione:
Contatto: oIl ,-’5\“‘* : tilit2
elimina problemi Al maggiore versatiiiia,

buona definizione : :
maschera ma Mhati minore dipendenza da

ma problemi “chimici” - “ N s
e durata della maschera sensibile a diffusione qu:';lllta maschera,. ma
luce (occorre collimare) dipende da qualita
del sistema ottico
(il sistema piu usato,

T;ﬁ)\; @ generalmente con
AN ingrandimento <1,

Optical lenses )
\ , assieme a step-and-repeat

per grosse superfici)
28 -
¥ ___-Resist
'

Contact mode Proximity mode Projection mode

Master (maschere) possono essere

prodotte con altre tecniche e replicate

. . : Pattern complessi possono essere
con litografia ottica

prodotti con un’unica esposizione
su superfici relativamente ampie (> mm?)

Materiale parzialemente tratto dal seminario di
Michele Alderighi (giu. 2002)
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Requisiti fondamentali fotoresist:

- buono sticking al substrato

- omogeneita e spessore uniforme

- efficiente modifica solubilita quando
Impressionato dalla luce (typ. UV)

- buona sensibilita alla radiazione

Fotoresist |

Da M. Madou,

CRC (1997)

- deve riprodurre fedelmente il pattern

{

47)
S

Nomalized thickness

(b)
k13
ty ). gt
: 3 i
: £ :
=. i |
I ] !
: : :
i & '
: < '.
0 , ; 0 : :
tog1pDy 10840y log1gDy 109100y

Exposure dose Figure 26: Schematic view  Exposure dose
of a contrast curve for

fa) negative tone resist and
(b) positive tone resist.

“Sensibilita™:
N = numero scissioni legami = G*dose/100
con dose di energiaineV, e G, ~1-10

Fundamentals of microfab.,

LEaHT

L i

PHOTORESIAT

12 ILLUMINATED G e
A
BILICON Dadx|DE

ARELS

BIL|CON SUBSTRATE

u ! PoSTIvE BESIST
RENDEHED MstLUmLe o) RENDERED SOLUBLE

negativi * positivi

MEGATIVE RESIST IMAGE

Exierias V
: Sewiier fone
'
A

FOSTTIVE RESIST IMAGE
L]

Figiite 1.1 Prisitive and iegative sesist sxpomre, devedopment, and
eidpe-scarteyed radintion. (A] Preitive and negelbive reskss, sxposare.
and development, Positive reslen develop m the sapoved regeon anid
wrnally remnain eoluble fae f-00f Magarive resiets pemmaln o fhe
wxprosmd reglion bl use insolubls aid fo seitable o fift-alf (eee teet].
B} Edpe-semsersd radinsion profile for megative and peeltioe masss,
Time- independem development of orgis-Tinked ngative Teast faida to
remane light scatmer rome. Develupment of positive reslat mapidly
rezmer Exposed region and a be quenched o inhibe remeval of
Izeral seantered enpoed st o, (From Beodic, L and 1. 1 Muray,
The Phyios of Microfabrication. Plemum Press, Sew Yors, Y96L With
permisn. )
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7 Photoresist
l‘hﬁ:tureusts iu-e ul:su an lnhe:g,ralpm of LiLhngraph'l.- The pmtn'munce .J-i'lhrn:uu ix th.:

Fotoresist Il

o

Oy =

Positive resist

e e O I
mkawr.![tresm Liguid. The resin is mot nnrm.'l]!].r mmmwwﬂmaxpusure The com- o 1 g
momly used pesitive tone resist system foar g- and i-lime lithography iz the novolacidiz- Fagure 23 Fapinite
annaphthoquinones (DN system. The novolae i the resm meterizl and dissobves in et L e
aguuenus bases. The DNG s the PAC, bz when unexposed it 2018 22 2 dizselution inhibi- aaad ihitd T '3
tor, Figure 23 shows the reaction cyele of the DNG upem cxposure. Upon exposure M s it
sphil off the molecule, After s reamangement, the moleculs underpoes o waction with the oI OOuET Echioy
H;C, which stems from the sir. The resction product now doey not behave as a dissolp-
~ fion inhibitor, BUL o5 @ dissolufion enfancer. Therelore (he exposed ascas of e resisl
Wil disanive a 100 tmes quicker than the wnexposed arsas. = Wy LA Tt
sists also congest of the three compounds: resin, phatoactive com- ’_@_F_Q_" |C PEnS NTREME = MITHDEEN
st vEnt 1 keep the resist liquid. The reain consists of & eyehe svnthetic rub- . . il e el Rt o kol
Im'. wl:uch ie ot radistion-senzitive, bat soronghy soluble in the developer (non-polar Negatlve resist ST - BRI

arganic soivents). The PAC is normally  bis-arylazide, Figure 23 shows the chemnical o . i
simscture of & rubber resin and a PAC. Upon exposure, the PAC dissocintes ot nitrene
mmwn—mm—x } L (

| |
A=+ H—Co= —= =kl oL~
| |

Y QIR

B

|

Flgerr X Roxztion cycicnl
A g ey e ratiil Mirkrg
spimpr [, (1]

and My Thase mitnene molecules ane
T HECWHET CWO TUNGeT Tl eci iy oEn he aeimnil

erss-imied moleculss netwotk 1s formed, which 15 insolubie in Ihedmmluper

A% dovice dimenslons are scaled down further, the g-line steppers as well as the
aovolac DN rerists have been improved, 50 the features for 350 nm generation could
te printed, But reaching the 250 nm generation, the illumizstion wovelengih was shifted 1
0 230 nmy, toe, However, at this wevelength novolac and DNCE do strongly &beorh the Ll
light, therefore another ¢lass of resisrs had o be develnped. Furthermaore, the intensity of @—a %

TNEEI0T

qf—*'a-ri"ﬂ. - +m,i"‘*"-c,$';

o it (D)

¢ sovelak resin (N), s Gk Ty
-'"ﬂ-m LA 5]

= ¢=0 =0 =0
[y by b
G I % . Esempi di fotoresist positivi
o i | S gj_h | (sviluppo es. KOH o acqua)
- —+CH~CmCHg+ €4— i) . |
sensibile S atic o Rai S 4_ ‘ ibil
a 220-240 nm (UV) o : Sensbrie
+C0.Cop CHy.OrO 1. @I} N ’ . a 365 nm (Hg-lamps)
i ; L ypied "ﬁ:_ ; . _: "l - ; | Fisica delle Nanotecnologie 2004/5 - ver.3 - parte 8 - pag. 14




Deposizione fotoresist

Deposizione usata piu frequentemente: spin-coating (buona per polimeri)
(altrimenti spray, elettroforesi, Langmuir-Blodgett deposition, dipping per SAMs, ...)

Nozzle to deposit
resist

"\ Substrate

spinner Resist puddle Start of spin

typ. seguito da soft temp.
curing (T 0 100 °C)
Attenzione a transizione vetrosa
(peggiora uniformital!!)

Wafer with resist typ. resist thickness: 0.5-1.0 pm

Spin-coating: ottima omogeneita, rapidita, semplicita

Fisica delle Nanotecnologie 2004/5 - ver.3 - parte 8 - pag. 15



8i0g (~ 1 u)
n~-TYPE SILICON

(s} OXIDATION
Negative photoresist coust (= 1 jm)

PN, B AP i i T

{b) LITHOGRAPHY PREPARATION

UV LIGHT
[ +—4 JGLASS PLATE
4 ﬁ =~ —4— OPAQUE PATTERN
) L= HARDENED RESIST

ST Y e A

(] EXPOSURE

bt outs 28, iy E e e e

(d) UNEXPOBED PHOTORESIST REMOVED
BY DEVELOPER

{o) 8i0, ETCHED WITH
NHg F + HF

—

{fi EXPOSBED PHOTORESIST REMOVED
WITH H; 80,

Figure 1.22 Basic IC process steps on an oxidized §i wafer; photoli-
thography {(with a negative-tone resist), including exposure, develop-
ment, oxide etching, and resist stripping. (From Brodie. L. and J. ],
Muray, The Physics of Microfabrication, Plenum Press, New York, 1991,
With permission.)

Etching

'y
Deioper
g Bom  idees R, e
B
d kigh [ =10 Lol
s nsplen:
u 1
h Muliem  Momres =i Ty uick clacsay
Ll
e \ /

> : :: Lo= Chminaa) <A W2 2l

Figure 1.3 Fhotoresiss profies, (4 ) Potlive resiss, (2 Tresired sesss profile for Lift-aff, Le cenpesure cuntrofled prafile atse called overvat (b Perfec
imiage wandes by dpplying a normal ecpessre dose wad relyng medérasy on the develaper (o) Reveding phodoreslst srociure with [hinalsg of
fie resst L, e develipur costeed alw calied undenzut, For a good anderstanding of these differant meshst profiles. we alie Piguee 100 where
soieged radiation. panfiles wre showe. (5] Megative s, Prale i mainly detormitred by the repassre. Deviligmsent slightly swelis the sesis by
atisetwise lms no infuence an s vl profife, ©From Mo, WM., Seavomedusor Léihogrugaky, Mlenurs Press, Mew Yok, 1968, Witk pemminsion )

Etching del resist puo essere “wet”
(typ. attacco acido da fase liquida)
0 “dry” (typ. con plasma ossidante”)

Etching deve essere seguito
da fase di “stripping”,
a volte con
“lift-off” del resist non impressionato

Importanza ruolo dei “dettagli” dell’esposizione
(overcut/undercut)
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Da M. Madou,
Fundamentals of microfab.,
ON MASK

N

1 ? MASK PATTERN
3 heb 1B e b . RESIST

LR A~ WAFER

INCIDENT
UV LIGHT

ji———*—-—-* ACTUAL TRANSFER

IF "| ———— |IDEAL TRANSFER
|
' f

y |
ez

MINIMUN PERICD
TRANSFERABLE:

o N T 2b_ m3v/SA
B i i e s i e
-F.—-_
1

Q < 3 <

POSITION ON WAFER
(ARB UNITS)

Figure 1.7 Light distribution profiles on a photoresist surface after

light passed through a mask containing an equal line and space grating.

(From Willson, C. G., in Introduction 1o Microlithography, Thomp-
son, L. F., Willson, C. G., and Bawden, M. J,, Eds., American Chemical
Society, Washington, D.C., 1994. With permission. )

Risoluzione spaziale |

Ulteriori limitazioni alla risoluzione
sono dovuti a distanza mask/resist
e spessore resist (per effetto di
“profondita di campo”

Formula semi-empirica:

N
xl?-..\s + )

ob,. =3 112

where b, stands for half the grating period, s for the gap between
the mask and the photoresist surface, A for the wavelength of the
exposing radiation, and z for the photoresist thickness.

Esempio:
| =350 nm,s=5pum, Z=0.5um
->p .. > 2 um!!!

Importanza parametris e Z
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proximity and projectian Kthography, With all three, the light emitted by & Iight souTce

Risoluzione spaziale Il

2 Optical Lithography

Gptical lithography is the most mpocant tvpe of lithogeaply, Originally the name
referred o hithography ueing light with wavelength i the visible range. Nevertheless,
gradually, the wavelength was driven doswn to 192 om, which &5 ssed in semiconducios
production nowadays, and even shorter wavelengths down (o the sub-nm rage are ander
irvestipation.

This MFS depends on thre-ithmination me tha illumination wavelength A, on the
materials of the oprical sysmm aml tbe resist used. In Sac. 2.1 the different illumination
riethods and (heir physical resolution limits are addressed, in Sec, 2.2 the wavelengths
i the lHght sources are disoussed, also for wavelengths bE]D‘W L5 nm, while lithogra-
phy with these wmﬂ:i:npha 15 chisoussed in See. 3 and 4, and in See, 2.3 the marerisls
and the forms of the opheal system we dealt with.

2.1 Nlumination Methods and Resolution Limits
Flgoee 3 shows a schematic view of the three different illumination methods canner,

passes & condenser optics so that a paralle] heam is fortned, With contact lithography,
mask and ssmple are pressed Logether 40 that the mask s 1 close convact to e vesist
(Figare 3a), The resolution is limired by defection o essed by the MFEY which
can be obtained. For contact lithography this 16 AFS = /d- 4 | where o is the resist
thickness and A the wm'alang[h For & resist thicknesso g wavelength of about
4 nmy, this yields & minimum featre size of A00 nm '[']1& meior drawhack of this
mehod (s that e goality of the mask suffers from comtact 1o the Tesist, leading to Fil
ures in the stuctwrs. To avoid this problem, the second method was developed
{Figure 3. With pracimity lithegraphy the:re iz a,defwzd proximity gap g berwaen sam-
ple and mask, sa there is no deteriomiion aask. The drawback is the poorer mso=
lution limir, which is proportiona fich same figures as shove and &
proximity gap of 10 um, the A48 18 2
The method uzed today in lndustrial pmd-m:um is so-called mm:.tnn J.n‘.‘mgmphy
{Figure 3¢, Hm:mltw shagow of the mﬂhmuferredmﬂu T
other methods, but a pi : g
passing the mask, the Imhl 15 humdir.d bj.r an nntma‘t Hya.tm Th: mask |5 not in contect
with the sample, 50 there 15 no deterforation as in contaot lithography, but the resolution
i& better than in proximaty lithography. Ferthermons it is posgible to reduce the picture so

the patteris on the mask zre allowed to be bigger than the patterns on the sample, Thisls

masis with an sccuracy of 100 nm, then the smof Tor a stuetules of FUD om 0 be trans-
fereed opto a sample is 20 %, if it i8 transferred one by ome. If the pictace is reduced 4
timen, then for a 500 nm fearurs on the sample, the fiarore on the mask has i be 2 um;
therefore the masi srrerds-only 5%, Because of the reduction, the wafer is not exposed
in orie exposure, b This s dens by so-called steppers, in which the wafer is
adjusted under the mask 5% an x-y-table. The stepper moves the waler from ong expo-
sure position to the next, while the mask 15 not moved.

In projection lithogmphy the limiting faotor o the M Conasder n
siit width b which i dluminated by & monochromatic piane ware: will the insens
sity distribution look like o a Sceeen at a distance | behind the slt? Therefore Consider
two Huygens waved, oiie from the lower nim of the siit, one from e oiddle, There will
be in optical path difference berween these two Havgens waves, depending on the sagle
of propazetion 2. The mapnitude of the path difference (P 5:

PD-%;;:.{{-}] (1

The two Tuygens waves will inieriere destroctvely {1 the PO s an odd mulziple of he
hall wavelangsh:
Busis T Ve :
Esmli-},mj-l,’!m--ﬂ T withm=02L+2. (2

Unider this condition, the Huypeas waves fom the lower par of the slit will interfere
destroctively with the ones fon the upper part, ALths angle G, there is 2 mimmen of
intemsty,

The Hoygens waves do imterfase consmctively resuiting in & maximum of imensiny
when
holds, 3

%sm{em;=m withm=0,+ 1,42, .

In hthnﬂraphy the dw

ﬂmuppmathmgivmb:,n lnghlmmmgfmmﬂpmm
SpUTCE passes an optical svstent a blumed o E[an:lm pmt:zn the Airy disc — ecours.
The Rayleigh criterion says that two ideal point sources (e stars) can be resuived
when the mtensity mavimunn of the one Alry disc i in the fiest minimam of the other, go

MFE s given us;

where N4 is the numerical apzriure of the optica| system, Nevertbeless the Revielgh ori-
terion is just o first sppeoach 1 the MFS in microlithography, The mask pattems ane ot
independent (Le. incoherent) ienl polnt sousces, an the contrary they have o finite width
and the light is patially colerent. Nevertheless, the form of the crtenion gives (he right
dependences. I the wavelength is decreased by 10 % or the N4 s inereased by 10 %, the
MES 15 improved By 10 %, Furtharmore, 1t was denved eniy by properies of e opocs
although the photoresist also affects the MFS, Therefore more genetally, the critedo is

Wi s

where £ is & constant {typicalky 0.5 - 1.9), which seeounis for noa-ideal behaviour o
(e equipmnent {e.g. lens ercrs) and the miloenees which do nod come fiom fhe npte
(tesist, restdl processing, shspe of the imsped struotures....). Therefore &, is called
fechrology conslant.

As a comparison, Tot o techoglagy constant of 0.7 and @ numegical aperture of (L7,
which are commoaby used fgures, the MFE 10 i the erder of the wavelength A, So it is
hetber by abeat & factor of 1,66 then the T of contact prmting.
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Risoluzione spaziale Il

Figure 4 clarifies the connection between mask, diffraction and intensity distribu-
tion in the image plane. Due to diffraction two sharp features, P and Q, on the mask give

rise to an overall intensity dlstrlbutlon on the sample To resolve these two features the
intensity distribution has to have he two main maximums. It is use-
o] modulatlon transfer functmn {(MTF) a3

Contrasto del pattern
=k impressionato e limitato dal
— max — 4min 6 . .
O e 93 fenomeno della diffrazione

i a5 A S ke ot b A

The higher the value — the higher the difference between the maximum and minimum
intensity — the better the contrast between exposed and unexposed areas, the better is the
resolution of the equipment. It should be noted that the M7F is only detived by proper-
ties of the optical system. It is a measure of the capabilities of the lithographic tool in
printing structures.

Da R. Waser Ed., Nanoelectronics and
information technology (Wiley-VCH,
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Strategie di aumento risoluzione: phase shift masks

Resolution Enhancement Technologies

Modified Wlumination

Conventional Annular Q”“d"

Phase Shiftin

Phase ¢ = 0 %0
Altemate Attenuated

Pupll Filtering

el i)

Pupil
Funetion

Phase Distribution
Multiple Exposure
Multiple Mask

Others

Figure 5: Survey of the
resolution enhancement
technigues.

Surface Imaging i

(Pupil}

Wafer

|+—— Wafer Stage

Figure 6: Comparison of the light
amplitudes and intensities at the
mask.znd on the warfer for a con-

so-called Levenson or aliernaiing phase shift masis (PSM) can improve the resolntion

by 40 % Unfortunately, this improvement is patiem-dependent; for a single stacturs

i Projection Len
Q@m{’ i _
——  Aperture

there 15 1o neighboring soiaenire, 5o there is no dight to interfere with. Bven if thers are
structures wilich are net in @ regular artangement, there is ne: dofined phase shifi
betwesn these smuctures which could vield an improvement in the resoluton of all
structures.

The piase shift can be obtained by an additional transparent layer on the mazk 161
has the refractive index o and thickness 4, the phese shift is & =(n—1)2rd/ A Soa
shift of = Is obtained, when the condition f = A ([2(n = 17] holds. On the other hend, it is
dlse possible to recess the mask material so that the right opdeal path difference s
obtained. But the etch depth can be contralled by the time only, and not, as in gtching
away an pdditional laver, by the thickness of the layer [tself,

T deal with the drawbacks of diternating P3M, scveral other methods have been
developed, which are described next. In nm-PEM, the whole mask is covered by a

-phase-shifter material and then with the resist. After development, the phase shifier is

etched anisotropically and the masking layar is erchad isotrapically. By this a undercut
under the phase shifter oocurs at the rim of evary structure, This also yvields a resolution
improvement, but not as much as with altzmating PSM. although it is therefore not lim-

itedd to certain structures,
Phase Shift Mask
!

bbby

Conventional Mask

A

ventional and & phase shift mask

Mag= 1210 KX

Esempio: features

~ 100 nm ottenute

con sorgenti luce
da 350 nm

Note that the intensity on the wafer | a1 i
! — Cr Shifter

between the two features 15 zero
for the phase shift mask [26].

Amplitude {7
an Mask _I_‘ = = l_l_l_
Amplitude on SN i

Wafer ! f

Intensity on
Wafer
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Strategie di aumento risoluzione: off axis illumination
Off-Axis llumination
To improve resalution withow decreasing the wavelength or increasing N, so-called
ofaxis lumimation was appliee:The method was already known as a contrast-enhanc-
ing tEctrgus—fo ical-mictoscopes, With off-axis illumination, the light besm is a) b
directed from the mask fowards the edge of the projection izns, and not, 85 in on-exis * )
illumination, towards tha center. Tn nomial illumination with partially coherent light,
there alwawe ix part of the light which is off-was, but in the context here with off-aas e —=s  Condenscr

illumination there is ne on-axis componsnt, lens
To urderstand the mode of cperation of off-axis illumination, consider »

linc-and-spaces structure with pitch p. The incident fight will be diffracted into 3 set of Reticle
tearng, of which oaly the undiffracied bearn, the zere-order beam. travels in the direc-
m = +1 Y m=-} m = +1

tion of the incident Tight. The ¥ order beam travels under the angle [fi] = arcsin{A/ p)
[f p is too small, then || is bigger than the acceptance angle o of the projection optics, L Projestion
then only the zero-arder beam is projected to the sampie (Figure 76). But this doss not —1 s
carmy sy information of the pattern, and hence the patiern cannot be tansferred onto the

sample. At least the zero- and the |7 order beam have 10 ke in the range of the apemure
angle. If the tncident Nght hits the mask under an angle &, < G the undifiracied beam
enters the projection lens et the edge, and the 1* order peam s still collected by the lens,
and therefore a patters twansfer is still possible, The angls of incidence &, can be real-

ized by insérting an aperture in fhe optical path between condenser and mask Wer
Cagum 70 Gt OfT-axis
Although the higher reslution is an advantage of off-axis Llummnation, 1he impact Nintention Hlamination

on the depth of focus (DKF) 18 of aven preater value. In on-axis illumination, the beams

of lifferent deflection orgers have 1o favel in dificrent ways 5o they are phase-shifted to

cach other, which results in a lagle of focus. Tn off-axis illumination, the zero order and

I arder beam reaches the projection lens at the same distance from the center, which

means that their optical path length is the samie. So the relative phase difference between Figure 7:

thase heams is zero, which increnses the aimrtically. () Optical path and deflection orders ol on-axis
Off-pxis illumination i igure B) which is located in and

fromt of the condenser lens, [ dep apertutcd shape which structures are (h) off-axis illumination, Note that with the

iniproved. [f there is an aperture 2s in Figure Ba, only the strogtures perpendicular ta the same wavelength and strueture size, the off-axis

arrangemant of the gpertures will be improved, The aperture shown in Figure 8 yields illumination allows the 17 order beam w pass

an improverent of structures which are adinstad o good angles — up/down or lefl/night

ditaction. This is suificient Hecause in normal cases, the features are in a good arrange-

ment. The aperiure in Figure S¢ even decreases this probler, but here the improvement

in [HOF ia less,

the optical system [3]. A good description of
off-axis illumination is also found in [6]

Whert the resolution in principle has to be improved, then according to the Rayleigh .
criterion either the wavelength A or the technology parsmeter &y have to he decreased, or Numerose techiche permettono di
the numerica! aperhre A4 has 10 ba increased, o

Tnereasing M means physicaliy bigger lénses, Here the problem arises that i is dif avVviClinare (e un po’ Su perare??) il
ficult to produce huge lenses with the required quality; on the other hand the available |

materials also limit the physical size of the lenses. Se there are stll nwo possibilities of . limite di diffrazione
increasing the resolutioncamaller A and smatler &
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wtrategie di aumento risoluzione: etching anisotropo
APL 75 489 (1999) i,
An (110} silicon substrate (p doped, resistivity W‘ -

=1-100 X em) was oxidized s(°C min) to ob- [T::]L (a)

CStandard photolithoeraphy was [

tain a 350 nm Si0s layer
employed to pattern the oxide; the mask used is shown i flat top SiO,
Fig. l(a). It consisted of an array of lmes (width 4 pm, 10|
length 3000 gm, spacing 4 gem) which must be aligned along

(b

Mask alignment

the [112] direction. After the oxide defimtion, an anisotropic {c)

EtChITIE wis perf{‘}mle'd b}f mﬂﬂﬁﬂ.. “F an ﬁ[h} lEH? 16 IHE_ FIG. |, Schematic view and orientation of the mask (a); result of the EDP

p}’r{}cﬂtfchﬂt {EDP} Sﬂl'l_lt'lﬂl'l t}-"!’]ﬁ‘ l" {'Fas.'[} at 1 15 I:"'L_“1 Aﬁ'ﬂf etching (cross section along the line BB™) (bl a perspective view of the
= z : = ¥ planes at the end of the etched zome (¢); the two zones, flat twop and army,

| h of etching walls with an high aspect ratio [Fig. 1(b}] where the PL was investigated (d).

(height=35 pm, width in the range 1-4 pm, depending on
the alignment accuracy along the [112] direction) were ob-
tained. For samples with a misalignment greater than 0.07
degrees there was a complete underetching of the planeﬁ,”
Each array contained 1000 planes: Fig. 2 (top panel) shows a
scanning electron microscope (SEM) micrograph of a cross
section of an array of planes,

The samples were thi:n
remove the oxide mask layer indicated as S0, in Fig. 1(h),
and underwent a oxidation. The sequence of oxidation/
etching steps allowed to reduce the wall thickness in a con-
trolled way, and PL measurements were carried out after
gach step to mvestigate the dependence of the emission fea-
tures on the wall width. Figure 2 (bottom panel} is a closer
view of a cross section of the planes, which shows that the §i
core thickness is not umform, an effect probably due to a
minor oxygen diffusion at the bottom of the walls.

ossido

Si-cristallino

Etching anisotropo + ossidazioni
SucceSSive Fiti. 2 10e arrty Criss sectian (top panell; i Ccloser Vidw
. . . C.I'..-u.insr'lz'cu. (hattom pnal | e
--> aumento risoluzione spaziale
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Side-wall patterning

Processo di fabbricazione “complesso”
(ma economico!!) per creare Si-nanowires:

a) ossidazione dry (spess. U 0.5 um):
Si(s+0,® SO,
seguita da deposizione Si;,N, e patterning via lito. ottica
convenzionale

b) CVD poly-Si (pirolisi SiH, a bassa p):

SiH, + calorg(T~1100 °C) ® Si (s) +2 H, (9)

c) Reactive lon Etching del poly-Si con fascio ionico
“inclinato”
--> rimane poly-Si solo sui bordi

d) wet chemical etching selettivo
(soprattutto nitruro) con H,PO,

e) rimozione ossido (poly-Si funge da maschera) con etching
selettivo

f) rimozione nitruro con RIE non inclinata

(e) (f)

Risultati competitivi (su silicio!) con
tecniche piu sofisticate
(es. EBL)

SEM cross sections (in “prospettiva”)
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Feature size [um)

Sorgenti di luce a bassa lunghezza d’onda

Wavelength [nm] Source Range
436 Hg arc lamp G-line
405 Hg arc lamp H-lne
365 Hg arc lamp I-line
248 Hg/Xe are lamp; KrF excimer laser Deep UV (DUV)
193 ArF excimer laser DUV
157 F, laser Vacuum UV (VLUIV)
~10 Laser-produced plasma sources Extreme UV (EUV)
L) X-ray tube; synchrotron X-ray

Lambda Physik Lithooraphy Roadmap

xcimer lase

Sviluppo continuo (??) di sorgenti
laser a lunghezza d’onda sempre
minore (ed elevata “funzionalita”)

0 —t +—t ———t——+ —
T %@ 01 03 05 07T 03 1 13
yemr

previsioni “ottimistiche”?
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X-Ray lithography (XRL)

Sorgente “ottimale”: sincrotrone

- : Syachrotren
(fascio intenso e ben collimato) :

Synchrotron Radintion Parameters

--> proximity mode masks Rk bt 200-300 mA
Fnergy D614 GeV
ritical wavelength (1) =20 A
. Beam lifetime 512 hr
Resist: typ PMMA Injection energy 50 MeV full ener

(sensibilita critica
--> alte dosi, ~ 2 J/cm?)

Eloctron Storage Ring

Problema: fasci di elettroni
generati da scattering
X-Rays su mask, resist, subs...

Freietag et al., APL 71
1441 (1997)

Risoluzione effettiva
~ decine di nm

Vantaggio: profondita di campo (fascio collimato)
--> high aspect ratio features, LIGA,...

tome Tesist,

Da M. Madou,

{_CRC (1997)

Fundamentals of microfab.,

Maschere:

typ. membrane Si

TABLE 1.5 Optical vs. X-Ray Mask

Optical Mask X-Rey Mak
Mgk desiyn: CaD bfask design: CAD
Sulysirate preparation Subssrate preparation
Chuartz Thin membrane substrats (%,
) Br, TL...)
Thin reetal £l Zeposition Dieposit plating base (50 4 O,
then 500 & Au)
Pattern defineation Pattorn delinearian
Coar substrate with resis Coat virh resis
Expose pattern (optical, e<bewm) Expose pattern (optical, e-4eam)
Develop pattern etch Cir luyen Develop patters;
Sirip resist Abzorber definltion:

B
Coat: 31K=3E
Duration: 3 days

Elegiroplate Au (=15 jm for
hutd K-rrys)

Cost: §4K-311%
Diuration; 18

FIG 2, Intersection of three holes in-a photonic erysial made from positive 5




Limiti XRL

4 X-Ray Lithography

Diecrepsing. the wavelength even further inio the x-ray range yieldy so-called x-rz
lithography. For these shor wavelengths it is not possible to set up an optical path nei
ther in reflection aptics nor in refraction optics, On ane hand, there is no matenial whicl
is tranisparent enough 1o make lenses or masks from, and, on the other hand, 1t i5 not pos
sible to make Bragg-reflectors. The individusl layers in the layer stack have o have .
thickness of 34, which i:r.-rre.spunda 10 4 Layer thickness of ~0.2 nm. This is in the rang
of the thu.,kncss ot one m i Aot uchmrahlc.

phy (PXL) {s p-:uss iz Edvantages are the high resolntion Limit {“-f &% [g—.—u’;
which 15 about 30 nm for T nm EK]JDSHI'E' wavelenglly and T [msensivity

corfaminanarn. [ese Colbuminaiois (6 Gl fow smic mumber man::na!a] de nao

absorb the x-rays, and hette are not printed onto the sample.
But there ave Some limitations-Cansider a source with diameter a of 1 mm at dis

tance I, of rda the mask and 3 procimity gap g of 10 pm. Then there iz th
so-called penwmbral biur ¥ =a-gsL~100m, which hmits the resolution (Figure 16
Furthermiie; rria ot transferred eorvectly Lo the sample, Even I a point soure
is wsed, there is 5 displacement A of A=p g7, where # {8 the radial position on th
samiple (Figure 16). This error can be eliminated if' it is aken into account when th
sk patiern 1s generated,

Mevertheless, if synchrotron mdintion is used, a h;g‘i! intense beam of parallel hgh
i availahte so these errors do not oceur. This paralle! beam has another advantage; Du
tg the small deflection the expogure show

a high depith :-Fﬂwua nr several mplacilitat
ing exposvres of textured substrarss o of :hic FESIEL

The problen for PXL is the masks, Since there is no ||:atena1 which is ¢s transpar
ent 10 ¥-ray a5 gquartz lo DUV, the carrier lever hos to be thin (| - 2 gm). On the othe
hand, there 5 also o chaterial which is as opaque to x-ray as chromiym to DUV, so th
masking laver has to be thick emough {300 — 300 nm3. A carrier layer of | um SiC ol

hos a trangparency of 57 %%, while a masking layer of Au still lezs 14 % of the light pass
The absorbed light will heat the mask so that it = .,xpand,f, which leads w another yneer
tainty in the pafem lmns-fm- Furm:mmm 1‘:~.L 153 non- reductmn printing method, s
the fefmures on th * Ak LR [ iz makes the pm-d.ul::

The mm.k P ; - silicon waler, a thin membram
Tayer is deposited {eq. SiC‘ Si_,hﬂ Gmu ﬂ:us myer @ chromium etch stop layer and t
masking laver of 300 = 500 nm of a high-atornic number material is evaporated (2.5 A
Ta), Then the mask is comed with an e-beam rocist and exposed. in an a-bean
direct-write systent. The resist is used to atch the masking layer with un erch stop on thi
chrominm 5o the membwans i not hurt.

The commonly usetd DUV resisis show good proceéss aptitude.

Proximity mask 4
"‘i' AlR
Proximity mask RESIST ':E

Mask
materials

SUBSTRATE

\\‘H

e} X-RAY LITHDGRAPHY

Penumbral blur

Figure 16: Penumbral blur £
and displacement crror A lor
proximity x-ray lithography. L
15 the distance from source to
mask, g 13 the proximity gap
and ais the lateral diameter of
the source [11].
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Litografia atomica o 7
|dea dl base' http://nanocold.df.unipi.it

fascio di particelle neutre al posto di radiazione e.m.
--> diffrazione a livello sub-nm (I ,;) senza problemi dei fasci di cariche

Vantaggi ulteriori:

- uso di “maschere ottiche” (non invasive, species-selective,...)

- possibilita deposizione diretta (bottoms-up a livello atomico) o resist-assisted
- carattere “parallelo” della tecnica mantenuto come in lito. ottica

DPTHCAL LITHOGRAPHY ATENTLITHOGRAPHY

Fadiation Me

beam

7%

"Optical mask”
(standing
J em. wave)

Mechanical _Ah

mask el ey

Substrate Substrate
and photoresist (and particle-sensitive resist)

Ingrediente fondamentale:
capacita di manipolare la dinamica di atomi neutri (atom-optics <-- laser cooling)
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Cenni di atom optics
Atomic beam

by

o0

Maschera ottica: onda stazionaria
--> forza “dipolare” (conservativa)
In direzione trasversa al moto degli
atomi (per opportuna scelta della
frequenza, prossima a ris. atomica)

/rMeschede Metcalq
in press (2002)
Wempeee The optical dipole force acting on an atom with resonance frequency w4 in a laser
}JQ field of detuning § = wy — w4 is derived from the spatial variation of the light shift
snbstrate wie(r) [1]. For a single laser beam iravelling in the x-direction with Rabi frequency
01, the light shift is given by

iy = Ve -4 /2. - (1)

For sufficiently large detuning § 3 2, approximation of Eq. 1 leads to wy, =2 12/48 =
425/85, where 8 = I/l,a, I is the laser beam intensity, o4 = whe/3A%r is the
saturation intensity, and 7 = 1/ is the atomic excited state lifetime.

Mitror

o ¢ l-dumensional
standing wave

In a standing wave with § 3 Q, 'w;, = wye(z) varies sinusoidally from node to
antinode and also spontancous emission is inhibited so that %, (z} may be treated
as a potential U{z). The resulting dipole force is

Plygaie s, Laft: Numerisally dcliulalad irajectorien 'of & laser coplad Sears of

o & Hawrnan en waee ﬁ 2
Tilch ot T e sy S g "o apbt s os F(s) = VU (z) = — gz7— VI(2) = Unas V1 (5), @
ofipped by Uhe rubsisute, Note the different sooler in = ana s-gdinaptions, sai

Righr: Avabysia (28] of Juz concantration for & malisitic bearm of thermal cosium . ) ; . ]

e et et ot telocisy ot the focs plane 1=0. Thedotied  yrhere [(z) = Iiasf(x) is the total intensity distribution of the standing wave light
field of period Af2, Iax is the maximum intensity, and f(z) describes the normalized
modulation of the light field. For such a standing wave, the optical electric field
(and the Rabi frequency) at the antinodes is double that of each travelling wave that

Onda stazionaria composes it, and so the total intensity Ii.x at the antinodes is four times that of the
> array di nanolenti atomiche | 8t traveling weve.
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Requisiti su fascio atomico

Which atom source for ANF?

1. Intensita --> tempi di esposizione “ragionevoli”
Area

2. Collimazione --> efficacia focalizzazione 10 10mm -

(array di nanolenti ~ array di buche pot.)

Substrate Starding
""”"VI - Wave

Loser Cooling

Callimatisn
B E |
EoMmETry
—— —==—mm

Collima tian

% " ...1—% Melassa ottica

Atore Heom

SOurTe

Tecniche di laser cooling usate per aumentare collimazione e intensita fascio atomico
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Applicabilita litografia atomica

Attualmente si applica a specie che possono essere manipolate facilmente via laser
(lunghezza d’onda, intensita, schemi “chiusi” di raffreddamento laser,...)

. Alom nancfabrication realized
. Laser "n:'rr-llr'lg realized

Laser lines sbove 300 nm
Laser ings below 200 n

Laser
Wavelengths (nm)

Per elementi reattivi in aria
(es. alcalini)
--> resist-assisted (SAM)

Element

resist - technique with
self - assembling - monolayers

C H-.'
ul e — - e
. P -,
- / \ / \
(C |J e d W i Y

[ ‘ “

|
I H I.\"...'.I....'.':'.'..:...'..|'.:':'.."::':'.'.."'!+ S_{"—,l\_[l‘l"_:- 1]_‘['1]:] #' 1190 l.’II
i b 4— cold (G0nm) —p . o
Scj 't [4%8(Mn| 463 [Fe |372 | Co|387 | Ni |3 |Cul327 | Zn / cesium- _f
rrné.m: i ' |_ - atomic beam dilute gold-
e o silicon - wafer / --" &
Y [ 2r|ﬂ“ Nhi Mo |Tc. |Feu| |Rh mEl |Agl:2}!ﬂd etching solution
b e 1 — B il
B ﬂ—» e, g
Avom  Ts A T W By Bfwr Brg P 8o Ox Pane . - )
K &m 107 mjs mred pa mm mW ead mrad mW preperation EXposure development
He* 30 1083 Lo LY 1.5 10 003 0,03 036 01l 4D
MNa 630 55 &2 58 14 32 018 10 o8 000 012
TAL 1640 300 B2 &0 40 10 004 6 D44 007 0.95 - . .
WA 30 812 36 48 1T 105 049 05 068 005 015 Svantaggio litografia atomica:
scy 1835 420 41 231 &5 87 (.08 24 036 003 2:
“E 1920 9™ 16 10 L3 31 008 15 01RO 4 RIS
MGa 1563 403 48 31 52 5 014 43 035 003 11 scarsa flessibilita
47 92 81 10 48 020 78 048 003 0.9 ] i _
Mg ls35 38 14 T2 15 46 033 15 001 003 048 (dipende anche da sviluppo nuovi laser)
ueln 1355 410 BE 38 B.5 Ton2e 80 40 003 0.k
46 10z T3 16 9 088 @5 054 0062 043
B, 410 #52 43 45 20 33 17 33 055 o002 0
1Ay 1800 & 16T T 19 57 040 52 058 004 0.0
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Alcuni esempi di litografia atomica

Onm 2hnm

Meschede Metcalf
in press (2002)

Timp et al. PRL 69 1636 (1992) Onda stazionaria 1D Onde stazionarie 2D

McClelland et al. Gupta et al. Drodofsky et al.
Science 87 262 (1993) APL 67 1378 (1995)  Appl Phys B 65 755 (1997)
3 - beam Holographic lithography

i a Interference - reglon S _ _

e Bedin = Vantaggio/svantaggio:
. | regolarita interferometrica
nanostrutture
T (ma esistono “rimedi”)
’ES:t"S with Ceslurmn Risoluzione max:
omic beam :
~ 15-20 nm (finora!!
substrate Miitzel et al. PRL (2002) ( )
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Nanoimprinting per hot embossing

9 Naneoimprint Lithography

There are several approaches for patterning stroctores without lithographic methods, ez,
4 silicon swiace can be modified by depassivation by the tunneling current in a
UHV-ETM {Ultra High Vacuum Seanning Tumnneling Micrascope [20), [21], or the sur-
face can be modified by the movement of an Atomic Force Microscope (AFM)-tip . A
corfain interest has been focused oo the nanoimprim lithography (NILY, which is
dascribed in more detail in this section,

With the T wiold is p’.maeﬁdcd by i:-mn'umrmal tc-::hncllﬂgy, iz e huam i
phy and etching techirques e : 2 slructures
in the mold are ransferred into the nasnst and can be u!:hmd al‘ter remov mg the mold,
There are twe different kinds of NIL, the hot embossing technioue and a UV-based techs
nique. A sketch of both tachnigues is given in Figure 29,

Hot Embossing Technigne
Here the fa ve the glass transition temperature of the resist, which
is o thermoplasae polvmer. Abpve that temperature the polymer behaves as 2 vicous lig-

wnd snd can flow under pressure. The mold itselfcan be made of different materials, ysu-
ally & silicon wafer with-a thick 540-. ]aj,rcr is usedThis 5i0; layer is pafterned and
struchured by e-beam lithographs-—as : A e il:ln'at-:.hing. The aspect ratio
of the fea t 6:1. and ﬂ:e mold size is several cm. As thermoplastic poly-
mers eith ‘m’ well known e-heam resigl) or novelak r:sm—hamd resists arg in
usz. PMMA Tiawasmall thermal expansion coefficient of ~5: 107 K and a small pres-
sure shrinkage coefficient of ~3.8x 107 pai’'. To ensure 1 proper removal of the mold,
the resist is modified by release agents, which decrease the adhesion between mold and
resist, Resist Tayers between 5T and 250 am thickness are used, The imprint tomperature
and pressure are dependent on the resist, For FMMA the glass trausition lemperature is
ghoul 105°C, so the remperature at which the sample and the mold see heatad is between
140 angd 1B0°C, Then the mold is pressed onie the sample with pressures of sbout
40 — 130 bar. The temperature is then lowered below the glass transition temperature
and the mald is removed. The features of the mold are now imprinted in the restst, The
residual resist bayver in these features is removed by anitotromic réastive ion erchmp;,

e —— Hexalirg
B = = T>Tiaa

e

F
L

—_— Imiprint:
Coal dawrn
li———r T=T,,
faia
_"\-\_‘__‘
{_""'“! e
Ly
Ly = -
LU=

Allgnmmant

of mald

Anicl wil fert

Imprirt:
40 mbar-
1 bar

Lh-brakoz
of reasist

EnE

i

 Afterwards, the structurss can be transferred 10 the substrate euther by
by metal ﬂcpcmhun and hft-aff. Structurss down to a featire size of 10 nm for hules._ )
4% nm for mesas are imprinted with & kigh aceurncy [22]-[24].

“Replicazione” di nanostrutture da
matrice per via termomeccanica
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Nanoimprinting per radiazione UV

UV-based NIL

Hzating and cooling of mald and sample is time-consyming, Therefore L achieve a
spmehow higher throughpul, euring of the resist by UV Fradiahion i3 used, The thermo-
plestic resist is replaced by t/V-curable monomers. The mold has to be fabricated of 4
UN-transparent material, e, quarz. 1he feanmes ae wransferred o the mold by e-beam
lithegraphy and a TEPMMA resist stack, The paterned PMIA 15 used to izansfer the
feerures into the Ti, and the Ti {5 uged to atrucwre the quartz mold. The resists are
acrylate- or epoxide-maderial systems, which cen be modifisd with respect to low vis-
cosity, UV curability, adhesion to the substrate and detachment from the mold, The low
viscosity 15 essential for using low smprint pressures of 40 mbsar — 1 bar. Afler pressing
the mold on the sariple, the sample is irradiated by UV-radiation through the mold and a
baking, and hence a polymerization of the reaist is initinted. This step lnsts only abowt 90
geeonds. After detachirgg the molkd, the reswinal resist is rernoved by RIE and the forther
pattern trensfer can be done. Again mold areas of several aquare centimelers can be
imprinted in one run, and one imprint step takes sbout | ¥ minues. The minimum feanre
size reported i the literatare i5 80 nim fut dma. 25

NIL offers the cpporturity to GEfine decananometer features i rather simple man-

ner, at least in Lmrpansun to the advanced lithography methods described above. The
field size of ~2:x2 em’ is somparuble to a die which is illuminated by 2 stepper. On the
other hand, this method is time-consuming (=10 min for one imprict} and up o now
anly stmactures on o plain-sorface hive been irvedtigsted, while advaneed lithography is
ghle to define struchues on texbored substrates: Nevertheless, becavse of ity technologi-
cal simplicity, the NIL will be an sltemative Tor research and small series production.

“Replicazione” di nanostrutture da
matrice per via meccanica
attivata da UV

e Healing Alignmant
[}

L] Plyws  oimad LI LI LI

Anicl wil fert

o e

e Imiprint: Imprirt: !
wion o |
1 bar

Ceal rh:mn LP-bake ¢
_"\-\_‘__‘ .
{_.\_H! s L“--.:H'“"'H-_\__
L e . e
L._‘-'"‘\‘—- '\-\.\_\_\__" I'.l\_‘.."""-\-\. '\-\_\_\_\_‘
ey Fi H.-"'-u.._:-"

EnE
minéd

Figore 2%: Nancimprint lithography:
het.ambossing technigue (left hond side)
and LV pancimprint (right hand side ),
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